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THERMAL CONSTRAINTS ON HIGH-PRESSURE GRANULITE METAMORPHISM OF 
SUPRACRUSTAL ROCKS L.D. Ashwal, P. Morgan, and W.W. Leslie*, Lunar and 
Planetary Institute, 3303 NASA Road 1, Houston, TX 77058. *also at Dept. Earth 
& Space Sci., UCLA, Los Angeles, CA 90024. 

We examine here the circumstances leading to the formation and exposure at 
the Earth's surface of supracrustal granulites. These are defined as 
sediments, volcanics, and other rock units which originally formed at the 
surface of the Earth, were metamorphosed to high-pressure granulite facies (T = 
700-900°C, P = 5-10 kbar), and reexposed at the Earth's surface, in many 
cases underlain by unormal" thicknesses of continental crust (30-40 km). 
Examples are numerous, and are represented by Archean through Tertiary 
occurrences (Table 1). Three stages in the formation of such rocks must be 
accgunted for: transport from the surface to depths of 15-30 km, heating to 
700 C or more, and reexposure at the surface. 

Tectonic underthrusting is the most plausible mechanism to transport 
surface rocks to 15-30 km depths. This can be achieved either by continental 
underthrusting and consequent double-thickening to 60-80 km {4, 26), or by 
underthrusting of thin plates, with only minor increase in crustal thickness 
(18). Each of these cases places distinctly different constraints on possible 
thermal histories for the supracrustal rocks, as discussed below. Although 
burial of supracrustal rocks to 15-30 km by continuous sedimentary-volcanic 
loading is a possibility, it must be a remote one, based on isostatic 
considerations. 

There are several mechanisms by which such rocks can be re-exposed at the 
surface. Uplift is a natural consequence of isostatic readjustment in 
thickened continental crust, and where double-thickening has occurred by 
underthrusting, the top of the underthrust plate can be reexposed by subsequent 
erosion. The granulite exposures in the Massif Central have been suggested to 
have formed in this way (1). Large-scale isostatic movements, however, cannot 
account for uplift to the surface of thin slivers underthrust below continental 
crust of normal (35-40 km) thickness. In this case, tectonic mechanisms such 
as deep reverse faults would be necessary to account for surfate exposures of 
supracrustal granulites. This usually results in a crustal cross-section, with 
a continuous increase in metamorphic grade from greenschist to granulite toward 
the fault (8). Examples of granulite terranes thought to have developed in 
this way include the Ivrea Zone of the Alps (16), and the Kapuskasing 
Structural Zone of Ontario (19). Thus, although particular tectonic conditions 
may be required for the burial and subsequent reexposure of supracrustal rocks 
of granulite grade, these conditions are easily explained in the framework of 
plate tectonics. 

The heating step is perhaps the most dJfficult to account for. Intrusion 
of magmas at temperatures greater than 1000 C could provide the necessary 
heat for granulite metamorphism, but ·most granulite terranes do not contain the 
requisite volumes of mafic intrusives to explain the heating directly by 
mantle-derived magmas (25). Hot crustal melts such as tonalites could provide 
a solution for terranes containing such materials, such as for the Tertiary 
granulites of the Coast Ranges of British Columbia {10, 11). The tonalitic 
melts may be produced by anatexis or hybridization {29), but the ultimate heat 
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source for such melts is probably mantle-derived magmatism. 

Other heating mechanisms are somewhat constrained by the way in which the 
supracrustals are reexposed after metamorphism. Consider first exposure by 
erosion and isostatic readjustment of crust double-thickened by underthrusting. 
Several models of this type have been published which attempt to predict the 
thermal histories of various points within the crust during erosion following 
an "instantaneous" underthrusting event (3, 7, 25). Most of these models 
assume that the supracrustal rocks near the thrust are heated primarily during 
the thermal relaxation of the perturbed temperature profile (commonly a 
"sawtooth" profile) following underthrusting. The effects of eros ion are to 
increase the temperature at any particular depth, but to decrease the maximum 
temperature acquired by any particular rock unit during thermal relaxation as 
it rises to the surface. Maximum possible temperatures will be attained by any 
particular rock unit if thermal relaxation is complete before erosion occurs. 
Although we recognize that this condition is geologically unrealistic, we use 
it to demonstrate that granulite metamorphism of supracrustal rocks in the 
middle of double-thickened crust~ conductive heating alone is highly 
improbable. 

A range of possible steady-state geotherms in double-thickened crust are 
shown in Fig. 1. Most of the possible geotherms either fail to attain 
sufficient temperatures at mid-crustal levels to cause granulite metamorphism 
of the underthrust supracrustal rocks and/or exceed the probable solidus 
temperature near the base of the crust, suggesting that melts would form, and 
that the assumption of a conductive geotherm and conductive thermal relaxation 
is invalid. Only geotherms generated assuming extreme upper crustal enrichment 
of heat production with little or no mantle heat flow (e.g. E and F, Fig. 1) 
can produce mid-crustal granulites without lower crustal melting, and these 
conditions must be regarded as highly improbable. Thus, we condlude that 
conductive heating alone cannot produce granulites from supracrustal rocks in 
the middle of a double-thickened crust. This mechanism could, however, be 
supplemented by magmatic heating as discussed above, and could apply to 
granulite terranes containing substantial volumes of crustally derived granitic 
melts produced during the metamorphism (21). . 

A possible mecahnism to account for granulite terranes which lack evidence 
for magmatic activity during metamorphism invloves underthrusting of thin 
( < 5-10 km) slivers of supracrustals. Conductive heating alone could produce 
granulite metamorphism of these supracrustal rocks without necessarily melting 
the lowermost crust. These rocks must then be exposed by a subsequent tectonic 
overthrusting event, as they cannot be brought to the surface isostatically 
during erosion. 

Conductive heating in a double-thickened crust to produce granulite 
metamorphism at mid-crustal levels can be augmented or dominated by two 
mechanisms: (i) preheating of the crust prior to underthrusting, and (ii) 
shear heating along the thrust. Preheating of the overthrust crust is likely 
to occur by arc magmatism if significant subduction preceeds overthrusting. 
Preheating may also occur associated with pre-orogenic granites (4), which may 
be associated with delamination of the mantle portion of the lithosphere prior 
to overthrusting. ThHs if ~he lower portions of the overthrust plate are . 
sufficiently hot (800 -1000 C), thermal relaxation could produce 



supracrustal granulites in the top of the underthrust plate without initiating 
melting below. Alternatively, or in addition, shear heating on the thrust may 
also occur. It is usually assumed that this shear heating is of minor 
importance (e.g. 5), but if high frictional stresses can be maintained on the 
thrust, shear heating can produce melting (17). Thus, temperatures sufficient 
for granulite metamorphism may be generated in the region of the thrust plane. 
The efficiency of shear heating is still a subject of much uncertainty 
(e.g. 14, 23), but should this mechanism produce sufficient temperatures for 
granulite metamorphism, the metamorphic isograds would be strongly controlled 
by faults. 

In summary, we propose 5 possible heating mechanisms to account for 
granulite metamorphism of supracrustal rocks: 

1. Magmatic heating, (a) from mantle-derived melts, or (b) from anatectic 
products of mantle-derived melts. 

2. Thermal relaxation of perturbed temperature profiles following 
underthrusting and double-thickening of continental crust. This necessarily 
results in crustal melting of the lower plate unless crustal heat generation 
and mantle heat flow are very low. Granulite terranes formed in this way may 
be indistinguishable from those produced by mechanism 1(b). 

3. Thermal relaxation after underthrusting of thin slivers of 
supracrustal rocks below continental crust of "normal" thickness (30-40 km). 
This avoids anatexis during metamorphism, but requires a subsequent tectonic 
event to elevate the granulites to the surface. 

4. Major reheatin of the upper plate (for example by arc magmatism or 
pre-orogenic granites prior to underthrusting. 

5. Shear heating caused by high frictional stresses along the thrust 
plane. 

a. 

- -
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IS THE KAPUSKASING STRUCTURE THE SITE OF A CRYPTIC SUTURE? 
Kevin Burke, Lunar and Planetary Institute, 3303 NASA Road 1, Houston,TX,77058 

In 1968 J. T. Wilson suggested that the Circum-Ungava suture zone 
continued through the Kapuskasing to join the Penokean fold belt (Fig. 1) 
implying that the Kapuskasin9 marked the site of what has since come to be 
known as a 11 Cry~tic suture .. {e.g., Burke and Dewey, 1973). Later workers, 
however, includ1ng both those who followed Wilson in relating the Circum-
ungava structure to ocean opening and closing (e.g., Gibb and Walcott, 1971; 
Burke and Dewey, 1973) and those who recognized only rift features within it 
(e.g., Baragar and Scoates, 1981) have preferred to extend the Circum-Ungava 
structure through the Thompson (Nelson) zone of Manitoba (Fig. 1). 

Now Percival and Card (1983, see especially Fig. 2) have demonstrated 
that the Kapuskasing structure involves substantial thrusting of deep 
continental crustal rocks over shallower continental rocks. Because this is 
a process typically (though not uniquely) associated with continental 
collision, there may be a case for looking again at Wilson's original 
suggestion. 

Problems arise in attempting to reconcile Wilson's idea with data from 
more recent studies: 
1) Could the Kapuskasing and the Thompson belt both mark sutures of about 1700 

·Ma age? 
Geometric relations similar to those shown in Fig. lA with the subsurface 

extension of the Thompson belt meeting the Circum-Ungava and Kapuskasing 
structures in a T-junction are known from numerous places around the world 
where collisional mountain belts join (e.g., in the Damarides of Namibia) 
these junctions have been called 11Aral knots 11 (Sawkins and Burke, 1980, Fig. 1) 
from the type example where the Urals meet the Hercynian fold-belts of 
Europe and Kazakhstan. 
2) Why is there no ~ difference across the Kapuskasing if it does mark the 

site of a· continental collision? ----
For the Kapuskasing to mark a collision without age resetting (except for 

that contemporary with information of the Ivanhoe Lake cataclastic zone, 
Percival and Card, 1982) would require that the western Superior province 
'docked' gently against the east without producing any of the effects usually 
recognized at collision. 
3) Why is there no offset of the Superior subprovinces across the Kapuskasing? 

Percival and Card (1983, p. 326) report that there is no major offset 
of the Abitibi - Opatica boundary across the Kapuskasing. It would be 
remarkable for the belts to have been sutured together in a matching config-
uration. 

If Wilson's (1968) interpretation of the Kapuskasing structure is valid, 
the suturing involved would have had to be remarkably cryptic, but because 
we know very little of the properties of suture zones (except for their 
complexity, Dewey, 1976) and because Wilson has proved right so often in the 
past, it would seem that his hypothesis merits furth~r testing. 



Pervical and Card's perception (1983) that the timing of tectonic 
events in the Kapuskasing matches that of events elsewhere in the Canadian 
shield opens the way for other-possible explanations of the origin of the 
Kapuskasing structure. The age of the Ivanhoe Lake cataclastic zone in the 
Kapuskasing (reported as 1720 Ma, Percival and Card, 1983) is similar to that 
of an event which has been interpreted as collisional on the Thompson front 
and this leads to the suggestion that the Kapuskasing may be an isolated 
upthrust area within one of two colliding continents, possibly comparable to 
the present-day Tien Shan (Fig. 2B), a 5 km high upthrust range produced in 
the active Indian-Asian continental collision {Molnar and Tapponnier, 1975). 

The Tien Shan uplift is: 1) contemporary with collision and suturing 
1000 km away; and 2) isolated within an area that has not been uplifted; 
and 3} apparently not associated with igneous activity (i.e., it is unlikely 
to have reactivation and resetting of isotopic systems at depth). 

A significant difference between the active Tien Shan and the ancient 
Kapuskasing structure is that the former occurs on the side of the Indus 
suture zone which carried an Andean arc before continental collision (the 
"hot" side) while the Kapuskasing occurs on the opposite side (the "cold" 
side). If this proves to be a significant difference, then the isolated 
uplifted areas of Peninsular India (e.g., the Nilgiri Hills, about 2 km high), 
may prove a better analogue of the Kapuskasing structure. A representation 
of how the Indian-Asian and Superior-Churchill collisions might be analogous 
is sketched in figure (2) . 
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Fig. 1 (A). Possible distribution of suture zones in the Canadian shield. 
Wilson's (1968) suggestion that the Kapuskasing marks a cryptic exten-
sion of the Circum-Ungava suture and Gibb and Walcott's (1971) suggestion 
that the extension is in the Thompson belt are both assumed valid. The 
kind of suture T-junction illustrated is common and is known (from the 
type example) as an Aral knot. 

·(B) Sketch illustrating the disposition of the Tien Shan (an isolated 5 
km high upthrust mountain range in Asia) with respect to the Himalaya 
and the Indus-Yarling Dzangpo suture zone. A continental collision on 
the Thompson front 1700 Ma ago might have generated the Kapuskasing 
upthrust zone as a structure similar to the Tien Shan of today. This 
explanation seems more compatible with the evidence than ,the idea that 
the Kapuskasing marks a cryptic suture-zone. 



TIEN 
SHAN TIBET HIMALAYA 

INDUS 
SUTURE 

THELON CHURCHILL 
"BACK" PROVINCE PIKWITONEI 

SLAVE THOMPSON 
SUTURE 

PROVINCE 

NILGIRI 
HILLS INDIAN OCEAN 

(ASIA NOW 

KAPUSKASING 

NORTH AMERICA 
at 1.7 Ga 

Fig. 2. A comparison of the structure of Asia now (illustrated in the upper 
sketched cross-section) and North America 1.7 Ga ago (lower sketched 
cross-section) to illustrate that just as uplift of an isolated ~rea 
in Peninsular India (e.g., the Nilgiri Hills) may be related to the 
Himalayan collision so uplift forming the Kapuskasing structure may 
have been related to a comparable collision along the Thompson front. 
On this interpretation Peninsular India and the Superior Province play 
similar roles at collision; the Pikwitanei subprovince marks the site 
of an eroded analogue of the Himalayan range. The Indus and Thompson 
suture zones are comparable, the Churchill province is an analogue of 
Tibet with thickened continental crust and reactivation. The Thelan 
'back' marks the boundary between thickened and unthickened continental 
crust and is analogous to the northern boundary of the Tibetan plateau. 
The Tien Shan, an alternative analogue of the Kapuskasing structure, is 
shown on the Asian cross-section. 
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Sm-Nd ISOTOPIC SYSTEMATICS OF THE ANCIENT GNEISS 
COMPLEX, SOUTHERN AFRICA. R. W. Carlson 1 , D. R. Hunter 2

, and 
F. Barker 3 ; 1 Department of Terrestrial l-1agnetism, 5241 Broad 
Branch Rd., Washington, D.C., 20015, U.S.A.; 2 University of 
Natal, Pietermaritzburg, 3200, Natal, South Africa; 3 U. s. 
Geological Survey, 4200 University Dr.,Anchorage, Al., 99508 

The igneous core of southwestern Africa's Kaapvaal craton 
consists of the Onverwacht Group of mafic to ultramafic volcanics 
of the Barberton greenstone belt and a complex gray gneiss 
terrain called the Ancient Gneiss Complex(AGC) (e.g. 1,2). Until 
recently, precise geochronologic information for these two units 
has been difficult to obtain due to the effects of post-formation 
metamorphism. Even the assignment of relative ages between the 
AGC and the Onverwacht is complicated by the lack of direct 
contact between these two units in the field(!). 

Recently, by applying the Sm-Nd radiometric system, Hamilton 
et. al. (3) determined a whole-rock age of 3,530±50 Ma for the 
lower ultramafic unit of the Onverwacht Group. Compared to this 
age, Rb-Sr dates for gneisses of the oldest unit of the AGC, the 
Bimodal Suite (BMS), tend to be slightly younger(3,200-3,300 Ma; 
4). However, these Rb-Sr ages most likely reflect later meta-
morphic episodes rather than the emplacement ages of the inter-
layered metabasalts and tonalite-trondhjemite gneisses that make 
up the BMS. Based on a correlation between initial 87Sr/ 86 Sr and 
age of individual gneiss units within the AGC, Davies and Allsopp 
(4) suggested an emplacement age of about 3,400 Ma for the AGC 
parental materials, some 100 Ma younger than the Onverwacht 
volcanics. In contrast, Barton et al.(5) reported a Rb-Sr whole 
rock age of 3,555±111 Ma for the BMS placing its formation at 
about the same time as the Onverwacht Group. 

In order to shed some new light on the question of the 
absolute and relative ages of the AGC and Onverwacht Group, a 
Sm-Nd whole-rock and mineral isochron study of the AGC was begun. 
At this point, the whole-rock study of samples from the BUS 
selected from those studied for their geochemic~l characteristics 
by Hunter et al. (6) has been completed. We discuss here these 
results and their implications for the chronologie evolution of 
Ehe-:-Kaaovaal··:eratoii and -the·:seurces-~of~- these :-a:acient:recks:.-: 

.. Sm~Nd data for samples of the BMS (Table 1) precisely 
define a line on the isochron diagram shown in the figure. The 
line corresponds to an age of 3,417±34 Ma with an initial 1 ~ 3 Nd/ 
·
1 ·-Nd = 0.508149±31 or initial ENd = +1.1±0.6 (using the "bulk-
earth" Sm-Nd parameters of Jacobsen and Wasserburg(7)). All data 
points lie within analytical uncertainty of the best fit line 
with the exception of the data for sample SWZ-6 which lies belm17 
the isochron by only 5 parts in 10 5 • The excellent colinearity 
of these data is surprising given the wide variation in chemical 
composition of the samples from siliceous gneiss (SWZ-5; Sio2 = 
76%) to tonalite(SWZ-6; Sio2 = 66%), diorite(SWZ-3; Si02 =57%), 
and metabasalt(SWZ-10 and 12; SiO = 49%). Even the data for the 
stratigraphically younger quartz-~onzonite gneiss, SWZ-4, lie 
on the same line defined by the remainder of ·the data. If the 
data for SWZ-4 are left out of the line regression, the isochron 
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shifts to only a slightly older age of 3.45±0.04 Ga with the 
initial ENd increasing by only 0.1 unit. 

Because of the excellent colinearity of the Sm-Nd data, the 
age indicated is interpreted as the time of extraction of the 
parental materials of the BMS from a common, isotopically homo-
geneous, source. The positive initial ENd for the AGC indicates 
that its 'Elource was in the mantle and not in a much older, LREE 
enriched, crustal section. This is not to say that all the 
varied chemical species that make up the AGC were derived 
directly from the mantle in a single igneous event. Rather, the 
Sm-Nd data allow for a variety of petrogenetic mechanisms, from 
direct partial melting of the mantle for the basaltic components 
to anatectic melting of slightly older crustal materials - for the 
more silicic rocks as long as these events occurred within the 
time interval specified by the isochron. 

The age determined for the BMS is distinct and some 100 Ha 
younger than that of the Onverwacht volcanics(3) in accord with 
the suggestion of Davies and Allsopp (4). Though the similar 
initial isotopic compositions of the AGC and Onverwacht allow 
for some of the more silicic members of the AGC to have been 
derived by remelting of a basaltic crust of Onverwacht age, the 
presence of basal tic members in the B!1S also indicates a 
significant contribution to the AGC from the mantle. Thus the 
Kaapvaal craton appears to have originated by at least two 
episodes of mantle derived mafic volcanism occurring over a 
period of about 100 Ma. 

The positive initial E of the BMS,and its agreement with 
that determined for the Onv~~acht Group(3), shows the presence 
of a relatively homogeneous mantle source for the oldest units 
of the Kaapvaal craton. This source appears to have been 
relatively depleted in the LREE for a considerable time prior to 
the formation of the AGC and the Onverwacht volcanics. The 
increasing occurrence of positive initial ENd values for the 
oldest crustal rocks (e.g. 8-11) implies eitner that . 
differentiation events within the earth occurred well before 
(i.e. several hundred million years before) the time of preserv-
ation of the oldest observed crustal sections, or tbat a 
"chondritic" model for the evolution of the Sm-Nd system of the 
bulk-earth is not appropriate. The answer to this question 
carries with it important consequences for models of the bulk 
composition and early evolution of the earth. However, because 
of the possible homogenizing effects of convective mixing within 
the mantle over earth history, further constraints on the early 
geochemical evolution of the earth clearly must be sought in 
more complete and precise isotopic data for the ancient rocks 
of the continental crust . 

11 
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Table 1: Sm-Nd Results for samples of the Bimodal Suite 

Sample a Sm-- Nda 1"7Sm/144Ndb t43Nd/14"Ndc 

SWZ-4 2.39 16.1 0.08982 0.510293±18 

SWZ-6 3.20 20.0 0.09661 0.510403±25 

swz-5 9.66 45.5 0.1282 0.511146±20 

SWZ-3 2.07 7.89 0.1584 0.511822±24 

SWZ-10 1.68 5.21 0.1953 0.512668±29 

SWZ-12 0.772 2.25 0.2078 0.512946±29 

a) Concentrations expressed in ppm. Sm and Nd blanks of 20 pg. 
and 80 pg. respectively, are negligible for the sample sizes 
analysed. 

b) Determined with tracers calibrated with AMES Sm and Nd metal 
standard solutions and cross-checked against the CIT n(Sm/Nd) 
S standard. Un~ertainty ~0.1%. 

c) Measured as NdO , fractionation corrected to 146Nd0/ 1" 4NdO = 
0.722251 ( 146Nd/~ 4 "Nd = 0.7219). Data reported relative to 
a value of t 43 Nd/l 44Nd = 0.511860 for the La Jolla Nd 
standard. 

z • • --
-

0.513 
SWAZILAND 
ANCIENT GNEISS COMPLEX 

T• 3.417• 34 M• 
10 • 0..101249 :t 31 

~(10)• +1.110.1 

0.10 0.12 0.14 0.18 0.20 

147sm I 144 Nd 

Figure 1: Sm-Nd isochron diagram for samples of the Bimodal 
Suite. Inset shows deviations (oY) in parts in 
10,000 of the data from the best fit line. 
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ION MICROPROBE ZIRCON GEOCHRONOLOGY OF THE UIVAK GNEISSES: IMPLIC-
ATIONS FOR THE EVOLUTION OF EARLY TERRESTRIAL CRUST IN THE NORTH ATLANTIC 
CRATON. Kenneth D. Collerson, Research School of Earth Sciences, Australian 
National University, P.O. Box 4, Canberra, A.C.T. 2600, Australia. 

Introduation. Geochronological studies of high-grade metamorphic rocks 
from Labrador and Greenland using conventional Rb-Sr, Pb-Pb, U-Pb, Sm-Nd and 
Lu-Hf isotopic techniques [1-13] have provided important information concern-
ing: (1) the distribution of early terrestrial crust in the North Atlantic 
Craton (NAC), (2) the isotopic character of the mantle from which this crust 
was derived, and (3) the response of early crustal areas to subsequent meta-
morphic events. Nevertheless, interpretations of such isotopic data, in 
particular the discrimination between protolith and metamorphic ages, as well 
as the significance (in terms of crustal residence times) of initial 87Sr/ 86 Sr 
(Isr) values are commonly equivocal. The Sm-Nd and Lu-Hf isotopic systemshave 
provided a potentially useful additional constraint for rationalizing these 
interpretations. This is because the REE's are generally considered to be 
less prone to metamorphic disturbance than Rb and Sr. Unfortunately, 
"cogenetic" suites of high-grade gneisses commonly exhibit little variation in 
degree of REE fractionation, hence they exhibit limited ranges in Sm/Nd and 
Lu/Hf. As a result, isochrons are generally of poor quality and both petro-
genetic and geochronological conclusions are commonly strongly model dependent. 

Although greater accuracy can now be achieved with conventional U-Pb 
zircon dating techniques [14,15], zircons from polymetamorphic rocks commonly 
exhibit extremely complex iXowth and compositional relationships that are 
impossible to resolve with these methods. Recent developments at the Aust-
ralian National University in high resolution ion microprobe instrumentation 
(SHRIMP) and analytical techniques have provided a means of overcoming many of 
the limitations inherent in conventional U-Pb zircon analysis. In this 
abstract, ion microprobe U-Pb results for zircons from three Uivak I gneisses 
and one specimen of Uivak II gneiss, from the Saglek-Hebron area of Northern 
Labrador are reported. These results are compared with interpretations based 
on published conventional U-Pb zircon results and with conclusions about 
crustal evolution in the NAC derived from Rb-Sr, Sm-Nd and Pb-Pb isotopic 
studies. 

GeoZogiaaZ Baakground. Detailed accounts of the geology of the Archaean 
gneiss complex in Northern Labrador are given in [8,16,17]. The Uivak gneisses, 
a composite group of orthogneisses,have been subdivided on th~ basis of field 
relationships into two groups. The most abundant of these, the Uivak I suite, 
are dominantly fine-to-medium grained tonalitic and trondhjemitic gneisses 
with layering on scales ranging in width up to c. 100 em. The layering is 
commonly accentuated by several generations of concordant to slightly dis-
cordant Na- and K-feldspar-rich pegmatite veins. Mineral assemblages in the 
Uivak I gneisses include quartz-oligoclase-microcline (or orthoclase) biotite 
± hornblende. Accessory phases are dominated by sphene, apatite and zircon. 
The Uivak II suite of K-feldspar-bearing augen gneisses contains a higher 
modal content of biotite and iron-rich amphibole. The presence of layered 
Uivak I gneiss xenoliths in outcrops of relatively undeformed Uivak II gneiss 
demonstrates that the deformations responsible for the formation of composite 
layering in the Uivak I gneisses occurred prior to the emplacement of the 
K-feldspar megacrystic granitic and granodioritic protoliths of the augen 
gneisses. Both members of the Uivak gneiss suite contain inclusions of older 
supracrustal rocks (the Nulliak assemblage). These range in size up to c. 2 x 
0.25 km and are dominated by amphibolites of ultrabasic and basic compositi9n 
as well as banded iron formation. 
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Previous geochronological studies of the Uivak gneisses have yielded Rb-
Sr, Sm-Nd, and Pb-Pb ages of 3714 +400/-291 Ma (Isr 0.69938 -334/+252; Esr 
-11.8 ± 18), 3612 +379/-279 Ma (INd 0.50722 -22/+16; ENd +1.7) and 3572± 318 
Ma ( 2 38Uj 2 D~Pb ~~ = 7.79), respectively [10]. The isochron data for all 3 
methods are relatively poorly correlated and hence exhibit large uncertainties; 
reflecting the combined influence of source heterogeneity as well as open 
system behaviour during later metamorphic disturbances. If Nulliak assem-
blage mafic rocks are the source of the tonalitic protoliths of the Uivak I 
gneisses, then it is valid to regress them with Sm-Nd data for the Uivak I 
gneisses, which gives 3665 ± 104 Ma (INd 0.50719 + 8; ENd +2.48 + 1.10). The 
positive ENd value indicates that the Uivak I gneisses were derived from 
depleted mantle. The involvement of depleted mantle beneath the NAC in the 
formation of the precursors of the early Archaean tonalites is interpreted as 
reflecting the formation of still older continental crust. 

Sr isotopic data for eleven large specimens of Uivak II gneiss yields a 
poorly fitted isochron (MSWD=248) with slope equivalent to an age of 3412 ± 
158 Ma (Isr = 0.69982 + 250). However, whole-rock Pb isotopic results are 
better correlated (MSWD=13.4) and yield an isochron equivalent to an age of 
3703 ± 293 Ma,with a calculated~~ value for their source region of 7.65. 

Uivak Gneiss Zi~con Results. (1) Conventional Data. Previously · 
published conventional U-Pb zircon analyses on both unsorted multi-grain 
samples of Uivak I and Uivak II gneiss [5] and zircon size-fractions from a 
single sample of Uivak II gneiss [18] are all highly discordant with 207Pb/ 
206 Pb ages ranging from 2690 to 3485 Ma. With the exception of three of the 
Uivak I zircon analyses, which show the effect of recent Pb loss, seven 
multi-grain samples of Uivak I gneiss zircons are moderately well correlated 
(MSWD=34) and define a linear trend with a lower intercept of 2600 +67/-80 Ma 
and an upper intercept with Concordia of 4377 +234/-297 Ma. Data for the 
Uivak II gneiss zircon size-fractions, when combined with two multi-grain 
analyses, are extremely well correlated (MSWD=2.0) and define a chord with a 
lower intercept of 2540 +26/-28 Ma (within error of the Uivak I gneiss zircon 
result) and an upper intercept of 3950 ± 88 Ma. When regressed alone, the 
size-fractioned sample yields a Model 1 solution (MSWD=0.1) with significantly 
larger uncertainties in the upper intercept 3760 +387/-281 Ma and a lower 
intercept of 2490 +95/-137 Ma. Although these arrays may be the result of a 
single episode of Pb loss and have genuine age significance4 the interpretat-
ion of the older Concordia ages must remain equivocal in view of the poly-
metamorph history of the gneiss complex. 

(2) Ion Microprobe Results. In an attempt to clarify interpretation of 
the conventional zircon results, zircon populations for three Uivak I gneisses 
and one Uivak II gneiss were analysed using the ion microprobe (SHRIMP) at the 
Australian National University [19,20]. Under routine operating conditions, 
the mass resolution of ~ 7000 is sufficient to separate all significant 
spectral interferences, which obviates the necessity for peak stripping [cf. 
21]. Methods have also been developed for determining Pb/U and Th/U ratios 
of unknown zircons to a precision of c. 3%[22]. The majority of the analyses 
are based on the means of three analyses achieved over a period of c. 45 
minutes on the same spot. In most cases, the precision of the mean 207Pb/ 
206Pb per spot was typically between 0.5 and 0.8% (1a), limited principally 
by ion-counting statistics. 

In terms of morphology, the Uivak I gneiss zircons generally exhibit a 
rounded core up to 100 ~m in diameter surrounded by euhedral to subhedral 
rims that commonly display well preserved growth zones. In contrast to the 
highly discordant conventional analytical results for the Uivak I zircons, 
the majority of the cores plot within error of Concordia or define a number 
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of slightly discordant populations with ages between c. 3600 and c. 3920 Ma 
(Fig. 1). This range is similar to that shown by the 207Pb/206Pb ages (Fig 2). 

Hpn l: Collcor4b •~.qr- -.n.al III.DCP alrce. --.~,... lor tt.r .. ..-ct.. of 
fh8 I IMha: IC-74-16lr .. 1u dttlu, &C-7a.-.6UD .... dnlu, M4 IC-7Wto~t 
nt-.1". 11M lG pncJ .. d-. Ual.u ,.,r .. _t lJ -.canait~.tp .l.a •c•~•tac ft/U. 
Ttte error Mx ahcwa: •• calculAte• for t•• "ol4" lire. ~at. ror ~rlaoa ::• :u: :!.";a.!:,!.':.'(;;]'~~:' x::.n:-~r!!~,:-:•.:= f;;j;j~ [2,14] , 
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Although most of the old cores contained relatively low amounts of Pb 
(18-100 ppm), U (less than 100 ppm), and Th (less than 50 ppm), a few cores 
were observed which contained substantially higher amounts of these elements; 
up to 1320 ppm Pb, 1380 ppm U, and 212 R~m Th. In a number of grains, cores 
showed considerable variation in 207Pb/ 6Pb during sputtering, presumably 
reflecting compositional variation on a scale of c. 25 ~ x 3 ~m. For 
example, in one grain from KC-74-161F 207Pb/ 206Pb ages varied from 4008 Ma 
through 3954 Ma to 3914 Ma. In Figure 1, analyses which lie above Concordia 
could reflect uncertainty in determining the Pb/U ratio. Alternatively, the 
reverse discordance may be the result of early gain of radiogenic Pb or loss 
of U. This feature has also been observed in microprobe a~alyses of zircons 
from elsewhere, e.g. Mt Narryer, Figure 1 [23]. 

The majority of zircon analyses with 207Pb/ 206Pb ages between 3500 and 
3000 Ma are relatively discordant (Fig. 1). This is interpreted to be the 
result of Ph-loss at between c. 3600 - 3800 Ma and c. 2800 Ma, as well as 
recent Ph-loss. In general, the higher U grains are the most discordant 
[cf. 24,25]. Rims of zircon typically have significantly higher contents of 
Pb, U and Th than are generally present in the older core regions. Most 
plot within error of Concordia at c. 2700 to 2900 Ma. This result is in 
excellent agreement with previously published estimates for a period of 
late Archaean regional metamorphism in the NAC [3,8,11,26]. 

Data for three zircons from the Uivak II gneiss plot close to Concordia 
on a chord of virtually constant 207Pb/ 206Pb ratio which is equivalent to an 
age of c. 3350 Ma. A single rim analysis lies within error of Concordia at 
c. 3000 Ma. 

Disaussion and ConaZusions. Analytical results for zircon cores in the 
three specimens of Uivak I gneiss described in this paper are significantly 
older than published conventional U-Pb analyses of zircons from the Amitsoq 
grey gneisses, viz. 3595 ± 50 Ma [2] and 3575 ± 50 Ma [24]. Many of the 
analyses are also older than the c. 3700 Ma zircon population in the !sua 
grey gneisses [25]. These data are plotted for comparison in Figure 1. The 
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c. 3600 Ma age for the Amftsoq gneiss zircons is interpreted therefore as a 
metamorphic age [24,25]. In Figure 1 it is clear that most of the Uivak I 
gneiss zircon data are broadly within error of conventional [27] as well as 
SHRIMP [23] results for time of crystallization of zircons from the Isua 
supracrustal sequence, viz. 3813 +6/-4 Ma. From this, it follows that zircon 
cores in the Uivak I gneisses may be xenocrystic, representing compositions 
inherited from a c. 3800 Ma old source which melted to form the plutonic pre-
cursors of the Uivak I gneisses. Alternatively, the zircons may have crys-
tallized c. 3800 Ma ago in the plutonic protoliths of the Uivak I gneisses. 
The low Pb, U and Th content of most of the Uivak I gneiss zircon cores either 
reflects the relatively basic character of the crustal precursors of the 
gneisses, or it may be typical of the compositional range of zircon crystall-
izing from melts of tonalitic and trondhjemitic composition. 
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The dispersion observed in zircon cores from the Uivak I gneisses between 
c. 3800 Ma and 3600 Ma is interpreted to be the result of variation in the 
degree of loss of radiogenic Pb in response to younger periods of metamorphism, 
together with the effect of recrystallization during such thermal events. 

Several virtually concordant low and high U grains have 207Pb/ 206Pb ages 
that are in excess of 3800 Ma, ranging up to c. 3920 Ma. These provide . 
unequivocal evidence of pre-"Isua" inherited xenocrystic components in the 
zircons. It is concluded from the range of Pb and U in these xenocrysts that 
basic as well as LIL element enriched (acid) crustal compositions were present 
in the source of the protoliths of the Uivak I gneisses. This supports inter-
pretations based on Sm-Nd studies of the Uivak· gneisses [10] that they were 
derived from a depleted source from which earlier crust has been extracted. 
As none of the ion microprobe data yield ages in excess of 4000 Ma, little 
geological significance can be ascribed to the value of the upper Concordia 
intercept defined by the conventional Uivak I gneiss zircon data. 

The current interpretation based on field and geochemical evidence i s 
that the protoliths of the Uivak II gneisses were derived by partial melting 
of pre-existing Uivak I gneiss - Nulliak assemblage crustal components. The 
involvement of such old source components is supported by previously dis-
cussed Pb-Pb whole rock isotopic data and also by conventional U-Pb zircon 
results. However, the whole rock Sr isotopic data and the zircon ion micro-
probe data currently available yield signi ficantly younger ages (c. 3350 Ma). 
This is interpreted to indicate that the megacrystic granite protoliths of 
the Uivak II gneisses were formed and metamorphosed c. 3350 - 3400 Ma ago, 
and were contaminated with old crustal unradiogenic Pb [cf. 11]. A second 
scenario is that the Sr and SHRIMP results currently available were reset 
by metamorphic recrystallization processes and therefore they date the time 
of fabric development in the gneisses. Failure to identify an old component, 
consistent with the interpretation of the conventional zircon data, is 
interpreted to be a reflection of the small number of analyses currently 
available. 
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THE TRANSITION FROM AN ARCHEAN GRANITE-GREENSTONE TERRANE INTO A 
CHARNOCKITE TERRANE IN SOUTHERN INDIA; Kent C. Condie and Philip Allen, 
Dept. of Geoscience, New Mexico Institute of Mining and Technology, Socorro, 
NM 87801 

In southern India, it is possible to study the transition from an 
Archean granite-greenstone terrane (the Karnataka province) into high 
grade charnockites (Fig. 1). The transition occurs over an outcrop width of 
20-35 km and appears to represent burial depths ranging from 15 to 20 km (1). 
Field and geochemical studies indicate that the charnockites have developed 
at the expense of tonalites, granites, and greenstones (1, 2, 3, 4). South 
of the transition zone, geobarometer studies indicate burial depths of 7-9 
kb (5). 

AIICHEAN ROCKS 
~ 1..11to Gtanim 

Figure 1. Geologic map of southern India showing 
the transition zone. 

On most chemical variation diagrams, the charnockites, define igneous-
like trends with a sparsity of intermediate compositions (Si02 = 55-65%) and 
a great majority of tonalitic compositions. As with other granulite-facies 
terranes, the Indian charnockites exhibit significant depletions in Rb, Cs, 
Th, and U (4). However, a well-defined correlation of degree of depletion 
and metamorphic grade is not apparent. Many of the low-grade charnockites 
exhibit as great of depletion as high-grade charnockites. Unlike most other 
hig~-pressure charnockites, however, Indian charnockites do not exhibit 
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depletion in K, and Rb depletion does not reach the 1-2 ppm level as observed 
in Lewisian granulites. Indian tonalites and charnockites do not exhibit 
significant differences in the contents of Ba, Sr, REE, high field strength 
elements or transition metals. Depletions in Rb, Cs, Th, and U appear to 
have occurred during the passage of a C0 2-rich fluid phase. 

Tonalitic and granitic charnockites (like their protoliths) have light-
REE enriched ·patterns and generally exhibit an inverse correlation between 
Si02 and total REE content. Eu anomalies range from slightly negative to 
strongly positive, with Eu/Eu* exhibiting an inverse correlation to REE con-
tent. 

With exception of Rb, Cs, U, and Th, the major and trace element distri-
butions in Indian charnockites reflect the composition of their protoliths. 
Geochemical modelling clearly indicates that the tonalitic charnockite prot~ 
liths (TCP) have been produced by partial melting of a mafic source rich in 
hornblende and/or garnet or by fractional crystallization of a wet basaltic 
magma (1, 4). A mafic source must be enriched in incompatible elements rela-
tive to N-MORB or THl (the major Archean basalt type) and depleted relative 
to continental rift basalts (Fig. 2). Such a source is similar in composi-
tion to TH2 (enriched Archean basalts). Archean tonalites, in general, 
demand the existence of an enriched mafic source and thus require a substan-
tial volume of enriched mantle by the late Archean. 

Figure 2. Primitive mantle normalized 
distributions in the Indian TCP source 
mafic compositions (modified from 1). 
TCP from Indian tonalites. 

incompatible element 
compared to other 
Rb and Th contents of· 
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Most Indian charnockites cannot represent the residue left after extrac-
tion of granitic magma as indicated by the contrasting incompatible element 
contents (Fig. 38). One sample from the transition zone (NCl), however, 
does match the calculated residue. This suggests that although the charno-
ckite terrane as a whole cannot be considered as residue, portions of the 
terrane in the transition zone may represent residue. 
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Ta Hf Yb Tb Sm Zr Nb La Ce Y Ti Ba Sc Sr Eu 

Figure 3, Tonalite-normalized element distributions of rela-
tively incompatible elements in granite and charnockites. 
Model granite and residue are produced by 20% batch melting 
of tonalite. Mode and melt fractions given in (4). 

Although field and geochemical data clearly indicate that some granites 
in the transition zone are of metasomatic origin (1), others may be partial 
melts and still others, involve both processes (6). Field relationships 
along the transition zone strongly suggest that a fluid phase relatively 
rich in C0 2 purged H20 from the lower crust and concentrated it in a rela-
tively narrow region at mid-crustal levels where partial melting produced 
migmatites with granite leucosomes (1, 3, 6). In some areas along the 
transition zone, major plutons may have formed by such a mechanism. Thus, 
granite formation in the Archean crust of India is closely related to charno-
ckitization and is localized, for the most part, at intermediate crustal 
levels (20-25 km) along a metasomatic front. Deep crustal charnockites re-
present tonalites in which large amounts of Rb, Cs, Th, and U have been 
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removed by fluids with variable, but on the whole, high C0 2/H 20 ratios. 
High C02/H20 ratios in fluids also raise solidus temperatures and thus pre-
vent partial melting of the lower crust. If this model is correct, it is 
the middle and not the lower crust where we should look for the residues 
left after granite extraction. 
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AVERAGE SEDIMENTARY ROCK RARE EARTH ELEMENT PATTERNS AND CRUSTAL EVOLU-
TION: SOME OBSERVATIONS AND IMPLICATIONS FROM THE 3800 Ma ISUA SUPRACRUSTAL 
BELT, WEST GREENLAND. R.F. DYMEK, Dept. of Geol. Sci., Harvard Univ., Cam-
bridge, MA 02138; J.L. BOAK, Arco, P.O. Box 360, Anchorage, AK 99510; L.P. 
GROMET, Dept. of Geol. Sci., Brown Univ., Providence, RI 02912 

INTRODUCTION: The hypotheses that rare earth element (REE) abundances and 
patterns in clastic sedimentary rocks trace the unidirectional chemical evo-
lution of the upper continental crust, and that the "average" REE pattern of 
Archaean sediments is fundamentally different from that observed in post-
Archaean sediments, have been advanced in recent years ~ [1]). If correct, 
such conclusions indicate substantial differences in the average composition 
of Archaean crust, and place important constraints on growth vs. no-growth 
models of continental development (e.g. [2,3]). --

These hypotheses rely heavily on three very key assumptions: (a) REE ex-
perience no relative fractionation during weathering, erosion, deposition and 
diagenesis accompanying the transformation of igneous rock into sediment; (b) 
REE in sediments provide a broad average of available source areas at the time 
of sedimentation; and (c) sampled units are representative of sediment de-
posited in the area at the time of formation. Moreover, in the case of meta-
sediments, with which one is commonly faced in ancient terranes, it is also 
assumed that metamorphism (at least through medium grades prior to the onset 
of melting) does not perturb whole-rock REE patterns. Collectively, these as-
sumptions outline the rationale for linking sediment REE patterns to those in 
igneous rocks. However, none of these assumptions have been tested exten-
sively, although broad similarities among REE patterns in Phanerozoic sedi-
ments (cf. [4]) seem to support the viewpoint that averaging of source area 
REE does-in fact occur, given the diversity of REE patterns in crustal igneous 
rocks. 

We are, however, quite concerned with point (c), i.e., whether published 
REE patterns on Archaean sediments are representative of Archaean sediments 
in general, whether they reflect accidents of preservation, or whether there 
is an inherent bias in the data base, albeit unintentional. For example, 
anyone familiar with studies of Archaean geology will recognize the nearly 
complete absence of data on sediments from high-grade terrains, whereas most 
data are for graywackes from low-grade greenstone belts, which, as pointed 
out by Pettijohn [5], bear a strong resemblance to Phanerozoic eugeosynclinal 
sediment suites. 

In this report, we present REE data on a set of clastic metasediments from 
the 3800 Ma Isua Supracrustal belt, West Greenland. Each of two units from 
the same sedimentary sequence has a distinctive REE pattern, but the average 
of these rocks bears a very strong resemblance to the REE pattern for the North 
American Shale Composite (NASC), and departs considerably from previous es-
timates of REE patterns in Archaean sediments. We regard the possibility 
that the source area for the Isua sediments discussed here resembled that of 
the NASC as highly unlikely. However, REE patterns like that in the NASC may 
be produced by sedimentary recycling of material yielding patterns such as 
are found at Isua. 

GEOLOGICAL SETTING: The Isua supracrustals are located ~140 km northeast 
of Godthgb, central West Greenland, where they crop out in an arcuate belt 
surrounded and locally intruded by ca. 3700 Ma Amitsoq orthogneiss. Ages on 
various supracrustai units are in the 3700-3800 Ma range, with the most pre-
cise determination being 3769±1iMa by U-Pb methods on single zircons [6]. 
Of particular significance to the present study is a Sm-Nd whole rock .isochron 
age of 3770±130 Ma [7] on leucoamphibolite ("garbenschiefer" formation), which 
establishes a minimum age of deposition for the protolith of the 
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metasediments, as this unit is apparently intrusive into the section. 
Several descriptions of Isua geology have been published [10,11], which 

outlined the presence of metavolcanic and clastic and chemical metasedimen-
tary units. More recent detailed mapping [12] has revealed a coherent strat-
igraphy. The main supracrustal group - Sequence A - crops out along the en-
tire length of the belt, and contains various amphibolites, quartz-rich chem-
ical metasediment (including carbonate, silicate and magnetite ironstone), 
calc-silicate gneiss, felsic muscovite-biotite gneiss, and minor garnet-bio-
tite schist. A tectonically separate group - Sequence B - crops out only in 
the eastern part of the belt, and consists of a lower unit of felsic musco-
vite-biotite gneiss (MBG) and an upper unit of predominantly garnet-biotite 
schist (GBS). The contact between the lower and upper units of Sequence B is 
gradational. MBG have been referred to as "pelitic metagraywackes", whereas 
GBS represents a series of "ferruginous shales" comprising pelitic to semi-
pelitic to mafic types. 

The relationship between Sequences A and B is unclear: Sequence B may be 
older than or correlate to the lower part of Sequence A, but substantial dif-
ferences in chemical composition suggest no direct relationship. In this re-
port, we discuss only samples from Sequence B. 

RESULTS: REE were analyzed by isotope dilution mass spectrometry; chon-
drite-normalized data for 12 samples are illustrated on Figure 1. 

MBG have REE patterns that are enriched and moderately fractionated with 
respect to chondrites (CeN/Yb~6.8-8.0), with highly variable negative Eu 
anomalies (Eu/Eu*=0.45-0.96) and a slight flattening in the heavy REE. The 
similarity in REE pattern shape for these samples, which span a wide range 
of bulk composition(~, Si02=58-76 wt %), suggests that a single component 
or a relatively constant mixture of components dominates the REE character-
istics of MBG. Some Archaean felsic igneous rocks have REE patterns not un-
like the MBG [13]. 

GBS have REE patterns that are less enriched and less fractionated than 
MBG, and two pattern shapes are discernible. The four samples with lowest 
REE abundances, which represent pelitic and semipelitic rocks (garn + bio± 
musc±stl), have fractionated light REE, small Eu anomalies of variable sign, 
and a slope reversal for the heavy REE (i.e., GdN<YbN). Here again, the 
similarity in pattern shape suggests a single REE component or mixture of 
components, although we are unaware of any igneous rocks that have REE pat-
t ern shapes like these four GBS samples. 

The fractionated light REE suggest a contribution from material not unlike 
that of the MBG, with which the GBS are locally interlayered. High Cr and Ni 
contents in GBS (up to 850 and 350 ppm respectively) may indicate a contri-
bution from mafic material. Mixing of REE derived from basaltic rocks (low 
abundances, unfractionated patterns) with REE derived from felsic rocks 
(high abundances, fractionated patterns) could explain the lowered light REE 
abundances in GBS, but we are unable to provi de a completely satisfactor y ex-
planation for the slope reversal in the heavy REE. 

The fifth GBS sample (28-6A), which represents a mafic metasediment (garn 
+bio+hbl), has relatively unfractionated light REE, a small positive Eu 
anomaly and only slighlty fractionated heavy REE. The REE pattern shape for 
this sample strongly resembles that found in Isua amphibolites [8,14], ex-
cept that it i s enriched by a factor of two. This suggests that the REE in 
t his sample were d er ived almost exc lusively from a maf ic source . 

DISCUSSION: Although the REE patterns for MBG and GBS are clearly differ-
ent (Figure 1), the fact that these units are interlayered in the field in-
dicates that they were deposited penecontemporaneously and sampled a diverse 
suite of crustal materials that were in existence at the time of deposition. 
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Hence, their REE provide some type of estimate of source area characteristics, 
but how one constructs an average REE pattern and what that average means, 
are problematic. Moreover, there is no guarantee that mixing proportions of 
REE correspond in a direct way to volume proportions of crustal rocks. 

The average REE patterns for MBG and GBS are shown in Figure 2. Both con-
vey the general pattern shape of the individual samples in each unit (except 
for GBS 28-2A as noted above; however, it would be inappropriate to exclude 
this from the average; were this analysis in fact excluded, it would not 
change the shape of the average GBS pattern in any significant way). Two 
average REE patterns for Sequence B are also indicated in Figure 2. The 
first (left) is simply the arithmetic mean of the twelve analyzed samples, 
and is shown for illustrative purposes only. The second (right) was calcu-
lated by weighting each unit in proportion to its abundance in the field (3 
parts MBG: 2 parts GBS). Important features of the Sequence B average meta-
sediment pattern are the enriched and fractionated light REE and the sub-
stantial negative Eu anomaly. Also illustrated in Figure 2 (right) are REE 
patterns for the North American Shale Composite (NASC: [9]) and for average 
Archaean sediment (AAS: [1]). The similarity in REE pattern shape between the 
!sua average and NASC is evident, as is the difference between AAS and NASC. 
These features are emphasized further in Figure 3, where both the !sua Sequence 
B average and AAS are normalized to the NASC. The relatively flat unfraction-
ated pattern for the !sua average is particularly noteworthy. 

CONCLUSIONS: The results reported here lead to the following tentative . 
conclusions. (1) The REE patterns for Isua Seq. B MBG indicate the ex-
istence of crustal materials with fractionated REE and negative Eu anomalies 
at 3800 MA. Processes such as feldspar fractionation in shallow level magma 
chambers or intracrustal partial melting may have been important in the de-
velopment of the sediment source rocks. (2) The average Seq. B REE pattern 
resembles that of the NASC. The methods by which average REE patterns for 
sediments are determined, and what the significance of such averages is, re-
quire further evaluation. (3) If the Seq. B average is truly representa-
tive of its crustal sources, then this early crust could have been exten-
sively differentiated. In this regard, a proper understanding of the NASC 
pattern, and its relationship to post-Archaean crustal REE reservoirs, is 
essential. (4) The Isua results may represent a "local" effect. Additional 
study of Archaean sediment REE characteristics, especially those in high-
grade terrains, are warranted. 
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Figure 1. REE patterns for Isua Seq. B metasediments. The data for 629-7C are 
revised from those reported previously [8], based on reanalysis using HF bomb 
dissolution. Reanalysis of selected other samples confirms original patterns. 
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Figure 2. (left) Average REE patterns for data shown in Fig. 1; "all data" is 
the arithmetic mean of the 12 analyzed samples. (right) Isua Seq. B weighted 
average (3 parts MBG: 2 parts GBS) compared to REE patterns for NASC [9] and 
for average Archaean sediment (AAS) [1]. 
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STRUCTURAL CHARACTERISTICS OF MAFIC DIKES- A POSSIBLE 
TOOL FOR MAPPING DEPTH-OF-EXPOSURE IN THE CENTRAL SUPERIOR 
PROVINCE, Richard E. Ernst, Dept. of Geology, Univeristy of 
Toronto, Toronto, Canada, M5S tAl 
Introduction 

Geodynamic Interpretation of shield areas requires a 3-D 
view of the geology. In lieu of deep drilling and geophysical 
work, the third dimension is revealed wherever the crust is 
tilted to expose a vertical section at surface. However, the 
Identification of horizontal variations with changing 
structural depth Is generally difficult in shield areas owing 
to the typically complex deformation pattern. In areas where 
the structural and metamorphic patterns provide inconclusive 
results, data from post-orogenic diabase dike swarms may prove 
useful. 

Undeformed mafic dike swarms of simple geometry cross-cut 
most shields. It has been suggested that their structural, 
paleomagnetic, and chemical characteristics can provide 
estimates of variation in exposure-depth throughout a shield 
terrain 11,2,31. 

Prel lminary work Is reported below on the use of two 
structural parameters, dike dip and thickness, as possible 
depth-of-exposure indicators in the Central Superior Province. 
Dike Dips 

The dike dip data for the Central Superior Province divide 
Into geographic domains of I Ike dip <Figure 1). Domains of 
non-vertical dip originate through: 

1) regional intrusion along a pre-existing mechanical 
anisotropy (foliation or fracturing) 

2) non-vertical fracturing and dike injection caused by a 
contemporaneous stress regime, and, 

3) an original vertical dip modified by post-intrusive 
crustal flexure or buckling 
Mode I 1 is un I ike I y In that most 

collected from dikes within massive granite 
grain present was crosscut by the dike at 
angle. Both remaining models are possible but 
preferred as the interpreted sense of tilting 
consistent with the available metamorphic and 
(Figure 1, Table 1). 
Dike Thickness 

of the data were 
and any host-rock 

a r~ndom obi ique 
at present #3 is 
in each domain is 
tectonic evidence 

The 3-D form of dikes Is largely unknown but It has been 
speculated that dikes are vertically local I ized bodies which 
taper and pinch out with depth 11,4). Therefore, progressive 
changes In dike thickness across or along a swarm may reflect 
differences in depth of exposure. However, this effect may be 
overprinted or totally masked by true lateral variation in dike 
properties, resulting from variations In the elasticity of the 
host rocks or the characteristics of the rising packets of 
magma. 

data are available for the 
an an Interesting pattern 
the upper amphibolite and 
Structural Zone (KSZ) are 

Preliminary dike thickness 
Central Superior Province where 
emerges (Figure 2). Dikes within 
granulite zones of the Kapuskaslng 
significantly thinner than dikes of the same swarm observed in 
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Figure 1. Dike Dip Domains in the Central Superior Province. 
Descriptions of each domain given in Table 1. Details of dip 
data given In references (3,6). Number assoiated with each dike 
symbol gives the dip In the direction indicated by the dash. No 
dash indicates vertical dip. Underlined values based on 5-23 
Individual dike measurements, and the others- 1-4 measurements. 
The average standard deviation for determination is 7 degrees. 

Tab I e 1 DIKE DIP DOMAINS 
Interpretation According to Model 3 

Domain (non-vertical dips caused by post-intrusive 
deformation) 

A Block tilting uplift around NNE hinge line wl,th 
detachment along the eastern margin of the 
Kepuskeslng Structural Zone !KSZli7J. 

A' Sparse data; non-vertical dips probably reflect 
block tilting associated with the KSZ 

B Outside zone of Influence of KSZ 
C Associated with sagging of volcanlc-ledden crust 

of the Keweenawan Basin (8,91 
C' These dikes are possibly located on the distal 

side of e peripheral bulge associated with down 
warping of the Keweenawan Basin. 

D Implies horizontal to shallow eastward dipping 
crust-the regional metamorphic grade also 
decreases In an eastward direction ((101 end 
FIgure 2). 

E lmpl les shel low westward tilt of crust- perhaps 
results from dip sf lp movement along some of the 
numerous NNW-SSE striking faults which traverse 
this area. Northern boundary with D correlates 
with location of the large Abitibi dike shown In 
Figure 2. Old emplacement of this dike allow 
detachement •nd differential movement of domains 
D end E? 

F Outside zone of Influence of KSZ 
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Figure 2. Regional Pattern ol Dike Thicknesses In the Central Superior Provlnce.The 
rectangular boxes give the general I zed dike trend. Associated with each Is a number 
giving the average dike thickness In meters and In parentheses the number of dikes on 
which this Is based. The general lzed metamorphic map surrounding the Abitibi dike Is 
from reference (101. The age quoted for the Abitibi dike is a preliminary unpubl lshed 
U/Pb determination CE. Nakamura & T. Krogh, pers. comm., 1983). Numbers beside the 
Abitibi dike give Its local thickness in meters. Note that the maximum thickness of 
the Abitibi dike occurs in the Central Abitibi Subprovince which in general has lower 
metamorphic grade. Also, note that within the high grade portion of the KSZ the dikes 
arc thinner than similar trending dikes outside of tho zone. 
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adjacent lower grade Terrains. In fact the 2.6 Ga. 
Matachewan-Hearst dikes are not observed within The granulite 
zone of the KSZ (5]. Similarly, the thickness of the Abitibi 
dike correlaTes with the general host-rock metamorphic grade 
(Figure 2). This dike Is ThickesT (240m) where the surrounding 
rock Is sub-greenschist To greenschist and thins towards areas 
where the regional host-rock grade is greenschist to 
amphibolite. 

These dike-thickness data support a model of uplift of the 
southern part of the KSZ 171, and relative down warping of the 
central part of the Abitibi Subprovince. 

Although dike thickness correlates with host-rock 
metamorphic grade, the grade of the dike itself does not vary-
the dike is essentially unmetamorphosed along its entire 
length. This requires that regional Isotherms dropped 
dramatically after the Kenoran orogeny (ca. 2.6 Ga.) prior to 
dike emplacement. 
Conclusion 

The above data demonstrate systematic variations in dike 
dip and thickness across the Central Superior Province. The 
variations may reflect differences in the level of crustal 
exposure and block tilting thus providing a useful aid in 
developing a 3-D view of the Archean crust. 
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GEOPHYSICAL CONSEQUENCES OF PHANEROZOIC AND ARCHEAN CRUSTAL EVOLU-
TTON: EVIDENCE FROM CRUSTAL CROSS-SECTIONS; David M. Fountain, Dept. of 
Geology and Geophysics, Program for Crustal Studies, Univ. of Wyoming, 
Laramie, WY 82071 

Geophysical properties of continental crust depend on the nature of 
crustal evolution. This is well illustrated by examination of two crustal 
cross-sections (1), the combined Ivrea-Verbano zone (IVZ) and Strona-Ceneri 
zone (SCZ) of northern Italy and the Pikwitonei granulite belt (PGB) and 
Cross Lake subprovince (CLS) of Manitoba. These two cross-sections are 
of particular interest because the IVZ and SCZ developed during Phanerozoic 
time whereas the PGB-CLS is an example of Archean crustal evolution. 
Consequently, each cross-section is geologically distinctive and, thus, 
exhibits very different geophysical properties such as density, seismic 
velocity, heat production, and magnetism. 

Perhaps the best known cross-section of the crust is the IVZ-SCZ of 
northern Italy (Figure 1). Deeper crustal levels are represented by the 
granulite and upper amphibolite facies ultramafic, mafic and pelitic rocks 
of the IVZ that experienced peak metamorphic conditions of 9-11 kb and 
700°-820°C during Caledonian time (2,3). Isotopic data indicate that 
these high-grade rocks resided at lower to middle crustal levels until 
Jurassic time. Amphibolite and greenschist facies pelitic schists and 
gneisses, intruded by post-metamorphic granitic plutons, dominate higher 
crustal levels exposed in the SCZ. Peak metamorphism in the SCZ was also 
Caledonian (2). The IVZ and SCZ are separated by a vertical mylonite zone, 
the Pogallo line, which Hodges and Fountain (4) interpret as a Jurassic 
low-angle normal fault rotated into its present position during Alpine 
deformation. The Pogallo line is but one manifestation of the rift event 
that created the Tethys Ocean. 

Figure 1. Sketch map of IVZ and 
SCZ from Hunziker and 
Zingg (2). 

The early history of the IVZ and SCZ is somewhat enigmatic but was 
domi nated by deposition of a thick pelitic package of sediments between 480 
and 700 Ma (2). Deep burial and amphibolite f aci es metamorphi sm preceded 
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intrusion of mafic and ultramafic magmas and peak metamorphism during Cale-
donian time (2). Schmid (5) speculated that granulite facies pelitic 
gneisses were de-granitized during this event. Post-metamorphic intrusion 
of granites suggests Andean margin conditions prevailed later in the Paleo-
zoic. Rifting, normal faulting and formation of a Tethyan trailing margin 
modified this Paleozoic crustal block during early Mesozoic time. 

Geophysical properties of the IVZ and SCZ are a consequence of its 
Phanerozoic evolution. Seismic velocities (6) for mafic and ultramafic 
rocks are expectedly high (7.2-8.4 km/sec). Pelitic granulites also have 
high velocities (7.0-7.6 km/sec) because of high garnet and sillimanite 
content. Deep crustal levels are characterized by high P-wave velocities. 
In contrast, schists, gneisses and granites of the SCZ have P-wave velocities 
around 6.4-6.5 km/sec, causing a marked seismic distinction between the 
lower crust and higher levels. Investigations by Wasilewski and Fountain 
(7) indicate that magnetite is the magnetic phase in the granulites and 
that susceptibilities are high in mafic granulites and very low in higher 
level rocks of the SCZ. The deep crust represented by the IVZ, therefore, 
is also magnetically distinct and could cause long-wavelength magnetic 
anomalies if it resided in areas of normal geothermal gradients. Published 
heat production data (8) indicate that heat production is low in mafic 
granulites (0.8 HGU), moderately high in upper amphibolite pelitic gneisses 
and SCZ lithologies (S-6 HGU) and high for post-metamorphic granites (7 HGU). 
No data is available for pelitic granulites. These data suggest that there 
may be a significant stepwise decrease in heat production at deep crustal 
levels although analysis of high-grade pelitic rocks is necessary to confirm 
this. 

Deep levels of Archean crust are exposed in the Pikwitonei granulite 
belt of Nanitoba (Figure 2). About 80% of the PGB gneisses are silicic 
granulites (enderbites and charnockites) that surround much less abundant, 
discontinuous layers of granulite facies paragneisses, iron formation, 
and mafic and ultramafic rocks (9) that are similar to nearby lower grade 
greenstone belt lithologies. The CLS, representing shallower crustal levels, 
lies to the southeast of the PGB and consists of several greenstone belts 
surrounded by granites and granitic gneisses. Metamorphic grade in these 
belts tends to decrease to the southeast. 

M.P(ftiOR PROVINCE 
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Figure 2. Sketch map of geolo-
gical domains of 
northwestern Super-
ior Province from 
Weber and Scoates 
(9). 
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Geologic investigations in the PGB and CLS (9, 10) suggest that there 
is no fundamental difference between the two terrains other than variation 
of metamorphic grade and differences in volumetric abundances of certain 
supracrustal lithologies. Mapping by Hubregtse {10) in the Cross Lake 
area demonstrated that low-grade greenstone belts can be traced across 
the orthopyroxene isograd into the PGB, suggesting that the PGB and CLS 
share a common history. Isotopic data (11) suggest an approximate 2.8 
Ga age of metamorphism for PGB enderbites. Ages of metaplutonic rocks 
of CLS are between 2.7-3.0 Ga (11). 

The bimodal compositional nature of rocks of the PGB and CLS produce 
a distinctive geophysical character. Enderbites and granitic rocks surround-
ing supracr~stal belts have similar mineralogy, low densities (mean density 
= 2.68 g/cm ) and thus, low seismic velocities {estimated at appr~ximately 
6.5 km/sec). This is in contrast to high densities (2.8-3.1 g/cm ) and 
seismic velocities (estimated at approximately 6.8-7.2 km/sec) for the 
supracrustal belts. Overall, this crustal section is dominated by a low 
P-wave velocity matrix that surrounds discontinuous, high velocity layers, 
thus there is little seismic distinction between the upper, middle and 
lower crust. Work in progress (Shive and Williams) indicates that magnetite 
is also the magnetic phase in PGB enderbites but susceptibilities are much 
less than IVZ granulites, suggesting that lower crustal magnetic patterns 
will differ substantially for the two crustal cross-sections. Work on 
heat production is also in progress. Preliminary data indicate no signifi-
cant difference in K20 content between PGB enderbites and CLS granitic 
rocks suggesitng there may be no major change in heat production across 
the amphibolite-granulite facies boundary. 

The IVZ and SCZ represent Phanerozoic crust in which mafic and ultra-
mafic magmas .were added to deeper portions of a modestly metamorphosed 
pelitic package of sediments. Physical properties of mafic, ultramafic 
and de-granitized pelitic rocks are distinctively different than upper 
level granites and pelitic schists and gneisses resulting in a geophysically 
zoned crust. This zonation is enhanced by the Pogallo line, a Jurassic 
low-angle normal fault. In contrast, the granite-greenstone belt mode 
of evolution of the PGB and CLS created a crustal cross-section with little 
geophysical distinction between various crustal levels although significant 
lithologic heterogeneity exists. In the future, geophysical techniques . 
may have the resolution necessary to detect differences such as these thus 
permitting routine analysis of crustal evolutionthrougbuse of geophysical 
surveys. 
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USE OF OLIVINE AND PLAGIOCLASE SATURATION SURFACES POR mE 
PETROGENETIC MODELIBG OF RECRYSTALLIZED BASIC PLUTONIC SYSTEMS 
Hanson, Gilbert N., Earth and Space Sciences, SUNY, Stony Brook, NY 11794 

During petrogenetic studies of basic plutonic rocks, there are at 
least three major questions to be considered: (1) what were the relative 
proportions of cumulate crystals and intercumulus melt in a given sample? 
(2) What is the composition and variation in composition of the melts 
within the pluton? and (3) what is the original composition of the liquids, 
their source and evolution prior to the time of emplacement? These 
questions are difficult to attempt to answer in unaltered bodies. 'lbey are 
even more difficult to answer in bodies which have undergone 
recrystallization and metamorphism as have most Archean basic plutons. In 
extreme cases one may not even be be sure a unit represents a metamorphosed 
basic pluto~ Use of the olivine and plagioclase saturation surfaces can 
help to answer some of these questions in recrystallized bodies. 
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Use of the olivine saturation surface diagram of Roeder and Emslie {1) 
on which possible melts and residues of mantle melting can be plotted and 
contoured for extents of melting and temperature of melting Cone 
atmosphere) for a given mantle compositon (Fig. 1 from Hanson and Langmuir, 
2) permits distinguishing whether a sequence of ultramafic rocks 
represents cumulates or residual mantle. A sequence of samples of residual 
mantle should plot close to the residue field in Fig. 1. The exact 
position of any sample will be dependent on the composition of the mantle, 
the extent and conditions of melting, and the fraction of melt retained 
with the residue. 

A sequence of cumulates need not be restricted to the residue field in 
Fig. 1. If the composition of a cumulate plots close to the olivine 
composition, the range in compositions of the melt from which that cumulate 
precipitated must lie within the range of isopleths with the potential 
olivine compositions in the cumulate. For example in Fig. 2 for the 
cumulate plotted, the limits to the range of possible compositions for the 
cumulate olivine will be dependent on whether the rock represents an 
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orthocumulate or an adcumulate. For a metamorphosed rock this may not be 
apparent. If it is an adcumulate, because the pyroxenes generally have 
similar or higher Mg numbers than olivine, the minimum forsterite content 
of the olivine is given by a line from the origin through the sample 
intersecting the olivine composition, in this example Fo-84. If the sample 
represents an orthocumulate, the com};X>sition of potential melts is given by 
each line from the com};X>sitions of olivine with Fo greater than 84, through 
the sample to the appropriate isopleth. Two lines are shown as examples in 
Fig. 2. The field of possible intercumulus melts shown are below the 
primary melt field as might be expected for melts which have undergone 
olivine fractionation and is similar to the fields for mafic Archean 
volcanics. 

The plagioclase saturation surface is shown in Fig. 3 from Langmuir 
(3) in which cation normative An and Ab are used to represent the 
plagioclase components in basic to daci tic melts. The composition and 
temperature of crystallization of liquidus plagioclase are shown on their 
respective contours. The recovered composition and temperature ar on 
average 3 mole % An and 12 degrees C respectively. Use of the olivine 
saturation surface in conjunction with the plagioclase saturation surface 
diagram allows consideration of whether a rock with a basaltic com};X>sition 

· could have originally represented a melt. This is done by relating the 
composition of the rock to the possible melt field and olivine 
fractionation curves in Fig. 2 and comparing the liquidus temperatures for 
olivine and plagioclase on the respective saturation surfaces. 
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The plagioclase saturation surface can also be used to place limits on 
the relative proportions and compositions of intercurnulus melt and cumulate 
minerals in potential cumulate rocks (4). For example, cumulate samples 
from the Shawmere Anorthosite Complex are plotted in Fig. 3 as well as an 
anorthositic gabbro dike (Sample 25) from Simmons, Hanson and Lumbers (5). 
The cumulate minerals other than plagioclase plot near the origin of this 
diagram. Thus, any given rock must lie within the field defined by the 
origin, the cumulate plagioclase composition and the intercumulus melt 
composition. If samples 1, 2, and 22 are considered to be adcumulates, the 
cumulate plagioclase has a composition of An-81, which is the composition 
of recrystallized plagioclase from the .core of a remnant megacryst in 
sample 2. If they contain significant intercumulus melt, the cumulate 
plagioclase has a higher An content. Thus the melt lies on an isopleth 
with an An content equal to or greater than An-81. 

Assuming that sample 11 may have been derived from a melt similar to 
that from which sample 2 crystallized, we may use it to help place 
constraints on the normative plagioclase composition and abundance of the 
intercumulus melt. Sample 11 has a REE pattern and abundances compatible 
with significant cumulate plagioclase as does sample 2. Sample 11, however, 
has 2.3 to 4.0 times the abundance of REE for lights to heavies 
respectively compared to sample 2. This suggests that sample 11 is a 
mesocumulate or orthocumulate. Thus, the cumulate plagioclase is more 
anorthitic than An-73 the composition of cumulate plagioclase if sample 11 
were an adcumulate. If for example, the cumulate plagiocase had an An 
content of An-81, the intercumulus melt must lie along the An-81 isopleth 
and to the right of a line drawn between the compositons of An-81 
plagioclase and sample 11. Sample 25, the anorthositic gabbro dike, has a 
composition similar on this diagram to such a potential intercumulus melt. 
For a given composition melt and cumulate plagioclase it is possible to 
calculate the proportions of melt, plagioclase and total other cumulate 
phases using the lever rule. 

Use of both saturation surfaces can place strong limits on the 
compositions of potential cumulate phases and intercumulus melts. 
Consideration of appropriate trace elements can indicate whether a sample 
is an orthocurnulate, adcurnulate or mesocumulate. Thus, when trace element 
and petrographic data are considered together with the saturation surfaces, 
it should be possible to begin to answer the three major questions given 
above, even for strongly recrystallized basic plutons. 
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AN ANCIENT DEPLETED MANTLE SOURCE FOR ARCHEAN CRUST IN RAJASTHAN, 
INDIA: J.D. Macdougall, Scripps Inst. Ocean., La Jolla, CA 92093, K. Gopalan, 
Phys. Res. Lab., Ahmedabad, India, G.W. Lugmair, Scripps Inst. Ocean., La 
Jolla, CA 92093 and A.B. Roy, Univ. of Rajasthan, Udaipur, India 

Precambrian rocks exposed in the state of Rajasthan in Western India 
comprise the Banded Geniss Complex (BGC) and the Aravalli and Delhi super-
groups which overlie the BGC. Based on systematic mapping by Heron (1) 
these divisions are believed to represent major orogenic cycles; in spite of 
some disagreements and revisions, Heron's work remains the basic framework 
for interpretation of these rocks. Heron (1) considered the BGC to be the 
oldest unit exposed in Rajasthan. Although this has been challenged by some 
later workers, there is a clear erosional unconformity between the BGC and 
overlying metasediments and metavolcanic rocks of the Aravalli sequence in 
several exposures along the western margin of the BGC. Virtually no modern 
chronologie data are available for the BGC. However, recent Rb-Sr work on 
the Untala Granite, believed to be intrusive into the BGC, gave a whole rock 
isochron age of 2950±150 my (Chaudhary et al, ref. 2). We therefore under-
took a geochemical and isotopic study of the BGC in the expectation that 
valuable data about a little-known segment of the earth's Archean crust would 
result. 

We report here data from an initial set of BGC samples from the area 
east of the city of Udaipur. In this region the BGC comprises typical grey 
gneiss with variably abundant granitic and mafic components. We have 
concentrated our efforts to date on the mafic components which, based on 
chemical data, appear to be metavolcanic. All samples examined were 
recrystallized under amphibolite or upper amphibolite facies conditions. 
Pertinent chemical data for a small number of amphibolites analyzed so far 
are: Si02: 49-53%; MgO: 5.7-7.3%; K20: 0.24-0.50%; Ni: 106-140 ppm; Zr: 37-
159 ppm. From Sm/Nd data, all amphibolites show small to moderate LREE 
enrichments. 

A group of nine samples (3 gneisses, 6 amphibolites) define a Sm-Nd 
isochron giving an age of 3.5 AE with an initial ratio corresponding to 
€JUV (T) =+3.5. Rb-Sr data for the same samples show a large amount of 
scatter and provide evidence for later metamorphic disturbance of the Rb-Sr 
system. Internal (mineral) isochrons for associated granites indicate that 
Sr reequilibration occurred in these rocks at 800-900 my (2,3). Structural 
evidence suggests at least three and possibly more major deformational 
episodes (e.g., Roy et al., ref. 4), so that evidence for this complex 
metamorphic history in the Rb-Sr system in the gneisses and amphibolites we 
have analyzed is not surprising. 

The Sm-Nd data indicate that the amphibolites and grey gneisses are 
essentially cogenetic, and the 3.5 AE age must date the time of crust 
formation. The initial isotopic ratio for these rocks, corresponding to 
€JUV (T) =+3.5, joins a growing number of examples of early crustal s egments 
created with positive €Juv(T) values. If the JUV (or CHUR) reservoirs truly 
represent the bulk earth, then the source regions for these rocks were 
depleted very early in earth history. This is perhaps not very surprising 
since large-scale melting and accompanying fractionation must have occurred 
in the outer parts of the early earth. However, an important point is that 
the depleted source must have been preserved over a substantial period of 
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time in order to allow differential evolution of 143Nd by as much as 3.5 € 
units. The degree of fractionation required depends critically on the 
timing of fractionation. For example, for the Rajasthan data, the increase 
in Sm/Nd in the source compared to JUV would have to have been 16% if the 
differentiation occurred at 4.5 AE, and as high as 47% if it occurred at 
3.8 AE. The corresponding £Juv values in the same source today would range 
from +18 to +45, respectively. Clearly such high values are not observed in 
the major depleted reservoir being sampled today, the MORB source. Thus 
either the early depleted sources were localized residues or cumulates never 
again sampled, or, if geneticall4 related to the present day MORB source, 
the rate of increase of 143Nd/14 Nd has slowed appreciably, possibly due to 
c~stal recycling. 
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VENUS TOPOGRAPHY; CLUE TO HOT-LITHOSPHERE TECTONICS? 
George E. McGill, Department of Geology and Geography, Univer-
sity of Massachusetts, Amherst, MA 01003 

One of the fundamental problems of Archean Earth history 
is the .style of tectonics, especially whether or not some form 
of plate tectonics occurred (1, 2). The feasibility of Archean 
plate tectonics revolves around the questions of lithosphere 
temperature, thickness, and buoyancy, and of crustal thickness 
and composition. 

Venus has a very hot surface (470°C} and thus, by inference, 
a hot crust and lithosphere. All current models for the thermal 
structure of Venus predict a hot and thin lithosphere (3, 4), 
and most workers agree that this implies a positive buoyancy for 
the lithosphere (5, 4) and thus the absence of "trench pull", 
one of the favorite driving forces for plate tectonics on Earth. 
Only one small region, Ishtar Terra (Fig. 1) exhibits topo-
graphic features consistent with plate convergence; a high 
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Fig. 1. Major physiographic regions of Venus. Heavy 
stipple, >1 km below median elevation; light stipple, median 
elevation ±1 km; unstippled, >1 km above median elevation. 

70° 

plateau with marginal linear mountain belts (61. In contrast, 
there are extensive regions consistent with plate divergence 
(Beta Regio-Phoebe Regio, Aphrodite Terra, and others}. These 
tend to be long, narrow, relatively elevated zones characterized 
by closed depressions with flanking elevations, relatively high 
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rms slopes at meter scale, and relatively high surface rough-
ness at centimeter scale (7). The closed-depression-flanking-
high topography varies from long rift systems surprisingly 
similar in dimensions and general characteristics to continental 
rift systems on Earth (Fig. 2) (8), to shorter and less contin-
uous rift-like features (Fig. 3), to irregular closed depres-
sions and associated elevations of various sizes (Fig. 4). One 
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Fig. 2. Topography of Beta Regie 
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possible tectonic style for a hot-lithosphere planet involves 
heat loss through numerous hot spots; regions of abnormally 
thin lithosphere, high conductive heat loss, and active vol-
canism (4). The abundance of closed depressions and associated 
elevations lying along linear elevated zones on Venus suggests 
that these "hot spots" are, in fact, concentrated along what 
amount to incipient divergent boundaries (9); regions of high 
heat flow, thermally elevated terrain, active volcanism, and 
limited (a few km) extension resulting in crustal collapse 
expressed as rifts or volcano-tectonic depressions. Except 
for the difference in H2o abundances (Archean Earth was wet; 
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modern Venus is very dry), these linear zones on Venus may be 
analogous to the tectonic settings for someArcheangreenstone 
belts. 
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DEVELOPMENT lF THE EARTH'S EARLY CRUST: I .. LICATIONS FROM THE BEARTOOTH tllUNTAINS 
P. A. Mueller, Dept. of Geology, Univ. of Florida, Gainesville, FL 32611 
J. L. Wooden. Lunar and Planetary Institute. Houston, TX 77058 
D. J. Henry. Lunar and Planetary Institute. Houston. TX 77058 
D. W. Mogk, Dept. of Earth Sci •• Montana State Univ •• Bozeman, MT 59717 

INTRODUCTION. The Beartooth Mountains of Montana and Wyoming are one of several major 
uplifts of Precambrian rocks in the northwestern pOrtion of the wyoming Province. The range is 
composed of· a wide variety of rock types which record a complex geologic history that extends 
from early(>3400 Ma) to late(....:JOO Ma) Precambrian time. The Archean geology of the range is 
complex and 111any areas remain unstudied in detail. In this discussion we will focus on two 
areas for which we have accumulated considerable structural, geochemical and petrologic 
information. The easternmost portion of the range(EBT) and the northwesternmost portion, the 
North Snowy Block(NSB), contain rather extensive records of both early and late Archean 
geologic activity. These data are used to constrain a petrologic-tectonic 1110del for the 
development of continental crust in this area. 

MONTANA \ --
WYOMING --' .. -, MAMMOTH __ 

0 11 
km 

ARCHEAN ROCKS OF THE 
BEARTOOTH MOUNT A INS 

GEOLOGIC FRAMEWORK. Early Archean The oldest rocks identified in the EBT are supracrustal 
rocks that include metamorphosed basalts, silicic volcanics, ultramafics. ironstones, and 
various clastic sedimentary rocks(pelites, wackes. and quartzites)[l]. These rocks are found 
as meter- to several kilometer-sized inclusions in younger granitoids. The contacts between 
the different supracrustal rock types are usually tectonic and little original stratigraphy is 
discernible. Major. trace and REE analyses of these supracrustal rocks reveal several 
interesting features: 1) The earliest basaltic rocks differ from later ones in the EBT by 
having generally low REE abundances(10-20x l with relatively flat patterns; SOllie ttomati f tfc 
compositions may be present. 2) Rocks whose protoliths were intermediate to silicic volcanics 
are relatively abundant; those having dacftfc to rhyodacftfc compositions have REE patterns 
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IIUCh flatter than later intrusive rocks of similar bulk compositions. 3) Clastic rocks 
typically show notably high Cr and Ni abundances, especially in the quartzites[2]. Larger 
enclaves of these supracrustal rocks record a granulite grade wetamorphic event(800°C, 6 kb) 
while Sllaller enclaves and xenoliths are 110re likely to record a later amphibolite grade 
.eta1110rphic event. Rb-Sr and SM-Nd whole rock data for a variety of supracrustal rock types 
suggest that the time of granulite grade ~ta1110rphism was 3400 Ma ago[3]. 

Early Archean rocks from the NSB are concentrated in a single structural unit, the 
basement gneiss(BG of the cross section)[4]. This unit constitutes a ductile shear zone that 
for.ed at relatively low temperature(-500°C). Compositionally, the unit is typically 
trondhjemitfc with amphibolitic layers confonnable to the shear foliation. Rb-Sr and Sm-Nd 
studies indicate that the silicic portion of the gneiss is -3500 Ma old. The relationship of 
the age of shearing to the age of fonnation of the protolfth is unresolved. Other early 
Archean rocks are found in the heterogeneous gne1ss(HG) unit of the cross section. This unit 
1s a complex 111ixture of supracrustal lithologies and tonalftic to granitic gneisses. The 
tonalitic portions appear to be chronologically equivalent to the basement gneiss. 

NW E 
PCN 

Cross section of the North Snowy Block. The lithologic 
units are the Heterogeneous Gneiss(HG), the Pine Creek 
Nappe(PCN), the Basement Gneiss(BG), the Davis Creek 
Schist(DCS), the Mount Cowan Augen Gneiss(MCAL and 
the Paragneiss(PG). 

Late Archean The EBT was the locus of major aagmatic and .etamorphic activity during the 
period 3000-2800 Ma ago. This episode of intense activity began with the eruption and shallow 
level emplacement of substantial volumes of andesitic magmas, many of which are unusually 
enriched in incompatible elements[5]. Subsequently, these rocks were subjected to amphibolite 
grade metamorphic conditions about 2850 Ma ago[l]. During the latter stages of this 
metamorphic event small volumes of incompatible element-rich granodiorites and nach larger 
volumes of 110re nonnal tonalftic to granitic aelts were introduced[6]. Diabase dikes were 
intruded illlllediately after the emplacement of the granitoids and dike intrusion continued 
intel"'llfttently until -700 Ma. 

The NSB experienced a very different late Archean history. The main lithologic 
associations of the NSB, except for the MCA, are in tectonic contact with one another and 
these contacts maTk discontinuities fn metamorphic grade and structura1 style. It appears that . 
four of these units(PG, BG, DCS and MCA) came into their present positions prior to the 
emplacement of the nappe un1ts(PCN and HG). The PCN nappe complex contains an amphibolite 
grade assemblage of aaflc IJII1)tlibo11te, sctlfst, quartzite and aarble. Li111fted Sm-Nd data 
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suggest the amphibolite originally crystallized--3000 Ma ago. Magmatic activity is represented 
by the Mt Cowan gneiss(MCA) which is now a K-spar augen gneiss that was apparently intruded 
close to its present pesition. Other than the MCA, none of the other lithologic packages can 
be demonstrated to be autochthonous. 

GEOLOGIC-TECTONIC lli>DEL. Any reconstruction of the sequence of events that led to the 
development of the current -45 km thick continental crust in this portion of the Wyoming 
Province 11ust rely heavily on data from the Beartooth Mountains. Geochemical and 
geochronologic information for terrains to the west is not abundant; particularly with regard 
to the nature and distribution of early Archean rocks. The following 110del, therefore, 
acc011111odates the data from the Beartooths and is compatible with the limited information 
available for the surrounding terrains. A proposed scenario is depicted in a sequence of 
cartoons at the end of this section. 

The Early Archean At 3400 Ma the EBT was already a well developed continental terrain 
with ultramafic to silicic components that were the source for the wide variety of 
supracrustal rock ~pes subjected to granulite grade metamorphism. The environment of 
deposition was 110st likely a subsiding shelf bordering a continental mass (Beartoothia?) of 
unknown size and thickness. That these shelf sedi~~~ents were subjected to granulite grade 
conditions and experienced recumbent isoclinal folding suggests tectonic burial of Beartoothia 
by collision with another continental mass. It appears that this other continent lay to the 
west and was at least 20 km thick. Assuming that continental masses in this area were of 
comparable thickness, it seems likely that pre-collision Beartoothia was at least 20 km thick 
and that by 3400 Ma was roughly 40 km thick with a metamorphic geotherm comparable to modern 

0 orogenic areas (i.e. -40 C/km). Because of ~ lack of variety in early Archean rocks in the 
NSB, they offer little additional insight ij · the picture developed from the EBT data except 
to demonstrate the relatively widespread na . " ' of the -3400 Ma crustal component. 

' late Archean The more abundant late A an rocks in both the EBT and NSB clearly point 
>' ! to differences in the tectonic regimes of tl'!e two areas. The EBT was relatively quiet from 

3400. Ma until roughly 3000 Ma when large vd4umes of intermediate magmas were generated[6]. 
This occurrence is distinctive because larg&.v olumes of rocks of intermediate composition are 
rarely found outside of greenstone belts. Their presence here 1s ascribed to subduction 
tectonics associated with closure of an ocean' basin that lay to the west. 1he rocks were then 
subjected to amphibolite grade conditions -2850 Ma ago[l] and subsequently intruded by a suite 
of late synkinematic to pest-kinematic granitoids(2800 Ma)[6]. Pressure estimates based upon 
the compositions of diabase dikes that were intruded immediately after the emplacement of the 
granitoids suggest crystallization at -5 kb[B]. Thfs magmatic episode apparently represents 
the end point of a major crust forming cycle as essentially no further diastrophic activity 
occurred in this area until laramide time when the block was uplifted. 

The late Archean history of the NSB also appears to have begun 3000 Ma ago with the 
extrusion of the mafic rocks of the PCN unft. Other members of this unit(quartzites, schists 
and marbles) suggest that the sequence was laid down on a continental 11argin or extensional 
basin underlain by continental crust. The metasedimentary nature of rocks to the west of the 
NSB suggests a continental margin 111ay be 11ore lfkely[lO]. Compression of this area was 
probably concomitant with the magmatic and metamorphic activity in the EBT and terminated with 
the emplac'ement of the major thrust sheets(PCN+HGN). The allochthonous nature of many of the 
major lithologic packages in the NSB is remfnescent of modern accreted terrains and it is 
possible that 11ajor strike-slip faults were generated along this continental margin during 
late Archean ti.e. Sue~ fault syst~s could ~ave .uved crustal ~sses fr011 the west into their 
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~)resent positions. The NSB, therefore, 111ay mark the eastern 1f111it of an ~rchean analog of a 
.odern Cordilleran margin. 

IMPLICATIONS. It is clear from the foregoing discussion that two very different types of 
late Archean terrains are J)resent in the NSB and EBT regions of the Beartooth Mountains. 
Moreover, a review of the regional Archean geology shows that the Beartooth Mountains may lie 
astride a fundamental crustal boundary in the Wyoming Province. The NSB and terrains generally 
to the north and west are composed primarily of 111etasedi111entary rocks with major thrust and 
strike-slip faulting[9,10,11]. The EBT and terrains generally to the south and east are 
dominated by late Archean 111gmatic rocks[9]. Our present interpretation suggests that this 
boundary was an Archean continental margin similar to modern complex continental margins that 
have experienced the accretion of allochthonous terrains and calc-alkaline magmatism in close 
1)roximity (e.g. the late Phanerozoic of the northwestern United States). If this 
interpretation is correct, the accreted nature of the Archean continental base of North 
America west of the Beartooths is an unevaluated aspect of the complex late Phanerozoic 
geologic history of the region. 
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Tectonic Model for Archean Crustal Evolution in SW Montana 
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CLASTIC SEDIMENTARY R:>CKS OF THE MICHIPICOTEN VOLCANIC-
SEDIMENTARY BELT, WAWA, ONTARIO. Richard W. Ojakangas, Department of 
Geology, University of Minnesota, Duluth, MN 55812 

The Wawa area, part of the Michipicoten greenstone belt, contains rock 
assemblages representative of volcanic-sedimentary accumulations elsewhere 
on the shield. Three mafic to felsic metavolcanic sequences and oogenetic 
granitic rocks range in age from 2749 + 2Ma to 2696 + 2Mal. 
Metasedimentary rocks occur between the metavolcanic-sequences. The total 
thickness of the supracrustal rocks may be 10,000 m. Most rocks have been 
metamorphosed under greenschist conditions. The belt has been studied 
earlier2-5 and is currently being remapped by Sage6. 

The sedimentologic work has been briefly summarized?; two main facies 
associations of clastic sedimentary rocks are present - a Resedimented 
(Turbidite) Facies Association and a Non-marine (Alluvial Fan-Fluvial) 
Facies Association. 

The Resedimented Facies Association consists of conglomerates, 
graywackes and mudstones. The sedimentary sequence is thick in the west 
and passes into thin carbonaceous and pyritic shales to the eastJ iron-
formation forms a marker horizon in the sequence, passing from iron-oxides 
in the west where the conglomerates are thick, to carbonate in the 
vicinity of the felsic volcanic centers, to sulfide facies to the east in 
the shale4. The graywackes have the classic characteristics of 
turbidites, including excellent grading and internal Bouma intervals; the 
interbedded mudstones, with minor silty laminae, indicate deposition under 
low energy conditions (Fig. 1). The conglomerates associated with the 
graywackes in the west have an abundant poorly-sorted matrix of sandy 
graywacke or chlorite-shale, and are crudely stratified4. The assemblage 
is indicative of deposition on submarine fans, although slumping from the 
edges of explosive volcanic edifices does not necessitate the presence of 
fans. 
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The Non-Marine Facies Association consists largely of cross-bedded 
lithic to feldspathic sandstones with local conglomeratic units. Sedimen-
tary features include small- to medium-scale cross-bedding of both trough 
and planar types (Fig. 2), parallel bedding, parting lineation, ripple 
marks, soft sediment deformation (water escape structures?), mudcracks, 
and mudchip horizons. The assemblage is characteristic of braided fluvial 
and alluvial fan sequences (and perhaps deltaic), rather than meandering 
river channel-floodplain sequences which would contain more muddy and 
silty units. 

Mapping by Sage6 has revealed that locally the ,sequence consists, from 
the bottom up, of volcanics, turbidites, cross-bedded sandstones, and 
conglomerates. Sage (personal communication, 1981) has suggested this 
constitutes a shoaling-upward sequence as the depocenter was locally 
filled. 

Preliminary petrographic studies indicate that both facies asso-
ciations consist largely of felsic volcanic debris (Table 1). 
Recrystallization has commonly partially obscured original textures, but 
in the least metamorphosed samples detrital grains are readily discernable 
(Figs. 3 & 4). Clearly, felsic volcanic sources were dominant, in addi-
tion to the volcanic rock fragments, most of the fine-grained, 
recrystallized quartz-feldspar matrix and at least part of the quartz and 
plagioclase may al$o have been derived from volcanic sources. Plutonic 
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detritus is minor and may reflect derivation from coeval plutons as 
suggested earlier4. The Q:F:L (quartz to feldspar to lithics or rock 
fragments) ratios for the point - counted samples of Table 1 are 
23:23:54, 13:15:72, and 31:12:57. If the fine quartz-feldspar matrix is 
assumed to have originally been sand-sized rock fragments, the L 
component increases to 58, 78 and 64. Much of the sediment may have 
been derived from the reworking of unconsolidated or poorly consolidated 
pyroclastic detritus, as suggested by AyresB for graywackes of the 
Gamitagama belt 50 km to the south and by Ojakangas7 for much of the 
sedimentary detritus in Archean volcanic-sedimentary belts of the 
Canadian Shield. 

Additional work is planned in the Wawa area to better determine the 
paleogeography, including the temporal and spatial relationships of the 
turbidites and other sandstones to each other and to the volcanic rock 
units. Pyroclastic rocks are abundant, and probably were deposited in 
both subaerial and subaqueous environments9,10. Transitions should 
exist between the pyroclastic and the sedimentary rock units. Because 
of structural complications, including overturned folds and differential 
movement of fault blocks, detailed sedimentological studies have of 
necessity awaited field mapping in progress by Sage. 
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Rock Fragments: 

Volcanic, felsic 

TABLE 1 

MODAL ANALYSES 

Turbidite 
facies 

(•Graywacke•) 
WA-81-BB 

33 

Volcanic, intermediate-mafic 4 

Plutonic, feldspar-quartz 4 

Quartz 

Common 4 

Polycrystalline, recrystallized 14 

Feldspar 18 

Matrix-cement 

Micas 8 

Quartz-feldspar (fine) 10 

Epidote 2 

Carbonate 4 

Trubidite 
facies 

(•Graywacke•) 
WA-81-10B 

39 

8 

3 

4 

5 

10 

13 

17 

1 

Fluvial 
facies 

( • Sands tone •) 
WA-81-11 

31 

1 

5 

13 

7 

8 

18 

13 

1 

3 
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Figure 1. Interbedded graywackes and mudstones near 
the dam on the Magpie River, Chabanel Township, north 
of Wawa. 

Figure 2. Cross-bedded sandstones near ~auldry 
Lake in Esquega Township northeast of Wawa. 
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Figure 3. Photomicrograph of representative graywacke. 
Note mafic volcanic fragment at lower right, felsic volcanic 
fragments at lower left and upper center, plagioclase, and 
common quartz grains. Field of view is about 2.5 mm high. 
Crossed nicols. 

Figure 4. Photomicrograph of representative cross-bedded 
sandstone. Most grains are felsic volcanic fragments of 
various textures and common quartz. Field of view is about 
1.5 mm high. Crossed nicols. 
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A MULTI-ELEMENT STUDY OF !SUA IRON-FORMATION, W-GREENLAND . 
. Ullrich Rast, Max-Planck-Institut fUr Chemie, Abt. Kosmochemie, 

Saarstrasse 23, D-6500 Mairtz, F.R. Germany. 
Meta-sediments from Isua, West-Greenland were analyzed by instrumental 

thermal neutron activation analysis (ITNAA). These sediments are chemical pre-
cipitates having some layers of remarkably high Cr content. The latter were 
compared to Cr-poor layers. It tourned out that the Cr-enriched layers had 
higher Ir- and Ni-contents than the samples from the Cr-poor layers. Compared 

. to phanerozoic samples the highest Ir-contents are not extraordinarily higher 
than in a "modern•• sediment, and the Cr-poor layers, representing more or less 
"normal" sedimentation are not significantly higher in Ir than an average 
phanerozoic shale (s. table). 

From the cratering record of the moon we can assume a similar cratering 
of the Earth at about the time when the Isua rocks were formed. Can such an 
enourmous flux of extraterrestrial material be detected in those very old 
Archean rocks? The noble metals, esp. lr, proof to be sensitive tracers for 
the detection of an extraterrestrial component in the Earth•scrust because of 
their high depletion in the crust relative to chondritic abundances. Conse-
quently analyzing the noble metal content of sedimentary rocks of archean, · 
proto- and phanerozoic age one should find a certain decrease in noble metal 
content from the archean to "modern" sediments, representing the decrease of 
the total amount of the "late accretion•• component. When looking at the data 
(s. table) from the Isua rocks one cannot find that the amount of Ir is con-
siderably higher than in an average phanerozoic sediment taking into account 
that the Cr-poor layers don•t show an Ir enrichment relative to "modern" sedi-
ments at all! The question is now are the Isua metasediments still too young 
to find this higher proportion of a meteoritical component which would mean 
that the time of the heavy meteorite bombardment ended before the Isua sedi-
ments were deposited. Or is there any geochemical or geodynamic process re-
sponsible for a redistribution, mixture or dispersion of an extraterrestrial 
component added to the Earth•s crust, thus making its detection difficult or 
impossible? From the geochemical properties of many noble metals we can as-
sume that they are not very mobile under sedimentary and low grade metamorphic 
conditions. If a greater proportion of the noble metals in the crust are 
brought to crust from the space they should be found in a roughly chondritic 
ratio and be clearly detectable from the highly fractionated indigenous sid-
erophiles (cp. HERTOGEN et al., 1980). Using the Nillr ratio for tracing 
meteoritic material, we must consider the mobility of Ni in low temperature 
geological processes, a difficulty which became evident in the discussion of 
the CIT-boundary noble metal enrichments. As shown by PALME (1982) impact 
melts of terrestrial meteorite craters contain several noble metals nearly 
unfractionated relative to chondritic abundances. But not all impact-gen-
erated materials have such a quality of preservation as the 290 m.y. old 
Clearwater impact·melt. The "boundary clays" of the CIT-boundary which are 
thought to contain a certain proportion of meteoritic material are much 
younger but the original pattern is far less well preserved than the impact 
melt (PALME, 1982). And all these materials are much younger than archean 
rocks representing sudden and drastic events while in the archean rock, we are 
looking for an evidence of a "background" continuous flux. Nevertheless it is 
clear that late accretional processes have brought a small amount of Ir to the 
Earth•s upper mantle, at a time when this amount of siderophile elements could 
not be extracted by a metal phase and brought to the core. At this time the 
mantle should have been roughly chondritic in the noble metals. Partial 
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melting, differentiation and crust formation created rocks which were highly 
depleted in Ni and Ir bearing phases. Despite the extrusion of considerable 
quantities of unfractionated mantle material, may be partly after massive 
break-up of the early crust as a result of several giant meteorite impacts, 
it is rather likely that the continuous flux of small extraterrestrial ob-
jects and dust were the main source of most of the noble metals contained in 
the archean crust. But a lot of geological processes superimposed a terres-
trial signature on the abundance patterns which makes it so difficult to 
account for the meteoritic component in the old rocks. 

The Cr-rich layers of the Isua rocks contain not only a siderophile-
enriched component but they are also enriched in Sc, Hf, Ta, and to a much 
lesser extent in other lithophiles like Th, U and the REE esp. the light REE. 
The element abundances of these samples are complex and point to different 
source materials. APPEL (1979) proposed a meteoritic origin of chromite 
grains found in these layers but the chemistry of the host rock does not show 
any features compatible with this idea. 
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Fig. 1: Chromium-content of a section in the !sua iron-formation. 
Unpublished data obtained by atomic absorption spectroscopy, 
kindly permitted for use by P. APPEL, Geological Institute, 
University of Copenhagen. Samples analyzed by ITNAA are mar-
ked by sample number. 



La Pr 
Ce Nd 

\ 
\I 

\ 

\ \ ' I 
I 

' '--+ 

Sm Gd Dy Er Yb 
Eu Tb Ho Tm Lu 

Sm Gd Dy Er Yb 
Eu Tb Ho Tm Lu 

Fig 2: REE-pattern of !sua-rocks normalized to C1-type carbonaceous 
chondrite REE contents. Data from samples 2860, 704, 2379, 
2906A, 2672 unpublished results from B. SPETTEL, Max-Planck-
Institut f. Chemie, Mainz, kindly permitted for use. The REE 
values of C1-type carbonaceous chondrite were taken from 
PALME et al. (1981). 
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Sample Na K Rb Cs Sc Cr Mn Fein Co Ni r.u Zn Ga As Br Sb 

3450a 16.8 6 36 <0.05 2.68 4.91* 31400 46.4 17.7 77.* 44 .5 fi3.3 3* 0.09 0.3 0.03 
3453c 27.4 17 <0.1 24.8 1410 22800 36.R 34.5 40(1 38 210 14 .6 0.345 0.2 0.14 
3456a 29.2 12 24.2 3590 18900 42.3 27 .3 715 153 15 .5 0.345 0.2 0.13 
3457b 28.0 10 26 <0. 14 24.8 3940 9840 42.5 29 .2 llSIJ ?10 14. 0 0.25 0.2 0.06 
3462b 13.2 3 25 <0.24 2.55 8.24* 28200 48.2 20.4 77* 37.4 65.5 1* 0.048 0. 2 0.06 
3467b 15.8 5 50 0.2 2.68 9.59* 32100 44.5 16 . 2 70* 19 .2 64 .R 3.5* 0.165 0.2 0.04 
Error 3 30 30 50 2 2 2 2 2 2 15 10 5 25 25 30 

['t ) *7 *15 *15 

Sample La Ce Pr Nd Sm Eu Tb Ho Tm Yh l.u Hf Ta lr Au Th u 

3450a 1. 53 2.58 0.46 0.19 0.087 0. 116 0.14 0.42 0. 13 0.01* 0.001 0.001 0.18* 0.14* 
3453c 2. 13 4.41 0.713 0.514 0.183 0.282 0.151 0 .Ill 0. 121 0.502 0.102 0.004 0.28 0.21 
3456a 7.82 15.7 4.7 1.38 0.877 0.228 0.38 1.46 0.214 3.63 0.363 0.005 0.003 1. 57 0.756 
3457b 3.13 7.2 3.6 0.971 0.632 0.3 0.62 0.46 2. 7.4 0 .:l71 4.0.1 0.458 0. 0033 0.004 1.89 1.09 
3462b 1. 28 2.25 0.32 0.485 0.433 0.127 0. 16 0.45 O.ORB 0.03 0. 18* <0 . 001 0.002 0.065* 0.098* 
3467b 1.30 1.65 0.361 0.308 0. 23 0 . 14 0.36 0.09!1 <O.Ofi <0.001 0.0017 0.05* 
Error 3 20 25 25 5 5 15 20 7'i 15 1" r; 10 75 ?5 10 
r·:·. r • ?rl *75 

Tab. 1: Analytical results of several samples from the Isua iron-formation (cp. Fig. 1) 
obtained by ITNAA. The analytical precision is given in %. All values in ppm, 
except Fe [%]. 

0.15* 
10 
*75 



METAMORPHIC FLUIDS AND UPLIFT-EROSION HISTORY OF A PORTION' OF THE KAPUSKASING STRUCTURAL ZONE, 
ONTARIO, AS DEDUCED FROM FLUID INCLUSIONS 

R.L. RUDNICK*, L.D. ASHWAL, and D.J. HENRY, Lunar and Planetary Inst. , Houston, TX 77058 (*now 
at Res. School of Earth Sci., Aust. Nat. Univ., Canberra, Aust.) 

Introduction 

Fluid inclusions can be used to determine the compositional evolution of fluids present in 
high grade metamorphic rocks (Touret, 1979) along with the general P-T path followed by the rocks 
during uplift and erosion (Hollister et !l·· 1979). In this context, samples of high-grade 
gneisses from the Kapuskasing structural zone (KSZ, Fig. 1) of eastern Ontario were studied in an 
attempt to define the composition of syn- and post-metamorphic fluids and help constrain the 
uplift and erosion history of the KSZ. Recent work by Percival (1980), Percival and Card (1983) 
and Percival and Krogh (1983) shows that the KSZ represents lower crustal granulites that form 
the lower portion of an oblique cross-section through the Archean crust, which was up-faulted 
along a northeast- striking thrust fault. The present fluid inclusion study places constraints 
upon the P-T path which the KSZ followed during uplift and erosion. 

Occurrence, Morphology and Composition of Fluid Inclusions 

Fluid inclusions present in quartz in high-grade (700-800°C, 6-8 kbar) rocks 
(paragneisses, amphibolite, gabbro gneiss and a tonalite dike) collected near the Shawmere 
anorthosite complex in the KSZ (Fig. 1), consist of three types (listed in order of decreasing . 
abundance): (1) co2-rich inclusions (no visible H20)(generally 1 to 12 urn, but up to 20 
urn); (2) H20-rich lnclusions (no visible C02) (1-35 urn); and (3) mixed co2 and H2o (of 
variable sizes). 

C02-rich inclusions occur along healed fractures and exhibit irregular to negative crystal 
morphologies with a few possessing an acicular morphology (up to 30um by 2um) (Fig. 2). At room 
temperature some of the C02 inclusions contain a birefreingent solid phase that exhibits a 
large variation in relief upon rotation of the microscope stage (probably carbonate). In 
addition, there are acicular carbonate grains associated which acicular C02 inclusions within 
the same fracture. These C02 inclusions have apparently developed in t~e easts of carbonate 
grains. Melting points of tne C02 inclusions range from -61.5 to -56.6 C (Fig. 3), 
indicating the presence of variable amounts of another component which depresses the melting 
temperature. Laser Raman spectroscopy performed on a co2-rich inclusion which posseses one of 
the lowest melting temperatures (-61.5°C), shows the presence of CH4 and no apparent N2• 
From this data, the melting point depressions of the C02 are tenatively attributed to varying 
amounts of CH4 in the C02 phase. The amount of CH4 witnin co2-rich inclusions appears to 
be dependent on hos0 roc~ lithology: meta-igneous rocks contain predomiaantly pure C02 (Tm z 
-56.8 to -57.0! .5 C, wi th one trail in SH80-22A yielding a Tm of -57.7 C, Fig. 36 wh,le 
metasedimentary rocks contain varying proportions of CH4 (T • -61.5 to -57.2! .5 C, 
Fig. 3). Homogenization temperatures for the C02 inclusionT (Th, vapor to liquid) range from 
-47 to +31 C (Fig. 3), with older-lookin9 inclus,ons having lower Th than younger-looking 
inclusions. A late-stage tonalite dike (41-02) and a garnet gabbro gneiss (22A) contain 
•pseudo-secondary", negative crystal form C02 inclusions (cf. Roedder, 1980), which are 
believed to have been entrapped during initi!l crystallization of the host mineral. The 
psuedo-secondary inclusions in the tonalite dike along with planar, negative crystal form 
inclusions in an amphibolite (42F), exhibit the lowest T {highest density) of any CO 
inclusions found in the KSZ rocks (Fig. 3). The high dehsity inclusions in the amphi6olite show 
significant melting point depressions, indicating the presence of CH4, which will cause Th to 
be lower than if the inclusion were pure C02• Consequently, the densities of these inclusions 
are not as high as they appear, and the corresponding isochores are not representative of the 
actual P and T of entrapment. The C02 inclusions in the tonalite dike are relatively pure 
C02 (as seen by their melting temperatures), therefore, the T~ yields an accurate density and 
the corresponding isochore can be used to determine the P or T of entrapment. The isochores for 
these high density inclusions in the tonalite pass through the lower portion of the T and P 
conditions of metamorphism estimated by Percival (1980, in press)(Fig. 4). This, plus the 
pseudo-secondary nature of the inclusions in the tonalite suggest that the co2 was trapped as 
the quartz crystallized during the granulite facies metamorphism. 

H20-rich fluid inclusions have been found in all lithologies studied. These aqueous 
inclus,ons are always in planar arrangements and have morphologies varying from irregular to 
ovoid to partial negative crystal form (Fig. 2). The planes of aqueous inclusions often cut 
across grain boundaries, indicating post-crystallization entrapment. The aqueous inclusions 
generally ~ossess one or more daughter phases: several cubic, isotropic phases (NaCl plus ?), a 
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~ectangular, birefringent phase identified as CaC03 through Raman spectroscopy and, rarely, an 
opaque, acicular phase. In addition, many H20-ricn inclusions contain minute amounts gf co2, 
which can only be observed through the formation of a clathrate ~ich melts around +10 C. 
Melting points for the H20-rich inclusions range from -37 to +10 C depending upon the 
dissolv0d components pre~ent, while some of the aqueous inclusions do not appear to freeze down 
to -190 C. 

Mixed co2 + H20 inclusions (with both phases visible) are rare in the KSZ rocks and 
generally only occur where a trail of H20-rich inclusions intersects a trail of co2-rich 
inclusions. The morphologies of the mixed C02 - H20 inclusions vary from negative crystal 
form (inherited from the original co2 inclusions) to irregular. 

Source of Fluids 

The source of C02 in granulite facies rocks is poorly constrained. Two models are 
generally invoked: (I) C02 is derived from surrounding rocks by decarbonation reactions during 
metamorphism, or by oxidatlon of graphite, or (2) C02 is derived from the mantle. Either or 
both of these two models may apply to the co2 incluslons in the KSZ. The presence of co2 filling carbonate mineral casts suggest that some C02 may be derived from in situ 
decarbonation. However, the lack of extensive carbonate layers in the KSZ requires an additional 
source for the C02 ; either unexposed carbonate layers, oxidized graphite (graphite occurs in 
some of the KSZ p!ragneisses (Percival, 1980)), or perhaps the co2 is fluxed from the mantle 
(Newton et .!.!.·, 1980). 

The H20-rich inclusions and mixed H2o-co2 inclusions clearly formed after the peak . 
metamorphi~m. H2o apparently penetrated the ~SZ during uplift and may be associated with minor 
retrograde metamorphism (which is manifested by sericitized feldspars and epidote-chlorite 
alteration on some of the mafic mineral phases). The mixed H2o-co2 inclusions form where a . 
trail of H2o crosses a trail of earlier co2• 

Interpretation of Fluid Inclusion Data 

Several inferences can be made from the above data. C02 appears to have been the fluid 
phase present during the peak metamorphism. Small amounts of CH4, present in the 
metasedimentary units, may have been locally derived. Two rocks, a tonalite dike and an 
amphibolite, possess high density CO inclusions which, in the case of the tonalite dike, were 
trapped during crystallization of th€ host quartz. The corresponding isochore for these dense 
inclusions passes through the lower portion of the estimated P-T conditions of metamorphism of 
the KSZ. After entrapment of these high density co2 inclusions, the P-T pa~h of the KSZ 
granulites is constrained to have remained within 1.5 kbar of the 1.05 g/cm isochore (the 
shaded region in Fig. 4A). If the rocks· passed below this range, the fluid inclusions would have 
decrepitated due to the large pressure differential thus created between the interior and 
exterior of the fluid inclusion (Hollister et al., 1979). Therefore the KSZ was not uplifted 
while retaining high temperatures, as the Tertiary coast range granulites of British Columbia 
(path B, Fig. 4)(Hollister, 1979). Additionally, the KSZ granulites could no~ have cooled 
isobarically, producing denser, late-stage inclusions, as Swanenberg (1980) found for Precambrian 
granulites from southern Norway (path C, Fig. 4); the morphologically later inclusions in the 
KSZ invariably have lower ·densities. The KSZ granulites were uplifted along the path shown in 
Fig. 4A. As the P and T dropped, C02 was released and re-trapped, §orming the lower density 
inclusions. The lowest density CO lnclusions present are 0.5 g/cm , and must have been 
trapped along that isochore within2the shaded region (Fig. 4A). H 0 penetrated the KSZ as 
higher levels were reached (producing the retrograde assemblages p~esent in some units) and was 
trapped, as fractures in the quartz continued to form and heal. 
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Fig. 1, Geologic map of the Kapuskasing 
structural zone showing sample localities 
for this study (from Percival and Krogh, 1983). 
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Figure 2, A: morphology of H20-NaCl fluid inclusions, 
B: negative crystal form CO fluid inclusions, C: 
acicular co, fluid inclusion~, arrow points to acicular 
carbonate grain. 

-40 -30 -20 

41A Q-Pc·G+·B-A Paragneiu 
D 41C Q-Pc-8-A·G+ Paragnei&s 

22A G+ Gabbro Gneiss 
4102 Tonalite Dike 
42F Amphibolite 

-30 

-20 

-10 0 +10 +20 +30 
Th ("C) 

-61.5 -61.0 -60.5 -60.0 ·59.5 -59.0 -58.5 -58.0 -57.5 -57.0 -56.6 
Tm("C) 

Fig. 3, Temperature of !1omogeni zation (Th) and 
temperature of me 1 ting {T ) for co2-rich fluid 
inclusions from high-gradW rocks from the 
Kapuskasing structural zone, Ontario. Q = quartz, 
Pc =plagioclase, Gt = garnet, B = biotite, 
A = amphibole. 
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Fig. 4, A: P and T of metamorphism of the KSZ (from Percival and ~ard, 1983) 
and uplift path deduced by high density fluid inclusions (1.03 g/cm ). Isochore 
with~ = . 5 g/cm~ represents least dense CO.., inclusions in KS:. These l01~er 
density inclusions must have been trapped a!ong the .5 g/cm~ isochore within 
the shaded region. B: conditions of metamorphiSIIIand uplift path for S. Norh'ay 
granulites from Swanenberg ( 1980). C: conditions of metamorphism and uplift 
path for Tertiary Granulites from the Coast Range, British Columbia from 
Hollister, 1979. 
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GEOCHEMISTRY OF VOLCANIC ROCKS FROM THE WAWA GREENSTONE BELT, 
ONTARIO, Klaus J. Schulz, U.S. Geological Survey, Reston, VA 22092, 
Paul J. Sylvester, Dept. of Earth and Planetary Sciences, 
Washington University, St. Louis, MO 63130, and K. Attoh, Dept. of 
Geology, Hope College, Holland, MI 49423 

The Wawa greenstone belt is located in the District of Algoma and 
extends east-northeast from Lake Superior to the western part of the 
Sudbury District in Ontario, Canada. Recent mapping by Attoh (1,2) has 
shown that an unconformity at the base of the Dori Formation and equivalent 
sedimentary rocks marks a significant stratigraphic break which can be 
traced throughout the volcanic belt. This break has been used to subdivide 
the volcanic-sedimentary succession into pre- and post-Dorl sequences (2). 
The pre-Dorl sequence includes at least two cycles of mafic-to-felsic 
volcanism, each capped by an iron-formation unit. The post-Dord sequence 
includes an older mafic-to-felsic unit, which directly overlies sedimentary 
rocks correlated with the Dore1 Formation, and a younger felsic breccia unit 
interpreted to have formed as debris flows from a felsic volcanic center (2). 

In the present study, samples from both the pre- and post-Dorifvolcanic 
sequences were analyzed for major and trace elements, including rare earths 
(REE). This preliminary study is part of an ongoing program to assess the 
petrogenesis of the volcanic rocks of the Wawa greenstone belt. 

Pre-Dorl Volcanic Rocks 
I Two volcanic suites have been recognized in the pre-Dore volcanic 

sequence. The first is represented by tholeiitic basalts which apparently 
make up only a small part of the sequence. These are similar in both 
major and trace elements to typical Archean tholeiitic basalts such as 
those of the Ely Greenstone in the Vermilion District of Minnesota (3,4). 
The other and more abundant suite is calc-alkaline and represented by 
basaltic andesites, dacites and rhyolites. Andesites (i.e. SiOz~54-62 wt.%) 
appear to be largely absent. 

The basaltic andesites have high AlzOJ contents, enriched light REE 
([La/Sm]Nf1.9-3.3), lower contents of Sc and Co, and higher contents of 
Hf, Zr, Ta, and Th compared with the tholeiitic basalts. 

Of the three dacites analyzed, one has REE abundances similar to the 
basaltic andesites except for a small negative Eu anomaly, and has Sc, Co, 
Cr, Ta, Th, Hf, and Zr values intermediate between the basal~ic andesites 
and rhyolites. The other two dacites, sampled from the area of Michipicoten 
Harbour, are distinctive in having highly depleted heavy REE abundances and 
steep REE patterns ([La/Yb]N•22-23). 

The rhyolites are generally similar in composition (except one sample 
from west of Andre Lake and two samples from the Michipicoten Harbour area), 
having enriched light REE ([La/Sm]N=3.8-4.2), negative Eu anomalies, and low 
compatible element contents. These rhyolites tend to lie along the 
compositional trends defined by the basaltic andesite and dacite samples 
implying that they may be the product of fractional crystallization from 
the same parent magma. However, the apparent lack of andesites, if 
substantiated, may require a more complex model for the petrogenesis of 
these rhyolites. The two rhyolites from the Michipicoten Harbour area, 
when compared with the major rhyolite group, have higher REE abundances with 
larger negative Eu anomalies, markedly higher heavy ~EE contents, and are 
also enriched in other incompatible elements. The rhyolite from west of 
Andre Lake has lower REE, Hf. zr. Ta, Th, Sc and Co abundances than the 
major rhyolite group and shows no Eu anomaly. 
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Post-nor/volcanic Rocks 
Tholeiitic and calc-alkaline suites are both present in the post-Dor/ 

volcanic sequence. The tholeiitic suite forms part of the older post-Dord 
volcanic unit and is represented solely by basalts which are compositionally 
similar to those of the lower sequence. The rest of this older unit is 
composed of calc-alkaline rhyolites which can be divided into low Si02 
(71-74 wt.%) and high Si02 (78-79 wt.%) groups. These rhyolites have 
steeper REE patterns than the lower volcanic unit rhyoli~es. The low SiOz 
rhyolites have no or small Eu anomalies, whereas the high Si02 rhyolites 
have prominant negative Eu anomalies, lower Sr ((90 ppm), and variable light 
REE abundances (La•2Q-48 ppm). The high Si02 rhyolites probably represent 
fractionated melts of the low Si02 rhyolite group. 

Two samples analyzed from the younger felsic breccia unit are dacitic 
in composition, have high Sr contents (305 and 477 ppm), steep REE patterns 
([La/Yb)Nz10.7 and 21.7) with [La]N•74 and 204, and small negative Eu 
anomalies. 

Discussion 
The present data show that although the tholeiitic basalts of the 

pre- and post-Dor~volcanic sequences are compositionally similar, the 
calc-alkaline suites are not. Although andesites appear to be largely absent 
from the pre-Dor~ calc-alkaline suite, the general compositional continuity 
of the basaltic andesites, dacites and rhyolites suggests some co-genetic 
relationship. 

The rhyolites of the older post-Dorlvolcanic sequence are 
compositionally distinct, particularly in terms of their REE patterns, 
from the pre-Dorl rhyolites (i.e., post-DorJ rhyolites have lower heavy 
REE abundances, steeper REE slopes and the low Si02 rhyolites lack Eu 
anomalies). The apparent lack of more mafic calc-alkaline rocks in this 
post-Dore sequence makes a fractional crystallization origin for these 
rhyolites unlikely and suggests they may be a product of partial melting. 

Campbell and others (5) have shown that Archean felsic volcanic rocks 
associated with Cu-Zn massive sulfide mineralization have flat REE patterns 
with well-developed Eu anomalies whereas rhyolites from barren volcanic 
sequences have steeper REE patterns with weak or absent Eu anomalies. The 
rhyolites of the Wawa greenstone belt (both pre- and post-Dor') appear to 
have the general REE characteristics of the latter group, which is consistent 
with the lack of known massive sulfide mineralization in the •Wawa belt. 
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Granitoids, felsic volcanic rocks and clastic metasediments are typical 
rocks in Archean granite-greenstone belts that coUld have formed from pre-
existing continental crust. Understanding the petrogenesis of such rocks is 
important to assess the relative roles of new crust formation or old crust 
recycling in the formation of granite-greenstone belt~ 

The Rainy Lake area, Ontario, is a 35 by 10 km fault-bounded, granite 
greenstone terrane located between the Wabigoon metavolcanic-plutonic 
super belt and the Quetico gneiss-metasediment superbel t of the Superior 
Province. Its structure and composition are similar to the granite-
greenstone belts which surround the large oval complexes of polycyclic 
granite and granite gneiss in the Wabigoon superbelt. 

The stratigraphic and strucutral interpretations (1,2,3,4,5,6) of rocks 
in the area yield the following sequence Coldest to youngest>: interbedded 
basalts and rhyolites, graywackes, gabbros to anorthosites, tonalites, 
syenodiorites and granodiorites. The early supracrustal units display 
recumbant, near-isoclinal folds and metamorphism into the amphibolite grade 
has affected all but the granodiorites. u-Pb isotope ratios on zircons and 
sphene <7 ,8,9) from all the rocks except the basalts and gabbros fall about 
a chord with an upper intercept of 2670 ± 30 My, representing a mean age for 
the belt. 

The major element chemistry of the rocks (Fig. 1) and REE chemistry 
(Fig. 2) are diverse, suggesting each group of rocks was probably derived .by 
a separate proces~ For example, two types of mantle sources, one strongly 
light REE enriched and the other only slightly light REE enriched are 
implied by the REE distribution in the basalts and syenodiorite~ The low 
heavy REE content of the graywackes suggests the existence of a heavy REE 
depleted crustal material that was sampled during erosion and deposition. 
The high heavy REE content of the rhyolites rules out the basalt as a 
precursor for any reasonable extent of melting or fractional 
crystallization. Sampling of different source areas by melting or erosion 
would be expected to yield rocks with a variety of Nd isotope initial ratios 
that would be a function of the age of each source and its time-integrated 
Sm!Nd. 

143Nd/144Nd from the suite of granitoids, rhyolites and metasediments 
fit within error about a line whose slope corresponds to a mean age of 2670 
My with the exception of two samples (Fig. 3). This suggests metamorphic 
recrystallization of the rocks has not strongly affected the Sm-Nd system on 
the scale of whole-rock samples at a time much later than the formation of 
the belt. Because the relative ages of each rock 4roup is well known f rom 
field relations, a relative model initial 143Nd/14 Nd can be calculated for 
each of the rocks and plotted on its growth curve in epsilon Nd versus time 
(Fig. 4) • 
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Nd isotope ratios on mafic-ultramafic volcanic rocks UO,ll,12) suggest 
the worldwide Archean mantle at 2700 My had a composition that ranged from 
+4.0 to -2.5 epsilon Nd units. Early in the development of the Rainy Lake 
belt, the mantle beneath it must have had a range in composition capable of 
yielding the basalts, gabbros and anorthosites presently exposed. Nd 
isotope data on these rock types (13,14) suggest the local mantle had a 
restricted range of -0.1 to +1.9 epsilon Nd units (Fig. 4). Nd isotope 
growth curves for metasediments, rhyolites and granitoids project through 
the values for the local mantle within error and show an identical range of 
2 epsilon units at 2700 My. The source areas for these rocks could contain 
significantly older ultramafic-mafic rocks with Sm/Nd similar to CHUR. This 
possibilty can not be resolved with Nd isotope data. However the data do 
rule out the possibility that the granitoids were derived by melting of 

quartz 

C! 

significantly older rocks with Sm!Nd 
ratios similar to typical continental 
crust. One likely possibilty is that 
the rocks in the Rainy Lake area h~d a 
short-lived history in the crust and 
the precursors to these rocks 
ultimately removed from the mantle 
shortly before the formation of the 
belt. 
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CONTINENTAL CRUSTAL COMPOSITION AND LOWEF CRUSTAL MODELS. 
S.R. Taylor, Research School of Earth Sciences, Australian National 
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The composition of the upper crust is well established as being close 
to that of granodiorite (Table 1, col A). The ufper crustal composition is 
reflected inthe uniform REE abundances in shales which represent an homo-
genisation of the various igneous REE patterns (Fig. 1). This composition 
can only persist to depths of 10-15 km, for heat flow and geochemical 
balance reasons. The composition of the total crust is model dependent. One 
constraint is that it should be capable of generation the upper granodioritic 
(S.L.) crust by partial melting within the crust. One proposed composition 
is given in Table 1 Col. B. This composition is based on the "andesite" 
model, which assumes that the total crust has grown by accretion of island 
arc material. However, the relationship between the generation of island 
arc magmas and subduction zones implies that a plate tectonic regime was 
operative during the formation of the bulk of the continental crust. The 
evidence for such processes does not extend clearly beyond the late Proter-
ozoic, by which time perhaps 80% of continental growth had probably been 
accomplished. Fi~ure 3 shows a representation of the growth rate of the . 
continental crust . It can be noted that freeboard constraints, reflecting 
essential constancy of continental and oceanic volumes, clearly apply, in 
this type of model, well back into the Proterozoic, but are not necessarily 
valid in the Archean2 

Archean upper crustal compositions, derived from REE sedimentary rock 
patterns, show a more basic upper crust than occurs in Post-Archean time 3 • 
The data are consistent with an upper crust derived from the bimodal 
basaltic - felsic Archean igneous suites. The bulk composition of the 
Archean crust appears to be only slightly more basic than the upper crust. 
There is only minor evidence of intracrustal melting and the production of 
K-rich granites with Eu depletion must comprise less than 10% of the exposed 
upper crust, from the sedimentary REE data, which only very rarely show 
Eu depletion in contrast to Post-Archean shales. On the model adopted here, 
the bulk of the crust has grown by 2.5 Ae and hence the bulk compositions 
may reflect that of the Archean bimodal basaltic - (tonalite-trondhjemite) 
suite. This is not very different in composition to that of ,the "andesite" 
model, except that it contains more Ni and Cr. 

The composition of the lower crust, which comprises 60-80% of the 
continental crust, remains a major unknown factor for models of terrestrial 
crustal evolution. For the lower crust, we lack those large scale natural 
sampling processes (such as production of clastic sediments or loess) which 
have simplified the task of arriving at upper crustal compositions. Lower 
crustal samples are either random (as xenoliths in volcanic pipes) or from 
restricted outcrop areas of granulite terrains. The lower crust is almost 
certainly heterogeneous in detail, and may be further complicated by the 
presence of imbricate thrust sheets. One constraint is that the granodior-
itic (S.L.) rocks of the upper crust originated by partial melting within 
the crust, at depths of less than 40 km4 , 5 • The lower crust must accordingly 
include many regions from which granitic melts (S.L.) have been extracted. 
If we recognize such material in the scattered samples available it will 
provide valuable limitations on the bulk composition of the crust. 

Various approaches are possible. One is to model the bulk crust and 
calculate residual compositions following the extraction of granitic melts. 



LOWER CRUST 

Taylor, S,R. 

In Table 1 (cols. D,E), such calculations are presented for the extraction of 
a minimum granitic melt from proposed total crustal compositions allowing 
for 10 and 20% extraction of melt. A slightly different approach is to 
extract the known upper crustal composition (Col. A) from the model total 
crust, assuming that the upper crust forms 33% (Col. F) and 20% (Col. G) of 
the total. These four compositions indicate that the lower crust should 
contain compositions high in Al2D3, CaO, low in K20, with positive Eu 
anomalies (Eu/Eu* >1) and NdN/SmN ratios approaching chondritic values, Figs, 
1 and 2 show the upper crustal REE patterns, and the predicted REE patterns 
for the lower crust. 

A second approach is to examine the composition of dry granulite samples, 
formed at lower crustal temperatures and pressures to see whether they 
match the model calculations. Fyfe 5 has pointed out the importance of 
removal of H20 and minimum granitic melts at the upper amphibolite grade of 
metamorphism, allowing the development of the anhydrous mineralogy typical 
of the granulite facies. Granulite facies rocks can be expected to show 
wide variations in composition due to several processes: 
(A) Development of granulite facies mineralogy in dry source rocks fro~ 
which a granitic melt has been extracted during amphibolite facies meta-
morphism5. 
(B) Dehydration of source rocks with loss of an hydrous fluid phase, 
resulting in granulites depleted in alkalies and u6 , 
(C) Dehydration without partial melting or loss of trace elements (eg 
Jequie complex, Brazil) 7 , 
(D) Dehydration accompanied by loss of C02 (eg Southern India) 8 

(E) Subsequent retrograde metamorphism to produce amphibolite facies 
mineralogy in which any or all of the above processes have operated. 

Accordingly, much complexity is expected, and shown by the random 
examples of lower crustal compositions available. In Table 1, Cols, H to Q, 
data are given for a suite of Lewisian9 and Scourian granulites 10 , granulite 
xenoliths from Lesotho11112 Bournac, France13 and eclogites from Sauviat-
sur-Vige, France 1 ~. These compositions are typified by high Al203, and CaO, 
low K20 and positive europium anomalies, Fig, 4 shows the REE patterns, 
Figure 5 shows similar REE patterns in granulite xenoliths fFom alkali 
basalts from Central Hoggar, Algeria15 All these patterns display Eu 
enrichment,which accordingly is not uncommon in lower crustal material, 
although it is rare in upper crustal rocks. The major and trace element 
compositions tend to show much variation, as noted by Griffin et al 11 in 
their study of the Lesotho xenoliths. In this example, minerals such as 
garnet show Eu enrichment and the development of the bulk rock REE pattern, 
with positive Eu anomalies, clearly predates the granulite facies meta-
morphism, Accordingly, the extraction of granitic melts prior to granulite 
facies metamorphism will change the bulk rock composition, including 
development of the Eu enrichment (since the granitic melts are typified by 
Eu depletion), It should be noted that Nd/Sm ratios (Table 1) are lower 
than either upper crust or total crustal estimates, placing important 
constraints on isotopic models of the lower crust. 

Condie et al 16 report REE patterns with strong Eu enrichme nt from 
Archean tonalitic gneisses in Southern India. Minor amounts of granitic 
gneisses and tonalites have probably developed from the tonalites. The 
origin of the Eu enrichment in the tonalites is ascribed to partial melting 
of a mafic source enriched in Eu. An alternative hypothesis, presented here , 
is that the present tonalite chemistry is residual and that the Eu enrichment 
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has been generated by extraction of an Eu depleted granodioritic melt. 
Fig. 6 shows that a mixture of upper crust and the Southern Indian tonalites 
generates REE patterns which resemble normal Archean tonalites, with no 
Eu anomaly. The other trace element data are also consistent with the 
proposal that the Southern Indian tonalites are residual from earlier 
tonalitic parents. The REE patterns show a close resemblance to the 
Scourian data. The well studied Scourian succession has been the subject of 
varying interpretations. Pride and Muecke 10 note the following arguments 
in favour of extraction of partial melts (a) anhydrous nature of the 
complex (b) incompatible element depletion (c) narrow range of mineral 
compositions (d) major element trends unlike those of upper crustal igneous 
rock sequences (e) REE abundances are lower than those typical of upper 
crustal rocks, with enrichment of europium. Accordingly, there is much 
evidence for europium enrichment in lower crustal samples. Whether this is 
caused by melt extraction leaving Eu in residual plagioclase remains to be 
fully tested. 
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ARCHEAN CRUST-MANTLE GEOCHEMICAL DIFFERENTIATION, G.R. Tilton, 
Geological Sciences, University of California, Santa Barbara, CA 93106 

Isotope measurements on carbonatite complexes and komatiites can provide 
information on the geochemical character and geochemical evolution of the 
mantle, including sub-continental mantle. Measurements on young samples es-
tablish the validity of the method. These are based on Sr, Nd and Pb data 
from the Tertiary-Mesozoic Gorgona komatiite (1, 2.) and Sr and Pb data from 
the Cretaceous Oka carbonatite complex (3, 4}. In both cases the data describe 
a LIL element-depleted source similar to that observed presently in MORB. 

Carbonatite data have been used to study the mantle beneath the Superior 
Province of the Canadian Shield one billion years (1AE} ago. The framework 
for this investigation was established by Bell et al. (3) who showed that 
large areas of the province appear to be underlain by LIL element-depleted 
mantle (87Sr/86Sr = 0.7028) at 1 AE ago. Additionally Bell et al. found four 
complexes to have higher initial Sr ratios (87Sr/86Sr = 0.7038}, which they 
correlated with less depleted (bulk earth?) mantle sources, or possibly crus-
tal contamination. 

We have determined Pb isotope relationships in four of the complexes 
studied by Bell et al. In favorable cases the carbonates from the complexes 
yield negligible in situ radiogenic Pb corrections (~ = 0.01 - 2), allowing 
accurate determination of initial ratios. Initial ratios for six samples 
from three of the complexes with 0.7028 initial Sr ratios (Firesand, Prairie 
Lake, Killala) plot along a regression line given by 207Pbf204Pb = 0.128 
206Pbf204Pb + 13.186, with 206Pbf204Pb varying from 16.48 to 17.08. The data 
plot distinctly below crustal Pb evolution curves as given, for example, by 
Stacey and Kramers (5). The slope of the regression line, 0.128, differs 
significantly from the value expected from contamination with 1.0 AE Pb 
(0.0725) or 2.7 AE Pb (0.185). The carbonatite regression line plots to the 
left of the modern MORB regression line and has a slightly greater slope, 
apparently describing Pb isotope relationships for a billion-year-old MORB-
like mantle source. The Pb and Sr data agree in suggesting that LIL element-
depleted mantle existed beneath large areas of the Superior Province one 
billion years ago as far inland as the present-day Lake Superior region. Pb 
data from a fourth complex (Lake Nemegosenda, 87Srf86Sr = Ou7038) plot above 
the crustal Pb evolution curve, and agree with the Sr data in indicating 
either crustal contamination, or origin in more LIL-enriched mantle. 

In contrast to the above results, isotopic data from 2.7 AE rocks of the 
Superior Province suggest that depleted mantle was of limited extent, and not 
sufficiently aged to have acquired an isotopic si~nature at that time. Sr 
data from the alkaline complex at Poohbah Lake (3J plotted nearly in the 
"bulk earth" field in a Sr evolution diagram (87Srf86Sr = 0.7012) rather than 
below the field as in the case of the Oka and most of the billion year old 
complexes. Zindler et al. (6) showed that initial 143Ndfl44Nd ratios in 2.7 
AE komatiites and tholeiites of Munro Township, Albitibi District plot on 
the chondrite evolution curve at 2.7 AE, rather than above the curve as is 
observed for rocks from depleted mantle, e.g., MORB. 

More recently, a Pb isotope study has been started on rocks from Munro 
Township (2). Sampling to date includes komatiite, tholeiite and sulfide 
ores. The komatiites are taken to represent mantle isotope relations, while 
the ores should characterize crustal isotopic compositions. When the data 
are plotted in a 207Pbf204Pb - 206Pb/204Pb diagram (Fig. 1) they closely fit 
an isochron giving an age of 2.65 AE. Statistical analysis of the regression 
line yields a V axis intercept of 12.101 ± 0.035, a deviation within the 2o 
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errors of the individual 207Pbf204Pb ratio measurements. This agreement is 
taken to indicate that all members of the suite have nearly identical age and 
initial Pb isotope ratios. The Pb data thus appear to be consistent with the 
SR data from Poohbah Lake and Nd data from Munro Township in failing to iden-
tify a LIL depleted mantle source for the komatiites and tholeiites 2.7 AE 
ago. An analogous case for Pb isotopic data from the Fennoscandian Shield of 
Finland was given by Vidal et al. (7), with the exception that the Finland 
regression line is systematically displaced above the Munro Township line, 
as shown in Fig. 1. The Finland suite includes granitic rocks that plot 
along the isochron with the komatiites and tholeiites. The only granitic Pb 
isotope data from the Abitibi District available so far are given in an 
abstract by Gariepy et al. (8), who report "large•• variations in 207Pbf204Pb 
ratios in unmetamorphosed plutons. The contrast between the granite and ore 
data may indicate that the ores average out differences between individual 
plutons. Further isotopic studies of Pb are underway in the granitic rocks 
from Munro Township. 

Although evidence for depleted mantle has been observed in Nd data in 
3.5-3.8 AE rocks in other shield areas, Nd, Sr and Pb data suggest that de-
pleted mangle originated ca. 2.7-3.0 AE ago in several areas beneath the . 
Superior Province in the Canadian Shield. The relative abundance of depleted 
mantle on a world-wide basis in Archaean time remains to be definitively 
answered in future work. 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 
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THE PIKWITONEI GRANULITE DOMAIN: A LOWER CRUSTAL LEVEL ALONG THE 
CHURCHILL-SUPERIOR BOUNDARY IN CENTRAL MANITOBA. W. Weber, Manitoba 
Geological Services Branch, Winnipeg, Manitoba, .Canada, R3H OW4 

The. greenschist to amphibolite facies tonalite-greenstone terrain of 
the Gods Lake subprovince grades - in a northwesterly direction - into the 
granulite facies Pikwitonei domain (1) at the western margins of the 
Superior Province,. 

The transition is the result of prograde metamorphism and takes place 
over 50 - 100 km without any structural or lithological breaks. Locally 
the orthopyroxene isograd is oblique to the structural grain and transects 
greenstone belts, e.g., the Cross Lake belt (2). 

The greenstone belts in the granulite facies and adjacent lower grade 
domain consist mainly of mafic and (minor) ultramafic metavolcanics, and 
clastic and chemical metasedimentary rocks (1,2). Typical for the 
greenstone belts crossed by the orthopyroxene isograd are anorthositic 
gabbros and anorthosites, and plagiophyric mafic flows. 

Available data suggest a late Aphebian age for the prograde greenschist 
to granulite facies metamorphism. Peak conditions are reflected by 
saphirin-bearing and opx-sillimanite quartz gneisses which indicate 10 - 11 
kb pressure and temperatures of 900- 1000°C (2). 

At its western and northern edge towards the contact with the 
Churchill Province - the rocks of the Pikwi tonei granulite domain were 
overprinted by the Hudsonian orogeny; they were deformed, selectively 
retrogressed and recrystallized under greenschist to amphibolite facies 
conditions (1,2); locally they were migmatized. The Thompson belt, the 
Split Lake block and a linear zone south of the Fox River consists of these 
reworked granulites. • 

Proterozoic rocks of the Circum-Superior belt (3) (apparently) overlie 
the reworked granulites along the Fox River and in the Thompson belt. They 
consist of metasedimentary rocks, mafic-ultramafic metavolcanic and 
associated intrusive rocks; the magmatic rocks are komatiitic in nature 
suggesting a rifting environment (3,4). 

The contact between the Superior and Churchill Province is a fault. 
The rocks on the Superior side of this fault are th~ above-mentioned 
reworked granulites or rocks of the Circum- Superior belt. Aphebian 
Kisseynew-type metasedimentary gneisses generally occur on the Churchill 
side (1). 

The Pikwitonei granulite domain has been interpreted as to represent a 
lower crustal level (2, 5 ,6) which was uplifted to the present level of 
erosion. 

On the basis of gravimetric data this uplift has been modelled as an 
obduction onto the Churchill Province during the Hudsonian orogeny, similar 
to the Ivrea Zone (5,6). The fault between the Churchill and Superior 
Province has been described as suture (7). 

However, field geological data suggest that the uplift of the crust is 
older, late Archean and/or very early Proterozoic and possibly related to a 
rifting event . Portions of the split- up edge of the Superior craton may be 
represented by the granulite grade portions of the Wollaston- Nej ani lin i 
domain (8,9). 

The main evidence for an older uplift is the Molson dykes which 
intruded into the granulites and the adjacent lower grade terrains of the 



northwestern Superior Province when both terrains were at shallow crustal 
levels, and prior to the Hudsonian orogeny. Since (reworked) granulites 
form the basement to the Circum-Superior belt, this also suggests early 
uplift, prior to the deposition of the supracrustal rocks. Preliminary 
data, based on Pb-Pb isotopes, yield early Aphebian ages for the intrusion 
of the Molson dykes and the extrusion of the komatiites in the Thompson 
belt (10). 

The present juxtaposition of the Superior and Churchill Province rocks 
is the result of a collision caused by a northward movement of the brittle 
Superior Province with respect to the Slave Province. Most of the 
deformation pattern in the southeastern Churchill Province and the fault 
pattern in the northwestern Superior block are the result of this relative 
movement (11) . 

The collision between the Superior and the Churchill Provinces let to 
overthrusting of Churchill Province rocks onto the Circum-Superior belt 
along the Fox River and a strike-slip fault between the Thompson belt and 
the Churchill Province. The intense deformation related to · the 
northwards movement of the Superior edge - in the southeastern Churchill 
Province, suggests a large, but presently unknown lateral displacement 
along this fault. Compressional stress perpendicular to the Thompson belt 
probably also some produced vertical displacements along the fault and 
along splay faults in the Thompson belt, and possibly minor obduction of 
the Superior Province onto the Churchill Province at Thompson (based on 
gravimetry). However, seismic reflection in the Thompson area (12) do not 
support major obduction. 

REFERENCES 
1 Weber, W. and Scoates, R.F.J. (1978) Archean and Proterozoic 

metamorphism in the northwestern Superior Province and along the 
Churchill-Superior boundary, Manitoba; in Metamorphism in the Canadian 
Shield; Geological Survey of Canada, Paper 78-10, p. 5-16. 

2 

3 

5 

6 

Hubregtse, J.J.M.W. (1980) The Archean Pikwitonei granulite domain and 
its position at the margin of the northwestern Superior Province 
(central Manitoba); Manitoba Department of Energy and Mines, Geological 
Paper GP80-3. 
Baragar, W.R.A. and Scoates, R.F.J. (1981) The Circum-Superior belt: A 
Proterozoic plate margin? in Precambrian Plate Tectonics, A. Kroener 
(ed.) p. ?97-330. 
Scoates, R.F.J. (1981): 
northeastern Manitoba; 
Geological Report GR81-l. 

Volcanic rocks of 
Manitoba Department 

the 
of 

~ox 
Energy 

River 
and 

belt, 
Mines, 

Weber, W. (1980) The Pikwitonei granulite domain: edge of the Superior 
Province craton; EOS, Transactions, American Geophysical Union, vol. 
61, no. 17, p. 386-387 (abstract). 
Fountain, O.M. and Salisbury, M.H. (1981) Exposed cross-sections 
through the continental crust: implications for crustal structure, 
petrology, and evolution; Earth and Planetary Science Letters, vol. 56, 
pp. 263-277. 

81 



82 

7 Gibb, R.A., Thomas, II.D., Lapointe, P.L. and l!ukjopadhyay, !1. (1983) 
Geophysics of proposed Proterozoic sutures in Canada; Precambrian 
Research, vol. 19, p. 349-384. 

8 Weber, w., Anderson, R.K. and Clarke, G.S. (1975) Geology and 
seochronology of the Wollaston fold belt in northwestern Manitoba. 
Canadian Journal of Earth Sciences, vol.12, p. 1749-1759. 

9 Schledewitz, D.C.P. (1978) Patterns of regional metamorphism in the 
Churchill Province of Manitoba (north of 58°; in Metamorphism in the 
Canadian Shield; Geological Survey of Canada, Paper 78-10, p. 179-190. 

10 Cummings, G. (1983) personal communication. 
11 Green, A., Hajnal, Z. and Weber, W. (1983) A new plate tectonic model 

of the Superior-Churchill boundary; Abstracts. GAC-MAC-CGU Annual 
Meeting, Victoria, Canada, p. A28. 

12 Zwanzig, H.V. (1983) Evolution of contrasting terrains in the 
southeastern Churchill Province; oral presentation, Geological 
Association of Canada, Winnipeg Section. 

0103G 







The Archean Crust in the Wawa-Chapleau-Timmins Region 

A field guidebook prepared for the 1983 
Archean Geochemistry-Early Crustal 

Genesis Field Conference 

by 

J.A. Percival, K.D. Card, 
Geological Survey of Canada, 

Ottawa, Ontario KIA OE4 

R.P. Sage, L.S. Jensen, 
Ontario Geological Survey, 
Toronto, Ontario M5S 1B3 

and 

L.E. Luhta, 
Resident Geologist, 

Ontario Ministry of Natural Resources, 
Timmins, Ontario P4N 2S7 





Introduction 

The purpose of the trip is to examine the characteristics and interrelationships of 

Archean greenstone-granite and high-grade gneiss terranes of the Superior Province. A 

300-km long west to east transect between Wawa and Timmins, Ontario will be used to 

illustrate regional-scale relationships. 

Figure 1 shows the major geological features of the Superior Province and 

Figure 2 traces the trip route. The first day will be spent examining features of the 

Michipicoten belt, a dominantly metavolcanic portion of the Wawa subprovince. On day 

two, the contact relationships between the Michipicoten supracrustal rocks and 

intrusions of the Wawa domal gneiss terrane will be examined, followed by a look at the 

boundary between the Wawa terrane and Kapuskasing structural zone. Day three will be 

spent mainly in the Kapuskasing zone examining the Shawmere anorthosite complex, and 

high-grade gneisses, as well as the Ivanhoe Lake cataclastic zone separating rocks of the 

Kapuskasing zone from those of the Abitibi belt. On day four the geology of the Abitibi 

belt in the Timmins area will be outlined. 

Regional Setting 

The Superior Province is an Archean terrane composed of east-west trending belts 

of alternate volcanic-rich and sediment-rich character, termed subprovinces (Fig. 1). 

The continuity of the east-west belts is interrupted by a northeast-trending zone of high-. 
-grade metamorphic rocks, the Kapuskasing structural zone (Thurston et al., 1977). The 

Kapuskasing structure is fault-bounded on the southeast but the western contact is 

complex and gradational over 120 km to low-grade rocks of the Michipicoten belt near 

Lake Superior (Figs. 1 and 2). 

The Kapuskasing "high", a prominent northeasterly gravity and aeromagnetic 

anomaly, was interpreted by Wilson and Brisbin (1965) to indicate pronounced upwarp of 

the Conrad discontinuity. Bennett et al. (1967) concluded that the Kapuskasing structure 

is a complex horst uplifted during the Proterozoic. The association of 1,100-1,000 Ma 
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alkalic rock-carbonatite complexes led Burke and Dewey (1973) to suggest that the 

Kapuskasing structure is a failed arm of the Keweenawan rift structure. Watson (1980) 

postulated that the Kapuskasing zone was uplifted during late Archean or early 

150 



84° 00' 

Proterozoic 
LEGEND 

alkalic rock-carbonatite complex 
Archean D massive to foliated granite to tonalite 

gneissic tonalite-granodiorite 

xenolithic tonalite gneiss 

D metavolcanic, minor metasedimentary rocks 

anorthositic rocks 

paragneiss, mafic gneiss 
fault 

Abitibi belt 

study area 

Fig. 2. Geology of the field trip route showing major rock units and tectonic subdivisions. 

ILCZ 

' 48° 00' 



- 4-

Proterozoic sinistral transcurrent movement. Recent earthquakes in the region indicate 

that the structure is still active {Forsyth and Morel, 1982). 

Geophysical Characteristics of south-central Superior Province 

A map showing apparent crustal thickness in the Lake Superior region, based on 

seismic refraction studies, was presented by Halls {1982) {Fig. 3). These data show that 

the apparent thickness of the crust of the Superior Province decreases easterly from 

values of about 45 km near Wawa to 35 km near Timmins. In addition, there appears to 

be a step-like decrease in depth to Moho associated with the eastern boundary of the 

Kapuskasing zone. Values in the 39 km range beneath the Kapuskasing zone drop 

abruptly to 35 km to the east. Halls viewed the contour map of apparent crustal 

thickness as preliminary, partly because of insufficient coverage in some areas and 

partly due to the necessity of averaging crustal and mantle velocities. Accounting for 

the high-density, presumably high-velocity rocks in the Kapuskasing zone would increase 

the crustal thickness estimates beneath the structure. 

The Bouguer gravity anomaly map for the Wawa-Timmins region is shown in 

Figure 4. In general, areas underlain by metavolcanic rocks have associated positive 

gravity anomalies and granitoid-gneissic rocks have negative anomalies. The 

Kapuskasing structural zone has an associated linear positive gravity anomaly extending 

from James Bay in the north to some 50 km southwest of Chapleau. In the Wawa-

Chapleau-Foleyet area, the gradient is gradual on the west and abrupt on the east, 

suggesting a west-dipping contact between the Kapuskasing zone and Abitibi 

subprovince. In this region, the gravity profile (Fig. 11) shows a paired high-low 

anomaly. The trough of the low is coincident with the fault at the eastern boundary of 

the Kapuskasing zone. 
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To the north, the positive Kapuskasing anomaly broadens as it coalesces with the 

east-west gravity high associated with the Quetico-Opatica metasedimentary 

subprovince. 

Geology of Wawa and Abitibi subprovinces 

The geology of the region including the Michipicoten and Abitibi belts and 

Kapuskasing zone is shown in Figure 2. The Michipicoten belt, part of the volcanic-rich 

Wawa subprovince, is mainly composed of metavolcanic rocks of ultramafic, mafic and 

47• 
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felsic composition (Goodwin, 1962), with intercalated greywacke, conglomerate, iron 

formation and chert. Dome and basin structures (Goodwin, 1962) as well as downward-

facing strata and overturned structures (A ttoh, 1980) have been recognized. 

Metamorphic grade ranges from sub-greenschist to amphibolite facies 

(Fraser et al., 1978). Several suites of intrusive rocks include synvolcanic bodies ranging 

from peridotite to granodiorite, younger granodiorite batholiths, and still younger granite 

and syenite plutons (Card, 1982). 
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The Michipicoten belt is intruded to the southeast by tonalitic gneiss and plutons 

of the Wawa domal gneiss terrane (Fig. 2). The rocks in this region consist of at least 

four lithologic components: (1) hornblende-plagioclase .:t. clinopyroxene mafic and rare 

paragneiss xenoliths, ranging from centimetres to tens of metres in maximum dimension, 

making up 5 to 50% of individual outcrops, and enclosed in (2) the volumetrically most 

abundant phase, hornblende-biotite tonalitic gneiss which is cut by (3) concordant to · 

discordant layers of foliated to gneissic biotite-hornblende granodiorite, which in turn 

are cut by (4) late discordant quartz monzonite pegmatite. Xenolith-rich tonalitic gneiss 

units alternate on a 5 to 10 km scale with xenolith-poor units and can be traced for 

distances of at least 50 km. Layering in mafic xenoliths is locally discordant to layering 

in enclosing gneiss. Small folds of layering in tonalitic gneiss are commonly truncated by 

layers of foliated granodiorite. 

In the area between the Michipicoten belt and Kapuskasing zone (Fig. 2) the 

orientation of foliation, gneissosity and axial surfaces of small folds permit definition of 

several structural domains characterized by domal geometry. The spacing of major 

domal or antiformal culminations is on the order of 20 to 25 km, although many smaller 

culminations are also present. The Highbrush Lake and Racine Lake domes have cores of 

tonalite-granodiorite gneiss whereas the Chaplin Lake dome and Missinaibi Lake arch 

have granitic cores flanked by foliated to gneissic rocks. A planar fabric in the 

homogeneous granitic rocks, defined by lenticular quartz and biotite alignment, is 

generally concordant to gneissosity in mantling gneiss. The Robson Lake dome, adjacent 

to the Kapuskasing structural zone, has a core of interlayered mafic gneiss, paragneiss 

and tonalitic gneiss. 

In general, asymmetric small folds of gneissic layering do not have a consistent 

sense of asymmetry with respect to domal culminations and are therefore not congruent 

with the domes. Near some domal crests, the orientation of gneissic layering, small 
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folds and lineations are widely variable to chaotic and define a pattern of coalescing 

domes. 

Metasedimentary rocks occur in two locations in the eastern Wawa subprovince. 

A discontinuous, antiformal to domal belt of paragneiss west of the Racine Lake dome 

may be continuous to the east with paragneiss of the Kapuskasing zone (Figs. 2 and 5). 

Stretched-pebble metaconglomerate occurs in association with quartz wacke and 

amphibolite in the vicinity of Borden Lake. The polymictic (tonalite, granodiorite, meta-

andesite, metasediments, amphibolite, vein quartz}, clast-supported rock contains 

cobbles ranging from equant to constricted (1.5 m x 7 x 7 em} with a prominent shallow 

northeast plunge. In cross-section the clasts vary from equidimensional to northwest-

dipping ellipses. 

The Floranna Lake complex is a strongly lineated and foliated complex crescentic 

pluton of intermediate composition that occurs between the Robson Lake and Racine 

Lake domes. The margins of the complex are fine- to medium-grained hypersthene-

biotite granite, whereas the core contains medium-grained monzonite and diorite with 

rare gabbro and coarse biotite-clinopyroxene mehigabbro layers. The least-deformed 

interior portions contain relict igneous(?) clinopyroxene and feldspar augen phenocrysts. 

Migmatitic quartz monzonite layers constitute up to 10% of some outcrops. The . 
complex has similar structural and lithological characteristics to crescentic plutons of 

the Wabigoon subprovince of northwestern Ontario (Schwerdtner et al., 1979; Sutcliffe 

and Fawcett, 1979). 

The eastern limit of the domal region is a semi-continuous zone of north, 

northeast and northwest striking, gently easterly-dipping gneissosity and easterly-

plunging lineation. This curvilinear feature (Fig • .5) may represent the eastern extremity 

of a first-order dome of 75-100 km diameter, of which the individual structural domains 
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are higher-order domes of similar scale and spacing to those of the Wabigoon subprovince 

(Schwerdtner and Lumbers, 1980). 

Dome development can be related in time to the formation of minor structures in 

gneiss. The discordant foliations in mafic gneiss predate the gneissic layering in the 

tonalite-granodiorite host. Small folds of this gneissic layering in turn predate intrusion 

of granodiorite layers. Crosscutting pegmatite dykes and sills are still younger and are 

probably the same age as the homogeneous plutonic rocks which locally have a planar 

fabric defined by lenticular quartz grains, biotite alignment, fracture cleavage, or minor 

planar zones of granulation. The absence of a consistent sense of asymmetry of small 

folds with respect to domal culminations and the random orientation of small folds .near 

dome crests argue in favour of re-orientation of pre-existing small folds and gneissic 

layering during the latest doming. The quartz-lenticle foliation an,d fracture cleavage in 

homogeneous plutonic rocks cannot be readily attributed to magmatic flow and therefore 

suggest that the plutons were emplaced at their present structural level at sub-solidus 

temperature. 

The Abitibi subprovince is dominated by a thick sequence of volcanic and 

sedimentary rocks of the Abitibi greenstone belt (Jensen, 1981). The supracrustal 

succession typically comprises sequences of ultramafic, mafic, and ,felsic volcanics. 

Intercalated turbiditic sedimentary rocks contain a high proportion of volcanic detritus. 

In the Abitibi belt, the uppermost group, the Timiskaming, is an unconformity-bounded 

sequence of alkalic volcanics and fluviatile sediments (Hyde, 1980) localized along major 

east-west fault zones. 

Large areas of the Abitibi greenstone belt are metamorphosed to greenschist 

facies; subgreenschist, prehnite-pumpellyite facies rocks are common in the Timmins-

Rouyn area and narrow aureoles of amphibolite facies rocks occur adjacent to plutonic 

bodies (Jolly, 1978). 
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The supracrustal rocks of the Abitibi subprovince display evidence of polyphase 

deformation in the form of major and minor structures of several ages and orientations. 

In the Abitibi greenstone belt, older northerly-trending folds are overprinted by east-

west trending major and minor folds, forming major dome and basin structures 

(Pyke, 1982). The major isoclinal folds with east-west striking subvertical axial planes, 

steeply-plunging minor folds, subvertical axial plane foliation, and steeply plunging 

stretching lineation were probably formed under subhorizontal, generally north-south 

major compression. Toward the southern margin of Abitibi belt the major folds are 

overturned northward, and in the adjacent Pontiac subprovince, folds are recumbent. 

The Cadillac-Larder Lake fault zone, which constitutes the boundary between the Abitibi 

and Pontiac subprovinces, dips 45°N to 60°N and probably has both sinistral transcurrent 

and thrust components of movement. 

Several suites of intrusive rocks in the Abitibi subprovince can be distinguished on 

the basis of composition, structural relationships, setting, and age (Card, 1982). The 

oldest suite includes synvolcanic sills, dykes and plutons ranging in composition from 

peridotite to granodiorite; the more felsic intrusions are typically quartz diorite and 

trondhjemite. Gneissic plutonic rocks of tonalite and granodiorite composition, 

commonly containing amphibolitic enclaves, occur in the northeaster:n and southwestern 

Abitibi subprovince. Massive felsic plutonic rocks intrude both the greenstones and the 

gneissic rocks in the form of simple and composite plutons and batholiths. They form 

several suites, including early granodiorites, younger granite batholiths, and still younger 

syenite-diorite plutons. Contacts between the plutons and the country rocks are 

commonly concordant and steeply dipping; dominant east-west structural trends are 

locally deflected about the intrusions. 

A time framework for events in the Michipicoten and Abitibi belts can be 

constructed from U-Pb zircon dates. In the western Abitibi belt, volcanic rocks range in 
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age from 2,725 to 2,703 Ma (Nunes and Pyke, 19&0; Nunes and Jensen, 19&0) and in the 

Michipicoten belt, from 2,749 to 2,696 Ma, with synvolcanic plutons at 2,744 and 

2,737 Ma (Turek et al., 19&2). A number of late- to post-tectonic plutons from the 

Abitibi and Michipicoten belts have zircon dates within a few million years of 2,6&0 

(Krogh et al., 19&2). In the Wawa domal terrane, tonalite gneiss has a minimum age of 

2,707 Ma, partly reset by intrusion of granodiorite at 2,677 Ma (Percival and Krogh, 

19&3; Fig. 5). Thus the Abitibi and Michipicoten supracrustal sequences and early 

intrusions developed between 2,750 and 2,700 Ma ago. The dates on volcanics and late 

plutons bracket the age of deformation and regional metamorphism at between 2,700 and 

2,6&0 Ma ago. Major volcanic, plutonic, and tectonic events of relatively brief duration 

were essentially synchronous throughout the Abitibi and Wawa subprovinces, a region 

some 1,200 km long and 200 km wide. The lithologic and age similarities between the 

Abitibi and Wawa subprovinces strongly suggest original continuity, now interrupted by 

the Kapuskasing structural zone. 

Diabase dyke swarms of late Archean and Proterozoic age are present throughout 

the region. The oldest dykes, the north-trending Mati;lchewan swarm of the Abitibi 

subprovince, have a Rb-Sr age of 2633 Ma (Gates and Hurley, 1973). Northwest-striking 

diabase dykes in Wawa subprovince are petrographically similar to and have been . 
paleomagnetically correlated with the Matachewan swarm (Ernst, 19&1). Abitibi and 

Wawa subprovinces are thus inferred to have been tectonically stable cratons by this 

time. Northeast-striking tholeiitic dykes are about 2105 Ma old (Gates and Hurley, 1973); 

northwest olivine diabase dykes (Sudbury swarm) are about 1250 Ma old 

(Van Schmus, 1975); and east-northeast olivine diabase dykes (Abitibi swarm) are 

approximately 1100 Ma old (Lowden and Wanless, 1963). 
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Kapuskasing Structural Zone 

The Kapuskasing structural zone comprises northeast-striking, northwest-dipping 

belts of paragneiss, mafic gneiss, gneissic and xenolithic tonalite, and rocks of the 

Shawmere anorthosite complex (Bennett et al., 1967; Thurston et al., 1977) 

(Figs. 2 and 5). 

Migmatitic paragneiss is compositionally layered with garnet, biotite, quartz-rich 

and rare graphitic varieties. Concordant tonalitic leucoso_me constitutes up to 

20 per cent of many outcrops. Enclaves and layers of mafic gneiss in paragneiss occur on 

the 10 em to 1 km scale. Migmatitic mafic gneiss is characterized by garnet-

clinopyroxene-hornblende-plagiodase-quartz-ilmenite,:torthopyroxene mineral 

assemblages and generally contains concordant tonalitic leucosome. Layering, on the 

1 to 10 em scale, is produced by variable proportions of minerals. Table 1 presents two 

sets of whole-rock analyses from adjacent anhydrous (garnet-clinopyroxene-plagioclase-

quartz) and hornblende-bearing layers from mafic gneiss in two different locations. 

From the analyses it is unclear whether the layering is a preserved compositional 

heterogeneity or a product of metamorphic differentiation. The bulk composition 

corresponds to high calcium {10-15 wt% CaO), high alumina (13.4-17.2 wt% A12o3> basalt 

(Table 1 ). Nickel and chromium abundances of mafic gneiss are in the 9 5-220 and 12-

190 ppm ranges respectively and are not definitive in distinguishing ,between basaltic 

igneous and marly sedimentary parentage for the rock type. 

In the area of Figure 5, four linear, northeast-striking bodies of !laser-textured to 

foliated diorite and mafic tonalite occur dominantly within paragneiss terranes. These 

medium- to coarse-grained, locally migmatitic rocks consist of hornblende, biotite and 

plagioclase, with up to 10 per cent quartz as well as orthopyroxene, clinopyroxene and 

rare garnet. Gabbro, hornblendite and rare pyroxenite occur locally as layers 10 em to 

2 m thick, generally within 2 km of paragneiss contacts. 
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1 2 3 4 5 6 

Sio2 47.8 46.6 52.5 43.1 47.8 49.9 

Ti02 0.81 0.81 1.81 1.59 1.0 1.3 

AI2o 3 15.5 15.6 17.2 13.4 16.2 17.0 

Fe2o 3 1.3 2.2 2.2 5.7 3.4 1.5 

FeO 9.1 9.4 8.5 12.8 8.5 7.6 

MnO 0.27 0.19 0.32 0.3 0.32 0.2 

MgO 4.53 5.29 3.64 9.25 5.41 8.2 

CaO 15.4 14.2 11.2 10.0 13.50 11.4 

Na2o 2.0 2.4 2.8 1.6 2.3 2.8 

K2o 0.25 0.41 0.12 0.58 0.33 0.2 

H2o 0.5 1.1 0.3 1.6 0.8 

co2 2.3 2.0 0.4 0.1 0.6 

Ni 0.014 0.014 0.0095 0.0098 0.024 

Cr 0.019 0.018 0.018 0.014 0.015 

Total 100.0 100.4 100.6 100.4 100.2 100.1 

CIPW Norm 

QZ 1.5 6.6 
OR 1.49 2.44 0.71 3.47 1.95 1.0 
AB 17.02 20.46 23.63 13.72 19.8 23.5 
AN 32.77 30.81 33.92 28.03 32.97 33.4 
DI 11.42 11.52 6.99 10.20 13.77 18.9 HE 12.80 10.90 8.28 6.41 10.58 
EN 6.05 3.64 5.80 5.39 4.96 9.4 FS 7.83 3.95 7.89 3.89 4.43 
FO 3.01 9.26 1.54 9.3 FA 3.60 7.36 1.21 
MT 1.9 3.21 3.18 8.37 4.95 2.2 
IL 1.55 1.55 2.24 3.06 1.90 2.5 
AP 0.12 0.14 0.26 0.24 0.19 
cc 5.26 4.58 0.91 0.46 1.44 

Table 1: Whole rock chemical analyses of mafic gneiss from the Kapuskasing zone, with CIPW 
norms. Analyst: R. Charbonneau, GSC Lab. 1: granulite layer, P79-475 (Gt-Cpx-Pl-
Qz, 596 Hb); 2: amphibolite layer, P-475 (Gt-Cpx-Pl-Qz, 2596 Hb); 3: granulite layer, 
P79-371 (Gt-Cpx-Pl, tr Qz); 4: amphibolite layer, P79-371 (Hb 4096, Gt 1596, Cpx 
1596, PI 2096); 5: averaf:e of three mafic gneisses from the KSZ (79-84A, 123, 299); 
6: high-alumina basalt Ringwood, 197 5). 
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Discrete belts of xenolithic and gneissic tonalite are present south of the main 

body of the Shawmere anorthosite complex and small bodies are present to the north. 

The southern belt is made up of coarse garnet-hornblende-biotite-plagioclase-quartz 

tonalite containing enclaves of mafic gneiss, paragneiss, hornblendite and garnet-

orthopyroxene-hornblende-biotite rocks. Southwest along this belt, garnet decreases in 

abundance and the composition is granodioritic. Inclusions in this area are amphibolite, 

hornblendi te, and cum mingtoni te-hornblende-bioti te rocks. 

The Shawmere anorthosite complex (Thurston et al., 1977) consists of a main 

northern body, 15 x 50 km and a smaller mass, measuring 5 x 15 km. The bodies taper to 

the northeast and southwest and thus have concordant contacts. Gneissic textures 

prevail in the outer portions of the main body, whereas primary igneous minerals and 

textures are preserved in the interior (Simmons et al., 1980). The main body comprises 

four distinct lithological-textural units (Riccio, 1981; Fig. 6): (1) a ~rder zone of 

migmatitic, foliated to gneissic garnetiferous amphibolite, (2) a banded zone consisting 

of 1 to 30 em-thick layers of anorthosite, gabbro, garnet-rich, and ultramafic rock, (3) an 

anorthosite zone containing minor gabbro and ( 4) a megacrystic gabbroic anorthosite 

zone with plagioclase phenocrysts to 50 em and minor anorthosite, anorthositic gabbro, 

gabbro and metagabbro. A 1 km wide body of foliated garnetiferous tonalite is present 

within the outcrop area of the anorthosite. Its genetic relationship ~o the anorthosite 

complex is not clear although it appears to be temporally related (Simmons et al., 1980). 

The southern body consists dominantly of coarse gabbroic anorthosite. 

The orientation of gneissosity and lithological contacts make up the prominent 

east-northeast structural grain of the Kapuskasing structural zone. Gneissosity in all 

rock types is folded or warped about gently-plunging (0-25°) northeast-trending axes. 

The folds vary from isoclinal with consistent "Z" sense asymmetry when viewed toward 

the east to northwest-facing monoclinal flexures. Axial surfaces are rarely accompanied 
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Fig. 6. Geology of the Shawmere anorthosite complex (after Riccio, 1980 and 
Percival, 1981). 
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by a foliation defined by flattened quartz grains. The trend of lineations and fold axes is 

northeast-southwest throughout this part of the Kapuskasing zone, but plunge direction 

varies on a regional scale from dominantly southeasterly in the south to northeasterly in 

the north. Between these areas, lineations are within 10° of horizontal and abrupt 

changes in plunge direction occur on the 100° m scale. Both regional and local plunge 

reversals can be related to a gently southeast-plunging warp axis. 

Two high-grade metamorphic zones can be distinguished in this part of the 

Kapuskasing structural zone. Assemblages characteristic of a lower-grade garnet-

clinopyroxene-plagioclase zone are developed in mafic gneiss. Orthopyroxene, present in 

four areas in most rock types, is diagnostic of a higher-grade orthopyroxene zone (Fig. 7; 

Percival, 1983). 

A continuous reaction resulting in decomposition of hornblende in mafic rocks to 

produce garnet and clinopyroxene may be written: 

hornblende + plagioclase garnet + clinopyroxene + quartz + H2o ( 1) 

The coexistence over large areas of this divariant assemblage and tonalitic leucosome 

veinlets suggests that the reaction was anatectic and also produced a liquid over a range 

of P-T conditions (Fig. 8): 

. hornblende+ plagioclase garnet+ clinopyroxene+ tonalite (2) 

A possible reaction leading to the production of orthopyroxene in mafic rocks is: 

hornblende+ garnet orthopyroxene+ clinopyroxene+ H2o (3) 

The evolved water would presumably have been taken up by anatectic liquids. 

In paragneiss, a reaction producing orthopyroxene in the presence of anatectic 

melt is: 

biotite+ quartz+ plagioclase orthopyroxene+ granodioritic liquid 

A P-T diagram summarizing continuous reactions in the mafic system and 

apparent metamorphic conditions based on various mineral geothermometers and 

(4) 
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geobarometers, is presented in Figure 8. Apparent pressures, based on Newton and 

Perkins' (1982) garnet-clinopyroxene-plagioclase quartz barometer, are plotted on a map 

in Figure 9 and have an average value of 6.3 kbar. Apparent temperatures, based on the 

Ellis and Green (1979) garnet-clinopyroxene thermometer (Fig. 8) are in the range 700-

8000C. 

The assemblage almandine garnet-clinopyroxene-plagioclase-quartz is diagnostic 

of the regional hypersthene zone according to Winkler (1979, p. 260, 267-268). de Waard 

(1965) and Green and Ringwood (1967) suggeted that this assemblage forms as an 

alternative to orthopyroxene-plagioclase during high-pressure granulite-facies 

metamorphism. Turner (1981) attaches a different significance to the assemblage, 

regarding it as transitional from amphibolite to granulite facies based on Binns' (1964) 

study. In the present study area, the location of the garnet-clinopyroxene-plagioclase 

zone between hornblende-plagioclase,:tclinopyroxene rocks and ort~opyroxene-bearing 

rocks suggests that it characterizes the amphibolite-granulite facies transition. 

Although the assemblage is the same as that in the Adirondacks (de Waard, 1965} and 

temperature conditions were similar (cf. Bohlen and Essene, 1977), the path of 

metamorphism was different. In the Grenville Province, the development of garnet-

clinopyroxene assemblages has been attributed to isobaric cooling of orthopyroxene-

plagioclase granulites (Martignole and Schrijver, 1971; Whitney, 1978~ whereas in the 

Kapuskasing zone, garnet and clinopyroxene formed during prograde reactions. 

Rounded zircons of probable metamorphic origin from Kapuskasing mafic gneiss 

gave a concordant date of 2,650 Ma and from a leucosome layer in paragneiss of 2,627 

Ma (Percival and Krogh, 1983; Fig. 10}. A minimum age of emplacement for foliated 

tonalite from the Shawmere complex is provided by zircons (2,765 Ma) but the U-Pb 

system has been strongly affected by the high-grade metamorphism (Percival and Krogh, 

1983). The rocks intruded by the tonalite are thus older than dated volcanic rocks of the 

Abitibi and Michipicoten belts. 
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Summary of reactions applicable to mafic rocks and metamorphic pressure-
temperature estimates. Temperatures are derived from the garnet-
clinopyroxene thermometer (Ellis and Green, 1979) and pressures from garnet-
pyroxene-plagioclase-quartz barometers (Newton and Perkins, 1982). 
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Paleopressure map of the Chapleau-Foleyet area. Symbols represent rock 
type (circles - paragneiss; squares - mafic gneiss; triangles - orthogneiss). 
Numbers to the right of the dash are pressure estimaters (kbar) keyed to the 
equilibrium used to derive the value. The 6.3 kbar reference line is based on 
garnet-clinopyroxene-plagioclase-quartz equilibrium. 

At least two swarms of fresh mafic dykes transect metamorphic rocks of the 

Kapuskasing zone. East-northeast-striking, southeast-dipping Kapuskasing dykes are 1 to 

10m wide, sparsely plagioclase porphyritic, medium- to fine-grained, ophitic, green-grey 

gabbro. Northeast-trending olivine-bearing dykes may belong to the Abitibi swarm. 
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Several small alkalic rock-carbonatite complexes are associated with the 

Kapuskasing zone. The more northerly bodies have K-Ar dates of 1655 to 1720 Ma, 

whereas those in the south have dates of 1050 to 1100 Ma (Gittins et a1., 1967). Thin 

lamprophyre dykes and a rare diatreme breccia are associated with the complexes; 

biotite from a lamprophyre dyke in the Chapleau-Foleyet area gave a K-Ar date of 

1144 + 31 Ma (Stevens et al., 1982). 

Relationship of Kapuskasing Structural Zone to Adjacent Subprovinces 

The contact between the Kapuskasing structure and Abitibi subprovince is a zone 

of faulting and cataclas_is, the Ivanhoe Lake cataclastic zone, that separates the two 

terranes of contrasting lithological, structural, and metamorphic characteristics. The 

contact is defined in part by a positive, linear north-northeast aeromagnetic anomaly and 

coincides with the trough of a paired high (Kapuskasing)- low (Abitibi) gravity anomaly 

(Figs. 4 and 11 ). 

The Ivanhoe Lake cataclastic zone is characterized by narrow veinlets of finely 

comminuted rock which form discontinuous, randomly-oriented pods and networks. Two 

types of fault rocks can be distinguished. The first is foliated to massive, semi-opaque 

mylonite, cataclasite and blastomylonite, partly or totally recrystallized to fine grained 

epidote, chlorite, carbonate, and actinolite. The second type grades from cataclasite to 

pseudotachylite with aphanitic, almost opaque matrix and rounded, ~mbayed 

monomineralic porphyroclasts. 

The dip of the Ivanhoe Lake cataclastic zone is not well constrained geologically. 

Although some fault-rock veinlets are parallel to gneissosity and therefore dip gently 

northwest, many others have random orientation. The juxtaposition of high-grade 

against low-grade rocks indicates reverse displacement across the cataclastic zone. The 

associated paired gravity anomaly is characteristic of many well-documented overthrust 

terranes (Smithson et al., 1978; Fountain and Salisbury, 1981) and suggests that the 
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Generalized west-east cross-section from the Wawa domal gneiss terrane, 
through the Kapuskasing structural zone into the Abitibi subprovince, 
showing gross crustal structure. The gravity model based on the average 
rock densities: tonalitic gneiss and granite: 2.70; metavolcanics: 2.90; 
Kapuskasing structural zone and lower crust: 2.82 g/cm 3. 

Ivanhoe Lake cataclastic zone is the surface expression of a northwest-dipping thrust 

fault (Fig. 11 ). 

The Wawa-Kapuskasing boundary is gradational in lithological, structural and 

metamorphic characteristics. Mafic gneiss with minor paragneiss is typical of the 

Kapuskasing zone but also occurs in the Robson Lake dome with characteristic structural 

style of the Wawa subprovince. Garnet-clinopyroxene-hornblende-plagioclase 

assemblages are common here, suggesting that the metamorphic grade is similar to that 

in the Kapuskasing structural zone. The discontinuous paragneiss belt that extends for 

10-

20-

40-
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up to 30 km into the Wawa subprovince may also be a part of the Kapuskasing 

lithological sequence. Tonalitic gneiss can be traced eastward from the Borden Lake 

area, where it has the complex structures characteristic of the Wawa subprovince, into 

strongly foliated and lineated gneiss typical of the Kapuskasing zone. 

The change in structural style from domal in the eastern Wawa subprovince to 

linear ENE belts in the Kapuskasing structural zone can be used to define a transitional 

boundary zone, but no sharp line can be drawn on this basis. South of Chapleau, the 

orientation of gneissic layering changes eastward from horizontal near the Highbrush 

Lake dome, through a zone with a superimposed upright easterly foliation, to strong 

northeast-striking, northwest-dipping gneissosity. A north-south-trending structural 

culmination coincides with the eastern domes of the Wawa subprovince. East of the 

culmination, lineations plunge easterly toward a structural depression into which 

southwest-trending lineations of the southern Kapuskasing zone alsp plunge. To the 

north, lineations plunging northeasterly off the northeastern flank of the Missinaibi Lake 

arch appear to be continuous with northeast-plunging, reclined folds in the northern 

Kapuskasing structural zone. Cataclastic veinlets are sporadically present along mafic 

gneiss-tonalitic gneiss contacts for approximately 20 km southwest of Kapuskasing Lake. 

A fault zone marks the western limit of garnet-clinopyroxene-hornblende-plagioclase-

quartz assemblages and mafic gneiss, but structural trends are contil;1uous across it. The 

gradational nature of lithological contacts as well as the structural and metamorphic 

continuity between tonalites and high-grade gneisses suggests that the contacts were 

etablished prior to metamorphism and doming, and that rock units of the Kapuskasing 

zone locally occur structurally below the Wawa tonalite-granodiorite gneiss. 

Structure of the Kapuskasing Crustal Cross-Section 

The transition from the Michipicoten belt to the eastern boundary of the 

Kapuskasing zone can be interpreted as an oblique crustal cross-section based on the 

following: 1) metamorphic grade increases eastward from low greenschist facies in the 
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Michipicoten belt through amphibolite facies in the Wawa domal gneiss terrane to upper 

amphibolite and granulite facies in the Kapuskasing zone; 2) the proportion of plutonic to 

supracrustal rocks increases eastward in the Wawa subprovince; 3) the oldest rocks 

( 2,765 Ma} are in the Kapuskasing zone at the inferred base of the section; 4} the gravity 

anomaly can be best modelled by using a west-dipping crustal slab (Fig. 11 ). 

Construction of a generalized crustal cross-section (Fig. 12) requires several 

assumptions: 1) the dip of the crustal slab is constant; 2) pressure is a function of depth 

so that estimates of metamorphic pressure can be used to derive the thickness of the 

section; 3} the metamorphic assemblages are the product of ·a single metamorphic event; 

and 4) post-metamorphic vertical displacement on faults within the section is negligible. 

The highest-grade assemblage from the Wawa area is garnet-andalusite in 

metagreywacke (Ayres, 1969}, indicating a maximum pressure of 3.3 kb and a depth of 

about 11 km (Carmichael, 1978). The range of pressures estimated-from the Kapuskasing 

zone, based on Newton and Perkins' (1982) garnet-clinopyroxene-plagioclase-quartz 

barometer, is 5.4 to 8.4 kb (average of 6.3 kb, Percival, 1983) but the lower values may 

result from re-equilibration during cooling. These values correspond to depths of 18 to 

28 km (average 21 km). The minimum erosion-level difference is therefore 7 km, but the 

difference is probably closer to 15 km. The minimum and maximum dip estimates over a 

constantly-dipping slab 120 km long are approximately 5° and 10°. 

The dips of post-metamorphic dykes in the Kapuskasing zone and eastern Wawa 

subprovince may provide an independent estimate of the tilt of the slab in this area. 

Matachewan dykes dip NEat 75° to 85° and ENE Kapuskasing dykes dip SEat 70° to 85° 

based on measurements of dykes with vertical exposure in roadcuts. Post-metamorphic 

mafic dykes in the Shield generally have near-vertical orientations, as do Matachewan 

dykes in the Abitibi subprovince (Thurston et al., 1977; Milne, 1972). The consistent non-

vertical dip may thus have resulted from large-scale crustal rotation. To restore the 

dykes of both swarms to vertical, a counter-clockwise rotation about an axis 
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Restored vertical section through the Michipicoten belt, domal gneiss 
terrane and Kapuskasing zone. Numbers are zircon dates (!4 Ma) on igneous 
and meta-igneous rocks. 

trending 038° is necessary. Thus a 14° northwesterly dip is indicated in this eastern area. 

The difference in dip estimate provided by these two methods may be due to 

uncertainties in the data used in the calculations, faulty assumptions, or real differences 

in dip from east to west. The overall dip must flatten to the northwest and may in fact 

be reversed northwest of the Michipicoten belt. Ernst (1981, p. 87) reported consistent 

85° SW dips·of Matachewan dykes northwest of Wawa. Therefore, an intermediate dip 

value of 10° perpendicular to the fault was chosen for construction of Figure 12. If dips 
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flatten toward the northwest, this will result in over-estimation of the true thickness of 

the section. 

The generalized section is a valid representation provided that (1) a single 

regional metamorphic event affected all of these rocks, and (2) late vertical 

displacement along faults is negligible between the Kapuskasing zone and western Wawa 

subprovince. In view of the complex relationships described and uncertainties involved, 

these simplications may be unwarranted; however, the information which can be derived 

from an exposed cross-section through part of the crust is potentially valuable enough to 

permit some speculation. 

The generalized crustal cross-section, constructed using a dip of 10° (Fig. 12), has 

at its base a sequence of upper amphibolite to granulite facies gneiss and anorthosite, 

the full thickness of which is unknown, and of which some .5 to 10 km is exposed in the 

Kapuskasing zone. Structurally above is 10 to 1.5 km of tabular batholiths of gneissic and 

xenolithic tonalite. Massive granitic rocks occur as sheets and deep-rooted plugs at this 

structural level. In the upper .5-10 km, both granitic rocks and gneissic migmatitic haloes 

surround the low-grade Michipicoten belt. The interfaces between the adjacent, 

generally horizontal megalayers are undulating surfaces with several kilometres of 

relief, manifest as gneiss domes at intermediate structural levels and as intrusive bodies 

at higher levels. 

In the western Superior Province, two seismic discontinuities at 16-19 and 21-22 

km, define upper, middle and lower crust (Hall and Brisbin, 1982). Using the Kapuskasing 

model, the upper discontinuity corresponds to the boundary between a structurally higher 

granitoid gneissic layer and a subjacent heterogeneous high-grade gneiss complex, 

whereas the lower discontinuity, corresponding to the middle-lower crustal boundary, is 

probably a metamorphic isograd (orthopyroxene isograd?) within the heterogeneous 

gneiss. 
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Similar models of mega-layered continental crust are based on seismic and gravity 

data (Smithson and Brown, 1977; Berry and Mair, 1980). Other inferred cross-sections 

through the crust (Ivrea zone, Pikwitonei region, Musgrave, Fraser ranges; Fountain and 

Salisbury, 1981) have in common a downward increasing metamorphic grade and a thick, 

intermediate-depth amphibolite-facies section of quartzofeldspathic gneiss, 

corresponding to the domal gneiss terrane of the Wawa subprovince. In the central 

Superior Province section, these gneisses intrude and assimilate both the overlying 

supracrustal succession and parts of the underlying complex. The entire section down to 

20 km was added to the crust in the interval between 2750 and 2680 Ma. The pre-

existing crust may have, but need not have been as thick as present continental crust 

prior to the major thickening event. The high metamorphic grade in this older crust can 

be accounted for by burial, first by a volcanic pile and somewhat later by intrusion of 

tonalite sheets. 

Archean Evolution of the Kapuskasing Crustal Structure 

The oldest rocks so far recognized, paragneiss and mafic gneiss of the 

Kapuskasing zone, are considered part of a sedimentary-volcanic succession deposited 

prior to 2765 Ma ago. The Shawmere anorthosite was emplaced into this succession, 

probably also prior to 2765 Ma ago and probably as a stratiform body at depths of less 

than 20 km, as inferred from the presence of relict olivine (ThurstOf1 et al., 1977; Kushiro 

and Yoder, 1966). As suggested by Simmons et al. (1980), the intrusion may represent the 

differentiation product of tholeiitic basalt magmas which also erupted at surface. 

~ajor eruption of volcanic rocks and deposition of sediments occurred between 

2749 and 2696 Ma ago in the Michipicoten belt (Turek et al., 1982) and between 2725 and 

270.3 Ma ago in the western Abitibi belt (Nunes and Pyke, 1980). The lowermost volcanics 

are generally mafic and so have not been dated by the U-Pb zircon method. 

Synvolcanic intrusions, including ultramafic, mafic, and trondhjemitic to 

granodioritic bodies, were intruded into the Michipicoten and Abitibi piles 2750 to 
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2700 Ma ago. Large volumes of tonalite intruded beneath and adjacent to the greenstone 

belts at this time. The minimum age of 2707 Ma for Wawa tonalite (Fig. 10) is given by a 

nearly concordant point and is therefore probably close to the true age. The tonalites 

could be the subsurface expression of magmas that produced dacites in the upper parts of 

the volcanic piles. Tonalite intrusions, now gneissic, engulfed and detached fragments of 

the lower parts of the greenstone succession (now represented as mafic xenolith trains), 

possible older, tonalite basement enclaves (e.g. Hillary and Ayres, 1980), and the western 

parts of the Kapuskasing zone which extend into the tonalite gneiss terrane. The 

tonalitic magmas may represent juvenile magmas derived from the mantle, or may be 

the products of partial melting of a heterogeneous lower crust similar to that exposed in 

the Kapuskasing zone. Heat from the tonalitic intrusions was probably sufficient to 

cause the metamorphism of the volcanics. Tonalitic magmatism thus may have 

coincided with regional metamorphism and acted as the main agent of heat transfer into 

the upper crust. Isoclinally folded gneissosity in the tonalite demonstrates that major 

deformation post-dates these intrusions. 

The age of major deformation in the Abitibi and Wawa subprovinces is closely 

bracketed between 2696 Ma, the approximate age of the youngest volcanics, and 

2680 Ma, the approximate age of late- to post-tectonic plutons (Krog,h et al., 1982). In 

supracrustal rocks at high crustal levels, this deformation produced upright to vertically-

plunging structural features as well as thrusts and nappe-like structures 

(Poulsen et al., 1981; Gorman et al., 1978; Thurston and Breaks, 1978). At deeper 

structural levels, the deformation resulted in gneissosity and subsequent folds in plutonic 

rock and paragneiss, followed by later doming. Forceful emplacement of massive plutons 

also deflected structural trends in country rock into concordance with the margins of 

these bodies. Following intrusion of the massive plutons at 2680 Ma, there was tectonic 

quiesence in Abitibi and Wawa subprovinces. There is evidence, however, of continued 

activity in the Kapuskasing zone. 
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High-grade metamorphic rocks of the Kapuskasing zone yield concordant U-Pb 

zircon dates of 2650 to 2627 Ma. U-Pb zircon dates are generally considered to record 

the age of crystallization of the zircons, which in this case are of metamorphic origin. 

This interpretation would imply that metamorphism in the Kapuskasing zone occurred 

2650 to 2627 Ma ago, 25 to 50 Ma after tectonic stabilization of much of the rest of 

Superior province. A discrete burial and metamorphism event, restricted to the 

Kapuskasing zone, could explain the deformed metamorphosed conglomerate cobbles 

from Borden Lake which have a zircon date of 2664 Ma (Percival et al., 1981). However, 

tectonic mechanisms which could lead to deep burial of the 500 km long x 50 km wide 

Kapuskasing "sliver" are unknown and seem to be unlikely after termination of the major 

tectonism in the Abitibi and Wawa subprovinces. This interpretation, that a second 

metamorphic event affected the area, is based entirely on geochronological results. 

Without these dates, a single metamorphic event would be adequate to explain the 

observed relationships. 

One must therefore examine the assumption that zircons are closed to lead loss 

immediately following crystallization, regardless of the cooling history. Slowly 

decreasing metamorphic temperatures from peak levels of 800°C could result in lead 

diffusion out of zircon for several million years after crystallization, provided that there 

is some finite "blocking temperature" for zircon. A value of 700 :t 50°C was estimated 

for zircon blocking by Mattinson (1978). Invoking this hypothesis to explain the young 

"metamorphic" dates would allow a simpler geological history involving only the 

metamorphism at 2700 to 2680 Ma with slightly later ductile shear at depth. 

The prominent east-northeast structural trends in the Kapuskasing zone are the 

result of relatively late tectonism. The structural grain is defined by the orientation of 

migmatitic and gneissic layering folded about shallow ENE axes. This folding event 

therefore post-dates crystallization of tonalitic melts, thought to coincide with the 

metamorphic peak. Similarly, structurally complex tonalitic gneiss units that can be 
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traced from Wawa subprovince into the Kapuskasing zone have a strong, superimposed 

ENE foliation and lineation in the Kapuskasing zone (Percival and Coe, 1981). If the 

correlation is valid between massive granodiorite dated at 2680 .:!:. 3 Ma and granodiorite 

gneiss adjacent to the Kapuskasing zone in the Abitibi subprovince, then the ductile 

strain occurred after 2680 Ma but pre-dated post-metamorphic cooling. This timing is 

consistent with the suggestion of Watson (1980) that sinistral transcurrent movement 

occurred along the Kapuskasing zone during emplacement of the Matachewan dyke 

swarm at 2633 Ma (Gates and Hurley, 1973). Late Archean deformation could have 

resulted in the resetting of 2700-2680 Ma zircons to ages in the range 2650-2627 Ma. 

Uplift of the Kapuskasing Structure 

The age of uplift of the Kapuskasing zone is not well constrained. Evidence of 

late Archean transcurrent movement was cited by Watson (1980) and Percival and Coe 

(1980), however its magnitude was probably small, judging by the m}nor apparent offset 

of the Abitibi-Opatica contact (Fig. 1). Major thrusting could also have occurred at that 

time, setting U-Pb and K-Ar isotopic systems in the high-grade rocks at 2,650-2,445 Ma. 

Geochronological evidence indicates activity at 1,655-1,850 Ma. Three alkalic 

rock-carbonatite complexes near Kapuskasing have K-Ar dates of 1,655-1,720 Ma 

(Gittins et al., 1967). A biotite-whole-rock Rb-Sr isochron from tonalite of the 

Shawmere anorthosite complex is 1,850 Ma (Simmons and others, 198,0). A whole-rock 

40Arf39Ar analysis of blastomylonite from the Ivanhoe Lake cataclastic zone gave a 

date of 1,720 Ma (Percival, 1981; Fig. 13). 

Three alkalic rock-carbonatite complexes in the southern Kapuskasing zone have 

K-Ar dates of 1,050-1,100 Ma (Gittins et al., 1967). Plagioclase from amphibolite in the 

footwall of the Ivanhoe Lake cataclastic zone yields a 40Arf39Ar plateau at 1107 Ma 

(Fig. 13), suggesting mild resetting, possibly due to faulting. Lower concordia intercepts 

of zircon discordia in the range 827-1,108 Ma (Percival and Krogh, 1983) may relate to 

uplift 1,100-1,000 Ma ago. 
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The coincidence of .Proterozoic events along the Kapuskasing structure with major 

orogenic activity elsewhere in the Shield suggests that the structure is an intracratonic 

basement uplift related to a distant cause. 
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DAY 1- GEOLOGY OF THE MICHIPICOTEN GREENSTONE BELT, WAWA, ONTARIO. 

The Michipicoten greenstone belt trends approximately east-west and consists of 

mafic and felsic flows and pyroclastics, clastic sediments, and iron formation, notably 

carbonate(siderite)-rich. U-Pb zircon ages on felsic volcanic units in the southern part 

of the belt indicate the sequence is about 2696 to 2749 Ma old (Turek et al., 1982). The 

supracrustal rocks are intruded and surrounded by felsic plutonic and gneissic rocks, 

including layered mafic-felsic tonalitic and granodioritic gneiss and granitic plutons of 

quartz diorite to granite and syenite composition. Several of the older, synvolcanic 

plutons yield U-Pb zircon ages of 2744 and 2737 m.y. A post-volcanic granodiorite is 

2685 Ma old, and recently Turek et al. (1983) obtained an age of 2888 .±. 2 Ma on a granite 

southeast of the Michipicoten belt. 

The rocks of the Michipicoten belt have been metamorphosed under low 

greenschist to amphibolite facies conditions, and have undergone extensive faulting and 

folding. There are major overturned (recumbent) fold structures with axial surfaces 

dipping 20° to 30° northeast (Attoh, 1980). 

The supracrustal rocks of the southern part of the belt can be divided into three 

major cycles (Goodwin, 1962; Sage, 1980). A lower cycle, consisting of mafic and felsic 

volcanics, is capped by Michipicoten-type iron formation, mainly siderite, but with lesser 

pyrite-, chert- and graphite-rich rocks. The middle cycle comprises mafic volcanics 

overlain by clastic metasediments and felsic tuffs and breccias. The clastic sediments, 

including the Dore conglomerate, wacke, siltstone, and crossbedded arkose, are the 

facies equivalents of the felsic pyroclastics and are formed mainly of detritus eroded 

from the felsic centres. The upper cycle comprises intermediate to felsic (andesite-

dacite) tuffs and quartz-feldspar porphyry. The associated Jubilee Stock, a high-level 

subvolcanic intrusion, was emplaced within a caldera structure (Sage, 1980). 
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Michipicoten Belt Stop Descriptions 

STOP 1-1- Dore Conglomerate 

Exposures of Dore conglomerate will be examined on Highway 17, 9.5 km north of 

the junction of Highway 17 and 101 at Wawa. 

The Dore is a thick, coarse polymictic conglomerate unit that is overlain and 

underlain by metavolcanic rocks. Eastward there is a facies transition from Dore 

conglomerate into a sequence of wacke, siltstone, cross-bedded arkose and conglomerate 

called the "Eleanor Slate". At this locality, coarse felsic tuff-breccias to the north are 

succeeded southward by a sequence of wacke (reworked tuff?) and Dore conglomerate. 

Bedding and foliation dip approximately 45° eastward and may face downward (west). 

The Dore consists of pebbles and boulders of mafic and felsic volcanics, quartz 

porphyry, iron formation and trondhjemite in a schistose, chloritic ,matrix. The pebbles 

are flattened in the foliation plane and elongated in the east-plunging rodding lineation. 

Variations in pebble packing and size define crude stratification units. 

STOP 1-2 - Helen Iron Range Section at McLeod Mine, Algoma Ore Properties Ltd. 

The McLeod Mine extracts siderite and pyrite from the base of the Helen iron 

range. This iron range lies at the top of a 1800 m thick unit of intermediate to felsic 

metavolcanics consisting of oligomictic and polymictic breccia, thiq bedded to massive 

tuffs, lapilli tuffs, spherulitic flows, flow banded flows, and crystal tuffs. These 

intermediate to felsic metavolcanics are intruded by gabbro to quartz diorite dykes and 

sills that reach 290 m in thickness. 

The intermediate to felsic metavolcanics overlie a dominantly massive and 

pillowed sequence of intermediate to mafic metavolcanics. 

The mafic to felsic metavolcanics are bimodal in composition and represent the 

oldest cycle of volcanism (Fig. 14). 
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Fig. 14. AFM and Jensen plots for metavolcanic rocks of the Michipicoten belt. 

The iron formation caps the first cycle of volcanism in the Wawa greenstone belt 

and from the stratigraphic bottom to top consists of five lithologic rock types that are 

gradational into each other. Upper and lower contra.cts are sharp. From stratigraphic 

bottom to top the iron formation consists of siderite, pyrite, banded chert, thin bedded 

chert-wacke-magnetite, and graphite-pyrite. A U-Pb isotopic age of approximately 

2749 Ma has been obtained from the crystal tuffs lying immediately below the iron 

formation (Turek et al., 1982). 

MCC 

MCC 
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Overlying the iron formation are massive and pillowed intermediate to mafic 

metavolcanics of cycle two. 

The area of the mine displays numerous major and minor faults, and contains 

several Proterozoic diabase dykes that strike northeast and northwest. 

Beneath the iron formation an area of approximately 1800 m by 750 m has been 

outlined that contains visibly identifiable chloritoid. These crystals are generally up to 

2 mm in diameter and are randomly oriented with respect to the schistosity. Chloritoid 

alteration occurs above the iron formation as well, but its presence is not visually as 

obvious. 

The volcanics above and below the iron range are pervasively soaked with 

carbonate. Carbonate alteration is of regional extent and occurs in all rock types, 

volcanic, sedimentary, and intrusive. 

STOP 1-3 

This stop contains the best exposure of a spherulitic (hollow) flow banded felsic 

flow within the Mcleod Mine area. The spherulitic unit is overlain by a flow breccia 

containing good fiamme and this unit is in turn overlain by a massive tuff with scattered 

lapilli size clasts. This exposure lies in the lower part of the felsic part of the oldest 

cycle of volcanism. Stratigraphic tops are north and the section is oyerturned, dipping 

south. Interpreted faulting along Wawa Lake and beach deposits at Wawa prevent any 

estimate as to how far above the contact with the intermediate to mafic pillowed and 

massive metavolcanics this felsic section occurs. 

STOP 1-4a- Sir James Mine, Eleanor iron range 

The Eleanor iron range is the stratigraphic equivalent of the Helen iron range and 

consequently the stratigraphic sequences of the two are essentially identical. The two 

ranges are separated by northwest-striking faults. In the Eleanor range, the 

intermediate to felsic metavolcanics of the stratigraphic footwall have been more 
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intensely sheared than the footwall rocks of the Helen iron range. As a result of this 

shearing, the footwall rocks of the Eleanor iron range are fissile and primary textures 

are not as well preserved. The exact thickness of the intermediate to felsic section is 

probably on the order of 510 m and has been intruded by dykes and sills of gabbro to 

quartz diorite. 

The Eleanor iron formation is estimated to be approximately 75 m thick. 

STOP 1-4-b 

The upper contact of the Eleanor iron formation consists of a unit of 

approximately 10m thickness of graphite schist with pyrite nodules. This is the best 

exposure of the graphitic upper unit of the Michipicoten iron formation,. 

Lying in sharp contact with the stratigraphic top of the iron formation is the 

massive lower part of an overlying intermediate to mafic flow. Th~ graphite unit is cut 

by an irregular quartz porphyry dyke. 

Immediately west of the exposure of upper contact of the iron formation is an 

excellent exposure of pillowed intermediate to mafic metavolcanics. These intermediate 

to mafic metavolcanics are the base of cycle two volcanics. Note that from pillow shape 

the faces north. 

STOP 1-5 (optional)- Lucy Iron Range 

The Lucy iron range is the faulted eastern extension of the Eleanor iron range and 

is thus stratigraphically equivalent. Left lateral movement along the Midland Lake 

fault, which separates the two iron ranges, is approximately 3.1 km. 

The stratigraphy of the Lucy range is identical to that of the Helen and Eleanor 

iron ranges and the intermediate to felsic part of the section is of a thickness similar to 

that of the Eleanor iron range. 

The thickness of the underlying massive and pillowed intermediate to mafic 

metavolcanics of the first cycle is unknown due to faulting. At the Lucy range the mafic 
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and felsic parts are separated by a polymictic mafic breccia of approximately 50 m 

thickness. The overlying intermediate felsic metavolcanics consist of lapilli tuffs, 

bedded tuffs, and a rare fiamme-bearing flow. The intermediate to felsic section is 

approximately 250m thick and has been intruded by dykes and sills of possibly original 

gabbro composition. 

The felsic unit is overlain by iron formation of an estimated 75 m width. The 

stratigraphy of the iron formation is the same as that of the previous iron ranges. The 

upper section of the Lucy range contains good thin bedded chert-wacke. The wacke beds 

display grain gradation, and numerous interformational units of brecciated chert-wacke 

occur. The brecciated units alternate with unbrecdated units; the breccias are primary 

in origin. 

Above the iron formation lie approximately 1000 m of mon~tonous intermediate 

to mafic massive and pillowed mafic volcanics of cycle two. 

Cycle two mafic volcanics are overlain by metasediments that are dominantly 

wackes. The volcanic-sedimentary contact is conformable and defined by graphite-

pyrite, and pebbly conglomerate with pyrite. Immediately overlying the graphite-pyrite 

and pebble conglomerate are thin bedded wackes that are presently chlorite schists. 

Above the chlorite-schist sediments lie wackes that approach arkose in composition. 

' 

These cleaner wackes display excellent cross-bedding and rare ripple marks, and 

desiccration cracks have been found. The thickness of the overlying metasediments is 

unknown due to faulting, but at least 450 m is present. The cleaner wackes may be the 

sedimentary detritus from the felsic centre of cycle two volcanism located 4 km 

northwest of the McLeod Mine. This centre has been dated by U-Pb methods at 

approximately 2696 Ma (Turek et al., 1982). 
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DAY 2 - GEOLOGY OF THE W AW A DOMAL GNEISS TERRANE IN THE W AW A-CHAPLEAU AREA 

In this section we will examine the relationships between supracrustal rocks of the 

Michipicoten belt and plutonic rocks of the Wawa terrane, and the transition from Wawa domal 

gneiss to high-grade rocks of the Kapuskasing zone. 

km 

00.0 Junction of Highway 101E and Mission Road, Wawa. Proceed east on Highway 101. 

63.1 Junction Highway 101 and Highway 651. Proceed north on Highway 651. 

80.2 STOP 2-1 - Mafic gneiss 

A large enclave of mafic gneiss is enclosed in and intruded by tonalitic gneiss in a 

migmatitic zone marginal to the Michipicoten greenstone belt. The mafic gneiss is 

considered to represent deformed, metamorphosed (amphibolite facies) Michipicoten 

volcanics. The clinopyroxene-hornblende-plagioclase mafic gneiss is compositionally 

layered (1 to 40 em) and contains thin (1 to 5 mm) concordant tonalite layers. It is cut 

by early tonalitic intrusions, late aplitic and pegmatitic dykes, and still later mafic and 

lamprophyric dykes. The gneiss displays subvertical foliation, mineral lineation, and 

tight steeply-plunging isoclinal minor folds. 

Return to Highway 101 and proceed east. 

127.1 STOP 2- Tonalite gneiss and Mafic dykes 

Tonalite gneiss is cut by northwest- and northeast-trending m,afic dykes with good 

chilled margins. The older northwest-striking Hearst dykes (Ernst and Halls, 1980) occur 

west of the Kapuskasing zone. The dykes have a similar trend and similar 

characteristics, including plagioclase phenocrysts and tholeiitic composition, to 

Matachewan dykes east of the Kapuskasing zone. The Matachewan dykes have an Rb-Sr 

whole-rock age of 2633!. 75 Ma (Gates and Hurley, 1973). Ernst and Halls (1980) also 

reported similar paleomagnetic poles for the two swarms. In a zone 50 km wide west of 

the Kapuskasing zone, the Hearst dykes average 4 min width and have a consistent 

easterly dip of 80° (Ernst, 1982; Percival, 1981). The tonalitic gneiss is thinly layered 
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and has sparse mafic xenoliths. The structure, although appearing chaotic, is generally 

subhorizontal. There is evidence for at least two foliations, and older gneissosity that is 

reoriented by a younger foliation to give complex sigmoidal patterns. 

km 

1.53.6 STOP 2-3 - Highbrush Lake Dome 

Small domes exposed in roadcuts here are small-scale examples of the regional-

scale structural pattern. The main rock type is fine grained, thinly layered biotite and 

hornblende-biotite gneiss with local augen of potash feldspar. 

The outcrop consists of several domes or canoe-shaped folds. Small intrafolial 

folds are present in some parts of the outcrop, as are amphibolitic xenoliths, locally with 

clinopyroxene. Pink granitic pegmatite dykes and sills cut gneissic layering in some 

areas. 

161.7 Junction of Highway 101 and Highway 129. 

Proceed north on Highways 101-129 through Chapleau. Follow the Missinaibi 

Provincial Park signs north of town on gravel road. Proceed north and east on 

park road and logging roads leading to the Chapleau River. 

STOPS 2-4 and 2-.5- Floranna Lake Complex 

The Floranna Lake Complex is a complex crescentic pluton of intermediate 

composition. The western margin consists of lineated, fine grained ~ranite with 

orthopyroxene and biotite. Inside the marginal unit is lineated diorite to monzonite 

containing hornblende-rimmed augen clinopyroxene phenocrysts. The central part of the 

complex is foliated and lineated hornblende-clinopyroxene-biotite diorite, gabbro and 

melagabbro. The well-exposed eastern contact of the complex shows extremely 

attenuated and contorted layering in granite of the complex adjacent to rocks of the 

Robson Lake dome to the east. 

208.4 STOP 2-4 - Clinopyroxene augen diorite-monzonite 

These rocks are strongly linea ted, medium- to coarse-grained monzonite. Rod-

shaped clinopyroxene phenocrysts, rimmed by hornblende, make up some 20% of the 
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rock. Original outlines of feldspar grains are visible but these are now polycrystalline 

aggregates. 

km 

209.4 STOP 2-5 

Foliated and lineated diorite with gabbro and metagabbro layers. Igneous 

clinopyroxene with hornblende overgrowths and granitic leucosome layers are present. 

213.3 STOP 2-6 - Granulite gneiss, Robson Lake dome 

The easternmost exposure of the igneous complex is strongly foliated, hornblende 

porphyritic granite augen gneiss with leucogranite veinlets parallel to foliation on the 

1 mm-2 em scale. The layering is folded about a gently northwesterly-plunging axis and 

the eastern limb is fine-grained and mylonitic with highly attenuated layering. 

To the west, the Robson Lake dome consists of interlayered mafic and tonalitic ., 
gneiss. Near the contact with the FJoranna Lake Complex, the layering in rocks in the 

dome is concordant to the contact and dips steeply west, however, the attitude is 

horizontal farther east in the core of the dome. At this outcrop the mafic rocks consist 

of garnet-clinopyroxene-hornblende-plagioclase-quartz assemblages, with layering 

defined by different proportions of minerals, including garnet-rich and hornblende-rich 

varieties. Concordant tonalitic layers locally have large clinopyroxe':le crystals rimmed 

by hornblende, in clots up to 4 em. The layering is folded about upright isoclinal folds 

locally. 

Small dykes of granite in mafic gneiss and inclusions of mafic gneiss in granite 

indicate an intrusive contact between the Floranna Lake Complex and Robson Lake 

dome. 

The interpretation of the Robson Lake dome, which has the structural attributes 

of the Wawa domal gneiss terrane and the lithological characteristics of the Kapuskasing 

zone, is that rocks like those exposed in the Kapuskasing zone underlie the Wawa domal 

terrane and have been exposed here in a structural culmination. 
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DAY 3- KAPUSKASING STRUCTURAL ZONE 

In thin section we will examine the rocks and structures of the Wawa domal 

gneiss - Kapuskasing zone boundary and of the Kapuskasing zone itself along 

Highway 101. 

km 

0.0 Junction of Highway !OlE and Highway 129 south of Chapleau. Proceed east on 

Highway !OlE. 

13.0 STOP 3-1 - Borden Lake conglomerate 

This outcrop consists of stretched-pebble metaconglomerate with a strong rodding 

lineation and weak, gently north-dipping foliation. The rock is a clast-supported . 

conglomerate containing 1096 matrix of garnet-hornblende-biotite-quartz. The cobbles, 

which range up to 1 min length, are felsic metavolcanics, metase~iments, granodiorite-

tonalite, plagioclase-porphyritic meta-andesite and amphibolite, with rare hornblendite 

and vein quartz. The metaconglomerate is spatially associated with amphibolite and 

paragneiss to the south on Borden Lake, and is cut by granite, however, the stratigraphic 

relations of the supracrustal rocks are unknown. 

Tonalitic cobbles extracted from the metaconglomerate have yielded zircons 

dated at 2664 + 12 Ma (Percival et al., 1981). The zircons have a corroded appearance - . 
and produced discordant data points and hence the interpretation of the data is open. 

The zircons could preserve the original crystallization age of the source pluton for the 

cobbles or they could record a later deformation-metamorphic event. 

25.9 STOP 3-2- Mafic gneiss xenoliths with amphibolitic retrograded margins 

This exposure demonstrates an important aspect of the boundary between the 

Kapuskasing zone and Wawa gneiss terrane. Aside from the large-scale structural 

contrast between the domal Wawa terrane and the linear belts in the Kapuskasing zone, 

intrusive relations are also instructive. The outcrop consists of two main components: 

(1) coarse-grained hornblende-biotite tonalite, dominant to the west, and (2) medium 
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grained mafic gneiss consisting of garnet-clinopyroxene-hornblende-plagioclase-quartz 

assemblages. Small xenoliths of mafic gneiss in tonalite have margins, up to several em 

thick, consisting of hornblende-plagioclase. Dykes of tonalite cutting mafic gneiss are 

bordered by mafic rock with hornblende-plagioclase assemblages. The interpretation of 

age relationships is that the high-grade metamorphism that produced the garnet-

clinopyroxene assemblages in mafic gneiss preceded the intrusion of tonalite. Water in 

the tonalite margin was presumably released upon crystallization and hydrated the 

adjacent less-hydrous mafic rock. Although the tonalite at this outcrop has not been 

dated, it probably belongs either to the 2707 Ma tonalite gneiss suite or to the 2680 Ma 

group of plutons. The high-grade metamorphism is therefore older than 2680 Ma. ~his is 

in conflict with the direct dates of metamorphic zircons from the Kapuskasing zone that 

yield ages of 2650 .:t 2 and 2627 .:t 3 Ma. The conflict has led to the suggestion (Percival 

and Krogh, 1983) that the Kapuskasing gneisses, although metamorphosed prior to 

2680 Ma ago, remained at high temperatures where radiogenic lead diffused readily out 

of zircon until 2627 Ma ago. 

35.6 Paul Township road- turn left and proceed north. 

STOPS 3-3 and 3-4- Shawmere anorthosite complex 

The Shawmere anorthosite complex is a layered calcic anorthosite body. In this 

traverse we will examine the central portion comprising mainly megacrystic gabbroic 

anorthosite. 

46.8 STOP 3-3 

This outcrop consists of coarse grained gabbroic anorthosite with patches of 

anorthosite and gabbro on the 1 m scale. Original outlines of plagioclase (An 50> 

phenocrysts, now polycrystalline aggregates, are up to 10 em. Local mafic patches 

contain the assemblage plagioclase (An92)-garnet-orthopyroxene-hornblende-gedrite-

spinel-sapphirine (Table 2). Garnet is present both as discreet grains and in coronal 

structures between hornblende and plagioclase. 
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OG-1 OG-1 OG-1 OG-1 OG-1 OG-1 
1 2 3 4 5 6 

Si02 41.18 53.6 7 12.80 0.26 44.04 44.29 
Tio2 0.03 0.00 0.08 0.03 0.10 0.05 
A12o 3 2 3. 01 4.66 62.27 64.11 19.04 16.02 
cr2o 3 0.09 0.05 0.06 0.06 0.08 0.08 
FeO 19. 70 13.48 6.33 19.09 11.01 7.80 
MnO 0.55 0.12 0.06 0.06 0.18 0. 0 8 
MgO 14.15 27.74 16. 75 15.43 21.11 15.50 
cao 3.38 0.07 0.04 0.00 0.62 11.00 
Na2o 0.44 0.65 0.00 0. 0 7 2.03 1. 74 
K2o 0.01 0.08 0.00 0.01 0.00 0. 21 

Total 102.60 100.56 98.41 99.21 98.22 96. 82 

· Si 2.981 1. 894 0.769 0.007 6.115 6. 2 73 

Ti 0.002 0.00 0.004 0.001 0.010 0.005 
Al (iv) 0.00 0.108 0.231 0.00 1. 885 1. 72 8 
Al (vi) 1.962 0.088 4.176 1. 974 1. 230 0.946 

cr3 0.005 0.001 0.003 0.002 0.008 0.011 

Fe2 0.00 0.065 0.034 0.002 0.065 0.474 

Fe 1.192 0.333 0.284 0.415 1. 214 0.450 
Mn 0.034 0.004 0.003 0.001 0.021 0.010 

Mg 1. 526 1. 459 1. 499 0.601 4. 36 8 3.271 

Ca 0.262 0.003 0.003 0.00 0.092 1. 699 
Na 0.062 0.044 0.00 0.004 0.546 0.478 

K 0.001 0.004 0.00 0.00 0.00 0.038 

Table 2 Microprobe analyses of minerals in magnesian melagabbro from Shawmere 
anorthosite complex. 1: garnet; 2: orthopyroxene; 3: sapphirine; 
4: spinel; 5: orthoamphibole; 6: clinoamphibole. Also present is 
anorthite (A"94). 
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km 

54.7 STOP 3-4 

At this exposure, large crystals of orthopyroxene, partly rimmed by hornblende 

and garnet, are preserved in anorthositic gabbro. The more mafic layers alternate with 

plagioclase-rich layers on a 20 em scale. The effect of deformation on anorthosite can 

be locally observed where discrete zones of fine- to medium-grained gabbroic 

anorthosite grade from well-preserved igneous textures and minerals. 

Return to Highway 101 and proceed east. 

75.2 STOP 3-5- Thinly-layered tonalitic gneiss and diatreme breccia 

Fine grained tonalitic gneiss at this exposure is strongly foliated and layered on a 

1-5 mm scale with garnet, hornblende and biotite-rich layers. Extremely attenuated 

intrafolial folds are present locally. Units characterized by extremely planar foliation 

such as this are relatively rare in the Kapuskasing zone. Although the orientation of 

. foliation in this exposure is typical for the Kapuskasing zone, most Kapuskasing gneisses 

are medium- to coarse-grained and layered with distinctive leucocratic portions. In 

addition, the layering in the typical gneisses is warped about gently northeast or 

southwest-plunging axes. The fine grain size and thin planar layering in this outcrop 

suggest a relatively late, high-strain flattening or shearing event. 

A thin diatreme dyke occurs in this same exposure. It has not been dated but 

presumably is part of a set of lamprophyre dykes of 1100 Ma age that occur in the 

Kapuskasing zone and are particularly common in the area between the Lackner and 

Nemegosenda Lake complexes. Both the matrix and fragments in the dyke are altered, 

but some fragments can be identified as massive pink granite. As massive granite does 

not occur in the Kapuskasing zone, the granite fragments are relatively exotic. Their 

source was probably below the Kapuskasing zone, possibly in granite of the Abitibi belt, 

which according to the gravity modelling, lies vertically below at a depth of 15 km. 
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91.0 STOP 3-6- Kapuskasing Gneiss 

Layered mafic gneiss with tonalitic intrusions and sweats. Layering on the 5 to 

10 em scale is given by alternating hornblende-rich and pyroxene-rich layers. There are 

numerous minor folds with sheared limbs. 

98.0 STOP 3-7- Kapuskasing gneisses 

There are several features of interest at this outcrop (Fig. 15): 

A. Mafic gneiss is present on the northwest side of the road. It is a coarse grained 

rock consisting of three types of layers on the 5-100 mm scale: i) relatively anhydrous 

mafic rock made up of garnet, clinopyroxene, plagioclase and quartz, with some 

hornblende (analogous to analyses 1 & 3, Table 1); ii) more hydrous layers containing less 

garnet and clinopyroxene and more hornblende (analogous to analyses 2 & 4, Table 1); and 

iii) tonalitic leucosome layers, both concordant to layering and trarysverse in the 

amphibole-rich mafic rocks. Note that the tonalite has no retrogressive effect on 

adjacent anhydrous mafic gneiss. The tonalitic leucosome veinlets are considered to be 

in situ anatectic melt segregations developed during prograde metamorphic reactions 

(see reaction 2). In the western end of the outcrop, submicroscopic symplectites of 

. orthopyroxene-plagioclase form barely-visible coronas around garnet, clnopyroxene and 

hornblende. Analyses of the symplectite minerals, at the lower size. limit of microprobe 

resolution, are reported along with those from the other minerals in the rock, in Table 3. 

The rock contains three plagioclase compositions. An89 is present in coronas whereas 

worm-like intergrowths of An35 and An 50 make up the matrix plagioclase. 

The mineral compositions yield estimates of 735°C using the Ellis and Green 

(1979) garnet-clinopyroxene thermometer and 6.2 kbar using the garnet-clinopyroxene-

plagioclase-quartz barometer (Newton and Perkins, 1982). At the same temperature the 

coronal minerals and matrix garnet yield 9.1 kbar with the garnet-orthopyroxene-

plagioclase-quartz Newton and Perkins barometer. 
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orthopyroxene bearing 
metasedimentary rock 

/./D 
and gneiss 

Fig. 15. Location of outcrops at Stop 3-7. 

B. A Kapuskasing mafic dyke cuts the eastern end of the outcrop. The overall 

attitude of the dyke is 070/75 SE although the margin is offset by numerous small 

sinistral(?) faults. The outer 2 em of the margin is chilled. Sparse plagioclase 

phenocrysts are present in the dominantly medium grained ophitic olivine-bearing 

gabbro. Several dykes of this swarm have been dated by the whole-rock K-Ar method 

and yield "ages" between 2367 and 3649 Ma, indicating the presence'of excess argon 

(Stevens et al., 1981). 

C. Homogeneous metasedimentary rock 

South of the road is a flat outcrop of medium grained rock with the assemblage 

garnet-orthopyroxene-biotite-plagioclase-quartz. Plagioclase occurs as porphyroblasts 

to 2 em and orthopyroxene is up to 5 mm. The rock has the same mineral assemblage as 

high-grade paragneiss in the Kapuskasing zone but lacks the migmatitic layering typical 

of paragneiss. 



Sio2 
Ti02 
Al2o3 
cr2o3 
FeO* 
MnO 
MgO 
CaO 
Na2o 
K2o 

Total 

Si 
Al (i v) 

Al(vi) 
Ti 
Cr 
Fe 3+ 
Fe 2+ 
Mn 

Mg 
Ca 
Na 
K 

(0) 

1 

38.01 
0.00 

20.99 
0.22 

2 8. 06 
0.70 
4.11 
8.32 
0.27 
0.00 

100.67 

2.973 
o.oo 
1. 935 
0.00 
0.014 
0.0 
1. 835 
0.040 
0.479 
0.697 
0.041 
0.00 
(12) 

2 

51.57 
0.34 
2.92 
0.21 

11.81 
0.00 

11.34 
22.65 

0.74 
0.08 

101.79 

1.908 
0.092 
0.035 
0.009 
0.008 
0.087 
0.278 
0.003 
0.625 
0.898 
0.053 
0.004 

( 6) 

3 

49.06 
0.03 
1. 75 
0.34 

31.20 
0.81 

13.35 
1. 39 
0.52 
0.00 

101. 45 

1.885 
0.115 
0.100 
0.001 
0.010 
0.042 
0.960 
0.026 
0. 764 
0.057 
0.039 
0.00 

(6) 

4 

42.49 
2.03 

12.9 8 
0.08 

18.43 
0.17 
9.28 

11.41 
1. 95 
0.69 

99.31 

6.252 
1.748 
0.513 
0.226 
0.009 
0.288 
1.990 
0.021 
2.044 
1. 807 
0.559 
0.130 
( 2 3) 

1: garnet: 2: clinopyroxene, 3: orthopyroxene: 4: hornblende 

* 3+ Total iron as FeO: Fe by stoichiometry 
Specimen also contains quartz and plagioclase (An 33 , 57 ) in matrix, 
An88 in syrnplectite) 

Table 3. Microprobe analyses of minerals in coronitic mafic 
gneiss, stop 3-5 . 
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D. Interlayered mafic and tonalitic gneiss 

This outcrop demonstrates complex relations between mafic and tonalitic gneiss. 

Isoclinal folds of layering are truncated by tonalite pods and dykes, suggesting multiple 

generations of tonalite. 

km 

107.2 STOP 3-8- Ivanhoe Lake cataclastic zone 

The outcrop south of the highway is on the western, high-grade side of the 

cataclastic zone and consists of migmatitic mafic gneiss with garnet-clinopyroxene-

hornblende-plagioclase-quartz assemblages. It is transected by numerous small fault 

offsets and by one major cataclasite vein. In thin section, this black aphanitic material 

is seen to consist mainly of (recrystallized) fine actinolitic amphibole and of 

porphyroclasts of hornblende. A 40 ArP9 Ar whole-rock analysis of material from this 

vein yielded an age plateau at 1720 Ma (Fig. 13). On the west side of the outcrop are 

thin (3 em) rusty-weathering lamprophyre dykes. 

108.7 STOP 3-9- Mafic metavolcanics, Abitibi subprovince 

This outcrop is on the eastern low-grade side of the ILCZ and is the westernmost 

exposure of metavolcanics of the Abitibi belt. It is a fine grained, layered hornblende-

plagioclase+ clinopyroxene rock with local rusty-weathering patches. -
The structural characteristics of the outcrop, including east-west strike of 

layering, vertical dip and steeply-plunging isoclinal small folds, are typical of the Abitibi 

belt. Chlorite and epidote are common to the east along strike, where the belt is wider, 

suggesting an easterly decrease in metamorphic grade. 

Analyses of hornblende and plagioclase from this outcrop by the 40 ArP9 Ar 

method (Fig. 13) show a plateau for hornblende at 2567 Ma and a saddle-shaped spectrum 

for plagioclase with a plateau at 1107 Ma. The plagioclase plateau may be due to argon 

loss resulting from a mild thermal event, possibly related to faulting. 

Proceed east to Timmins. 



• 

-51-

DAY 4- GEOLOGY OF THE ABITIBI GREENSTONE BELT, TIMMINS AREA 

The main emphasis will be on the rock types and stratigraphy of the volcanic and 

sedimentary rocks of the Abitibi Supergroup. Stops will be confined to exposures of 

voli:anic rocks of the Tisdale Group and sedimentary rocks of the Porcupine Group. 

General Geology 

With the exception of a few diabase dykes and Huronian sedimentary rocks of 

Proterozoic age, the bedrock of the area is of Archean age ( 2650 to 27 50 Ma). The 

supracrustal rocks have been divided by Pyke (1982) into three groups, an older(?) 

metavolcanic Deloro Group, a younger metavolcanic Tisdale Group, and a 

metasedimentary Porcupine Group, considered to be stratigraphically equivalent to the 

upper part of the Deloro Group and the entire Tisdale Group (Fig. 16). 

The Deloro Group is largely a calc-alkaline sequence, appro~imately 4500-5000 

metres thick, and is composed mainly of andesite and basalt flows in the lower part and 

. dacitic and rhyolitic flows and pyroclastics in the upper part. Iron formation is common 

at or near the top of the group. A ~ajor change in volcanic rock composition marks the 

lower contact of the Tisdale Group. The basa1 formation consists mainly of ultramafic 

volcanic rocks and basaltic komatiites. This is overlain by a thick sequence of tholeiitic 

basalts. The uppermost formation is largely volcaniclastic rocks of calc-alkaline dacitic 

composition. The total thickness of the Tisdale Group is almost 7000 metres. 

The Porcupine Group consists of a lower turbiditic sequence of greywacke, 

siltstone and conglomerate, and an upper sequence of crossbedded fluviatile sandstone 

and conglomerate. The total exposed thickness of the group is approximately 

3000 metres • 



Fig. 16. Geology of the Timmins area (after Pyke et al., 1978) • 
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Large sill-like bodies of dunite and lherzolite occur within the Deloro Group. 

Some of these bodies may be magma chambers for the overlying ultramafic volcanics of 

the Tisdale Group. 

Small quartz-feldspar porphyry bodies are probably subvolcanic intrusions and may 

be part of intrusive-extrusive rhyolitic domes. Plutons and batholiths of trondhjemite, 

granodiorite, granite and syenite intrude the supracrustal rocks. Several of the massive, 

unmetamorphosed granodioritic intrusions yield U-Pb zircon ages close to 2680 Ma, thus 

approximately dating the termination of major orogenesis in this part of the Superior 

Province. 

STOP 4-1- Mental Hospital Stop 

This stop is located just north of the Resource Centre near the northeast end of 

Porcupine Lake. Travelling eastward from Timmins, turn north off Highway 101 on the 

road just before the Resource Centre. Then turn west (0.9 km) on the first road and 

proceed 100 m to the start of the trail. 

This stop illustrates the upper part of formation IV of the Tisdale Group and the 

overlying basal portion of formation V. The contact between formations IV and Vis 

placed at the first readily recognizeable iron-rich tholeiitic basalt. This Fe-tholeiite is 

possibly correlative with the 99 flow which underlies the V8 flow in Tisdale Township. 

At this stop the upper part of formation IV consists of light grey Mg-tholeiitic 

basalt. That part of the lowermost flow included in the stop consists of pillow basalt and 

a thick sequence of pillow beccia. The overlying flow, also an Mg-tholeiite is massive at 

the base and pillowed in the upper part. Overlying this is a massive, medium grained, 

medium to dark green, Fe-tholeiitic basalt, which marks the base of formation V. This is 

overlain by variolitic pillow basalt, herein correlated with the V8 basalt in the Timmins 

gold camp. The overlying basalt is pillowed, locally contains very fine varioles and 

displays concentric cooling fractures. The overlying and uppermost flow on this stop is a 
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Fig. 17. Geology of Stop 4-1 (from Pyke et. al., 1978). 

fine grained dark green Fe-tholeiitic basalt. Although Mg-tholeiites are interlayered 

with Fe-tholeiites in formation V in Whitney Township, they are absent in most of 

Tisdale Township. 

STOP 4-2 - Carbonated Ultramafic 

This stop is on the back road between Timmins and South Porcupine just south of 

the Dome No. 3 head frame. 
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The outcrop is an altered peridotitic komatiite completely altered to carbonate 

minerals. Ultramafic flows such as this are almost wholly confined to the base of the 

Tisdale Group. The carbonatization has not destroyed the polysuturing which serves as 

an aid in the field to readily identify the rocks as being an ultramafic flow. This 

structure refers to the fracture pattern which is exhibited by the semi-equant polygons 

resembling mud cracks. Polysuturing is pervasive throughout ultramafic flows and 

probably represents some type of cooling phenomena, perhaps related to incipient pillow 

development. 

A simplified equation for the alteration reaction of a komatiite might be: 

Olivine 

. Magnesite 

11Sio2 
Quartz 

Diopside 

Talc Serpentine Dolomite 

The irregular quartz stringers throughout the rock may be due to the released free 

silica being deposited in fractures. 

STOP 4-3 - Paymaster Porphyry 

This stop is a few hundred metres east of the last stop. 

The Paymaster porphyry is typical of quartz-feldspar porphyries of the area. It 

exhibits a light grey to buff weathering and is light grey to light green-grey on fresh 

surfaces. Quartz and albite crystals (phenocrysts or metacrysts?) are within a strongly 

foliated groundmass of fine albite, quartz and sericite. 

The porphyries all occur within the lower formation of the Tisdale Group. 

Restriction to this stratigraphic interval suggest that they could represent rhyolitic 
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domes formed on the surface. This extrusive origin would explain the lack of offsets 

across contacts and the absence of evidence for forceful intrusion. If the porphyries 

within the Tisdale Group are not in part extrusive, there can be little doubt that they are 

high level intrusions of subvolcanic derivation. 

STOP 4-4 - Paymaster Mine 

This stop is at the Porcupine Paymaster Mine, opposite Simpson Lake on the back 

road connecting Timmins and South Porcupine. 

The stop illustrates some of the iron-rich tholeiitic basalts typical of formation V 

of the Tisdale Group. The most diagnostic feature of the Fe-tholeiites is the dark green 

colour as compared to the Mg-tholeiites previously visited at Stop 1. The variolitic 

basalts exposed here are interpreted to correlate with the variolitic basalts of Stop 1, 

Whitney Township. They form an important stratigraphic marker tproughout the gold 

camp. At the Paymaster, a relatively dark green, vesicular, pillowed Fe-tholeiitic basalt 

. (1) is exposed on the south side of the highway. Minor varioles are present and are a 

common feature to many of the flows in this part of the section. This pillowed flow also 

outcrops immediately north of the highway, as does a poorly exposed variolitic basalt (2). 

This in turn is overlain by an Fe-tholeiitic basalt (3) which is dominantly massive and 

contains minor blue quartz. This is in sharp contact with a variolitic; pillow basalt. The 

pillows are commonly large (2-3.6 m in length) and the varioles are up to 4-5 em in 

diameter, and may coalesce to form patches up to 45 em in maximum dimension. Minor 

massive sections can be traced out within the dominantly pillowed variolitic basalt, and 

may represent intercalated flows. The coarse variolitic flow is overlain by a massive 

basalt (5) and this in turn by a variolitic pillow basalt (6). These flows are succeeded to 

the north by at least two and possibly four massive Fe-tholeiitic basalts. The 

northernmost basalt is highly carbonatized. 
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Fig. 18. Geology of Stop 4-4 {from Pyke et al., 1978). 

STOP 4-.5 - Krist Fragmental 

This stop is approximately midway between Schumacher and South Porcupine, and 

is located at the large outcrop area adjacent to the south side of Highway 101 where the 

highway intersects a north-trending power line. 

The Krist fragmental is a pyroclastic tuff breccia which forms the upper part 

(formation VI) of the Tisdale Group. The breccia is white-weathering, massive, and 

contains fragments of crystal tuff in a matrix of similar composition. The crystal 

fragments are dominantly white-weathering, subhedral, albitic feldspar averaging 1.5-

2.5 mm in size; minor (5-10 per cent) quartz of comparable size is also present. 
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Although not readily obvious, the fragments are lineated and plunge eastward at 

approximately 45 degrees. Crystal tuff outcrops immediately adjacent to the highway, 

and rapidly passes into tuff-breccia farther down the power line. Most breccia 

fragments range from 2.5-15 em in maximum dimension; the largest are about 45 em. 

The Krist fragmental perhaps represents a glowing avalanche type of volcanic deposit. 

STOP 4-6 - Unconformity Outcrop 

This stop is located 1.0 km north from Highway 101 along Crawford Street. Turn 

north at the Esso Service Station at the northeast end of South Porcupine. A trail west 

is just past the line between Concessions III and IV, Tisdale Township. 

This stop illustrates the unconformity between what has classically been termed 

the "Keewatin" and "Timiskaming" sedimentary rocks in the Timmins area 

(Ferguson et al., 1968). The older "Keewatin" sediments, turbiditic wacke and siltstone, 

strike about 105°, dip steeply north, and face south conformably with the underlying 

volcanic rocks. Good examples of scouring, rip-up clasts, load casts and a Bouma 

sequence (A to D) may be seen in the northernmost exposures. A poorly sorted 

polymictic conglomerate approximately 60 m thick, trends 065 degrees and marks the 

base of the unconformity. Boulders are predominantly of basalt, siltstone, greywacke, 

and lesser gabbro and felsic volcanics. There does not appear to be any tectonic . 
unconformity between the "Keewatin" and "Timiskaming sediments" as the structures 

within the two sedimentary sequences are the same. 

STOP 4-7 - Shovel Outcrop 

This stop is at the first outcrop on Government Road, east of the turnoff to 

Stop 6. 



-59-

Fig. 19. Geology of Stops 4-6 and 4-7 (after Pyke et al., 1978). 

The sediments at this stop perhaps contain the most significant sedimentary 

contact in the Timmins area. Here, there is a major change from turbidite to fluvial 

type of sedimentation. The contact between the two types of sedim~ntary rocks is not 

exposed, but the bedding is conformable. At the top of the turbidite sequence (base of 

the fluvial sediments?) is a narrow (1.8-2.4 m) polymictic conglomerate, conformable 

with the turbidites. Convolute bedding and disrupted and broken beds are common in the 

turbidites. The fluvial sediments are quartz-rich sandstones (lithic arenites) and display 

abundant trough crossbedding. This contact may warrant close scrutiny for gold 

mineralization. 



Analysis (Wt%} - 60-

7 8 9 10 

Sio2 54.7 43.9 72.7 55.6 
Al 2o 3 13.2 7.18 13.9 12.5 
Fe2o 3 10.3 9.28 1.20 8.87 
FeO 0.0 0.0 0.0 0.0 
MgO 9.56 13.7 0.40 10.7 
cao 4.35 14.7 1. 55 3.21 7. Conglomerate 
Na2o 3.02 0.61 6.50 1. 76 8. Basaltic komatiite 
K'2o 0.62 1. 77 1. 25 0.50 9. Calc-alkalic rhyolite 

10. Argillite 
Tio2 0.80 1. 00 0.04 0.65 

P205 0.11 1. 80 0.02 0.07 
s 0.0 0.0 0.0 o.o 
MnO 0.18 0.20 0.23 0.12 
C02 0.0 0.0 0.0 0.0 
H 0+ 3.50 6.60 1.50 6.60 

2 -
H20 0.0 0.0 0.0 0.0 

Total 100.3 100.7 99.3 100.6 

Cu 74 192 20 66 
Zn 90 81 64 118 
Ni 340 73 24 620 
Cr 840 236 32 840 

NORMS MOLECULAR 
AP 0.238 4.013 0.042 0.157 
PO 0.0 0.0 0.0 0.0 
IL 1.152 1.483 0.056 0. 96 7 
OR 3.792 11.146 7.482 3.15 8 
AB 28.037 5.831 59.060 16.876 
AN 21. 339 12. 376 5.122 16.522 
c 0.0 0.0 0.0 3.959 
AC 0.0 0.0 0.0 0.0 
MT 2.487 2.783 0.463 2.401 
HM 0.0 0.0 o. 538 o.o 
wo 0.0 o.o 0.0 0.0 
EN 27.220 1. 705 0.106 31.548 
FS 8.990 0.299 0.0 7.638 
Q 6.556 o.o 25.106 16.776 
DI 0.142 35.900 2.023 0.0 
FO o.o 15. 461 0.0 o.o 
FA 0.0 2.710 0.0 0.0 
NE 0.0 0.0 0.0 0.0 
LC 0.0 o.o 0.0 0.0 
KP 0.0 0.0 0.0 0.0 
HE 0.047 6.293 0.0 0.0 
cc 0.0 0.0 0.0 o.o 
RU 0.0 0.0 0.0 0.0 
NS 0.0 0.0 0.0 0.0 
KS 0.0 0.0 0.0 0.0 
CR 0.0 0.0 0.0 0.0 

" " n n 
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DAY 5 - KOMA TIITES AND SEDIMENTS OF THE ABITIBI BELT IN THE KIRKLAND LAKE AREA 

On the return trip to Ottawa we will visit an outcrop area in the Abitibi belt 

southeast of Kirkland Lake. The aim of th~ stop will be to show the relationship of 

komatiites in Archean volcanic sequences and their relationships to other rock types. 

In the Abitibi belt, komatiites form the initial phases of several major volcanic 

cycles. Each cycle consists of a lower komatiitic sequence followed in turn by tholeiitic, 

calc-alkalic, and, locally, alkalic phases. Two such cycles are present in the Kirkland 

Lake area. At this stop komatiites of the second cycle overlie rhyolites of the first 

cycle, indicating that these komatiites are not primitive crust nor were they deposited 

on primitive crust. It is possible that in the central parts of the basin komatiitic l~vas 

were deposited directly on primitive Archean crust, but at this locality they overlap a 

pre-existing volcanic pile. Erosion of this volcanic pile occurred, and hence, turbiditic 

sediments with detritus from both the komatiites and rhyolites are interbedded with the 

volcanic rocks. 

STOP 5-l 

Stop 1 shows pyroxene spinifex toward the top of a basaltic komatiite flow 

(analysis 8). Overlying the flow is massive calc-alkaline rhyolite tuff breccia(?). An 

amygdaloidal dyke cuts both the basaltic komatiite and the calc-alkalic rhyolite. 

STOP 5-2 

Stop 2 shows the rhyolite tuff (analysis 9) interlayered with conglomerate 

composed mainly of ultramafic clasts. The conglomerates contain clasts of ultramafic 

and basaltic komatiite and magnesium-rich tholeiite, i.e. all the mafic volcanic rock-

types found in the area. Clasts with olivine and pyroxene spinifex textures are present in 

the conglomerate. A large rhyolite-ultramafic komatiite boulder 3 x 2m in size, occurs 

in the upper conglomerate. It may be noted mafic volcanic clasts are absent in the 

rhyolite tuff. 
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Many of the ultramafic conglomerates are difficult to distinguish from 

polysutured ultramafic flows and where slightly sheared and altered, are indistinguishable 

unless isolated spinifex clasts or clasts of rhyolite or trachyte can be observed. 

STOP 5-3 

Stop 3 shows a small peridotite intrusion cutting the sedimentary rocks. It is one 

of many found in the basinal area. Its texture and appearance are quite distinctive from 

the ultramafic komatiites. 

STOP 5-~ 

Stop ~ shows a finely bedded turbiditic sequence. Flame structures and many 

other features associated with such rocks can be observed at this stop. 

Some beds of the outcrop were disturbed during their deposition. 

The chemical composition of the argillite (analysis 10) has the composition of 

basaltic komatiite. Analysis 7, is of a similar sedimentary rock found lower in the 

sequence. 

STOPS 5-5 and 6 

Stops 5 and 6 are coarser grained turbidites which have graded bedding, channel 

scouring; laminations can be seen at the tops of many beds. At stop 6, the sedimentary 

rocks range from boulder conglomerate to fine grained argillite. 

, 
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