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ABSTRACT

Olivine-phyric lavas of the Mamainse point Formation
(Lake Superior, Ontario) show an average Ir content of0.4g
ppb. This is about ten times that of overllng plagioclase-
phyric laval, which average 0.041 ppb Ir: Simih;rhough
smaller differences in Cr and Ni contents of the two rock
types appear to result from the incorporation of earlier_
formed cumulate olivine and chromiie into the olivine_
phyric lavas. Ir tenors of plagioclase-phlric lavas may thus
be more representative of this proteioioic sequencel they
are comparable to those found in modern ocean_floor
basalts and ancient ophiolitic suites.

Keywords: geochemistry, basalt, proterozoiq, Mamainse
Point Formation, Ontario, iridium, chromium,
nickel, cumulates.

SoN,rMelns

Les laves A phdnocristaux d'olivine de la formation de
Mamainse,Point (lac Supdrieur, Onmrio) contiennent, en
moyenne, 0.48 ppb d,iridium, soit environ dix fois plus oue
Ies coul6es A phdnocristaux de plagioclase qui les recouwint
(0.041 ppb). Des diff6rences moins frappantes dans la con_
centration de Cr et de Ni dans ces deux types de basaltes
rdsulteraient de l'incorporation de cumulaiJ d'olivine et de
chromite dans les laves d olivine. La teneur en iridium des
basaltes i plagioclase serait donc la plus repr6sentative de
cette sequence prot6rozoique; ces roches sont comparables,
a ce polnt <te vue, aux basaltes des fonds oc6aniques moder-
nes e[ des suites ophiolitiques anciennes.

(Traduit par la R6daction)

Mots-clds: g5ochtmie, basalte, prot6rozoique, formation de
Mamainse Point, Ontario, iridium, chrome, nickel,
cumulats.

INTRoDUCTIoN

The Mamainse Point - Alona Bay area lies at the
eastern end of Lake Superior, about g0 km north
of Sault Ste Marie (Fig. l). The late proterozoic Ma_
mainse, Point Formation, of Keweenawan age, rests
unconformably on the Archean granite-greenstone
terrane ofthe Superior province. A thickness of4ffi
to 5000 m of the formation is exposed; it is
dominated by mafic flows, with subordinate shallow_

EPresent address: Precambrian Section, Ontario Geological
Survey, 77 Grenville Street, Toronto, Ontario M5S iB3.

level felsic intrusive bodies and interlayered coarse
clastic sediments (Annells 1973, Thomson 1953).

The mafic flows are mainly ophitic or melaphyric
in lithology, although occasional coarser gabbroic
and glomeroporphyritic types are found. Sparse (5go)
phenocrysts of olivine or plagioclase (or both) are
developed in many flows, with olivine-phyric flows
at the base of the sequence giving way to plagioclase-
phyric flows higher up. Some of the olivine-phyric
flows may contain up to 200/o olivine phenocrysts,
suggesting the incorporation of early-formed
cumulate olivine in these flows.

Low-grade burial metamorphism in the zeolite and
prehnite-pumpellyite facies has resulted in alteration
of the original mineralogy, with only augite remain-
ing relatively fresh. The effects of alteration are most
severe in vesicular zones at the tops and bottoms of
flows. Consequently, the data presented here have
been determined on samples collected from flow
centres.

Fortunately, a large group of elements (Al, Fe,
Mg, Ti, P,Y; Zr, Nb, Ni, Cr, Co, REE,Th, Ta,
Hf and U) appear to have been immobile or only
moderately affected by geochemical readjustments
accompanying burial metamorphism (Massey 1980).
Stratigraphic variation in these immobile elements
reveals trends with stepwise cyclicity that allow the
Mamainse Point sequence to be subdivided into five
successive series (Massey 1980). The Alona Bay
volcanic rocks are believed to be stratigraphically
equivalent to the series-I lavas of Mamainse point;
both are olivine-phyric. The others series (II-V) are
plagioclase-phyric. CIPW norms and discriminant
diagrams based on immobile elements allow the
volcanic rocks to be classified as tholeiites.

The petrogenesis of the Mamainse point volcanic
rocks was modeled from major and immobile trace-
element abundances, including rare-earth elements,
by Massey (1980).The preferred model for magma
generation, which relies heavily on rare-earth pat-
terns, suggests that parental magmas were generated
by dynamic melting within a rising diapir of garnet
lherzolite mantle. Incompatible element ratios, par-
ticularly ThlU, imply that volcanic rocks of series
I, II and III were formed from one diapir, whereas
rocks of series.IV and V were probably generated
in a second diapir labeled with a slightly differenr
Th,/U ratio. Variation trends in AlrOr, FeO,, MgO,
TiO2, Ni and Cr in the five volcanic series'suggest
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pro. 1. 6glglalized geological map of the Keweenawan Rift, Lake Superior arca. a:
Pre- and Lower Keweenawan sediments, b: Lower and Middle Keweenawan
volcanic rocks, c: intrusive rocks, d: Oronto Group and equivalents, e: Bayfield-
Jacobsville Group. Strata are shown shaded where exposed, unshaded where buried
beneath the Palaeozoic cover (boundaries shown with dashed line). Major faults
are indicated by heavy dashed lines. MP Mamainse Point, MBA Michigan Basin
gravity anomaly, MGA Midcontinent Geophysical Anomaly, GF Grenville Front.

that shallow-level fractional crystallization of olivine,
plagioclase and very small amounts of chromite has
occurred.

Ir Rssut-rs eNo DrscusstoN

Iridium was determined by radiochemical neutroil-
activation analysis using, with minor modification,
the procedure of Crocket et al. (1968). Samples of
250 mg were irradiated in the McMaster reactor at
a neutron flux of approximately l0r3
neutrons/cmzls for 3 days. After a decay period of
3 weeks, Ir was separated radiochemically and the
74-day 1e2lr counted on an intrinsic germanium
detector. The sensitivity limit for Ir is 0.005 ppb.

Ir Rssut-ts AND DIScussIoN

Ir contents, along with Ni and Cr, are listed for

individual samples in Table l. Averages for the
various series are given in Table 2, together with the
averages for the olivine-phyric and plagioclase-phyric
flows. The major feature of the data is the clear
distinction between olivine-phyric and plagioclase-
phyric lavas. Ir values differ by an order of
magnitude, 0.48 ppb for olivine-phyric flows com-
pared to 0.041 ppb for the plagioclase-phyric flows.
Similar differences are also found in the Cr and Ni
contents, which are higher in olivine-phyric flows by
factors of 5.5 and 3, respectively. There are no
significant differences in average Ir content of the
Ir-poor plagioclase-phyric flows of series II-V (Iable
2). Differences in average Ni and Cr content ofthe
plagioclase-phyric flows are more distinct. Plots of
Ir against Cr and against Ni are shown in Figures
2 and 3, respectively.

For the total population of 54 samples, there is
a strong positive correlation between Ir, Ni and Cr.



TABLE l. Ir, Ni AND Cr C0NTENTS 0F BASATTS FR0M'IHE I,IAilAINSE
POINT FORI'IATION

Sample
No.

I r .  Nl  Cr Sample I r  Ni  Cr
ppD ppn ppn No. ppb ppm ppm
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The Ir-Ni-Cr correlations for the nine series-I
rocks are 0.97 and 0.96 for Ir versus Ni and Ir yer-

"sas Cr, respectively; these correlations are significant
at >0.190 confidence level. These strong positive
correlations, the olivine-phyric character, and the
high Ir, Ni and Cr contents of these rocks suggest
a strong association of all three metals with olivine.
The strong partition of nickel into olivine from basic
magma is well known. Massey (1980) found that
precipitation of small amounts of chromite was re-
quired to account for the Cr content of the various
volcanic series using the fractional crystallization
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FIG. 2. Cr versus lr for Mamainse Point basalts. Samples
are divided into series (see Table l): open triangles Alona
Bay volcanic suite, closed triangles series I, open squares
series II, open circles series III, closed squares series IV,
closed circles series V.
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FIc. 3. Ni versus lr for Mamainse Point basalts. Symbols
as in Fig. 2.
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TABLE 2. AVEMGE Ir, Ni AND Cr CONTENTS OF BASALT
SERIES, IiIAMAINSE POINT FORI.4ATION

Local i ty Series T T
ppb

Ni
ppm ppm
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Note: Series are numbered fron base uoward.

The relevant correlation-coefficients, r(Ir versrzs Ni)
and r(Ir versus Cr), are 0.86 and0.92, respectively,
and are significant at a 0.lVo level. However, with
few exceptions, these elements are not slrongly cor-
related wiqhin the subpopulations represented by the
various series. Except for the olivine-phyric, Ir-rich
series-I basalts and the b verws Ni correlation in
series-Il rocks, no correlations significant to better
than a 590 confidence level were found for either Ir
yersrs Ni or b versus Cr in any of the various rock-
series. The strong positive correlations found for the
total population arise in part from the essentially
bimodal distribution of data, in which the olivine-
phyric rocks represent a high Ir-Ni-Cr subpopula-
tion and the plagioclase-phyric rocks constitute a low
Ir-Ni-Cr subpopulation.
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modeling-techniques of Ale$ e et al . (1977) , It is sug-
gested that all these observations are reasonably ac-
counted for by proposing that the olivine grains of
series-I rocks carry minute inclusions of chromite,
which in turn concentrate Ir. The concentration of
Ir by chromite has been demonstrated in several
studies of mineral separates from sulfur-poor mafic
and ultramafic rocks (Gijbels et al. 1974,1976, Oshin
& Crocket 1982).

Concentration of Ir with olivine in mafic-
ultramafic rocks has been suggested in other studies.
Keays & Davison (1976) found an enrichment of Ir
in sulfur-poor dunitic komatiites from Western
Australia. Keays (1982) argued that Ir is concentrated
with olivine in dunitic komatiites and that the con-
centration mechanism is probably an early precipita-
tion of an iridium-osmium alloy along with olivine.
It was also noted that Ir enrichment in sulfur-poor
olivine-rich rocks is characteristic of those rocks that
crystallize in a plutonic environment, being usually
absent in extrusive komatiites. Whereas the Ma-
mainse Point volcanic rocks are tholeiitic and
generally much poorer in Ir than komatiitic rocks,
the tendency for olivine of plutonic rocks to show
Ir enrichment is compatible with the suggestion
presented here for the Mamainse Point olivine-phyric
volcanic rocks. As olivine, along with plagioclase and
chromite, are inferred to be on the liquidus at ex-
trusion, it is probable that a significant fraction of
these minerals precipitated as cumulates in high-level
magma chambers and that the Ir enrichment took
place in this environment. Whereas the precise
mechanism by which the Ir-olivine association
becomes established is uncertain, a strong case can
be made for chromite as the Ir concentrator on a
basis of high Cr content and high positive Cr-Ir cor-
relation in olivine-phyric rocks, and model calcula-
tions that require the precipitation of small amounts
of chromite, possibly as small inclusions within
olivine.

Another possible explanation of the high Ir con-
tent of the olivine-phyric rocks is that they carry
magmatic sulfides. Whereas the Ir-Ni correlation
might arise by concentration of the metals in sulfide,
the Ir-Cr correlation is not explained by a sulfide
control, and this mechanism is discounted as a like-
ly means of concentrating Ir in the olivine-phyric
volcanic rocks. Phenocrysts are the distinctive
characteristic of these lavas and can explain the high
Ir, Ni and Cr if the olivine is interpreted as being
concentrated in earlier-formed cumulates that have
been variably incorporated into the lavas. This
mechanism would be expected to have profound ef-
fects on the compatible elements, such as Ir, but lit-
tle effect on mildly compatible or incompatible
elements. To fully explain the Ir and Cr data,
however, some chromite must also be incorporated,
possibly as small inclusions within the olivine grains.

TABLE 3. AVERAGE Ir C0N]tNTS (ppb) 0F SULFUR-P0oR MFIC R0CK5

n Ir, ppb References

ocean- f loor  basa l t
(malnly Mid-Atl anti c Ridge)
oceanlc intraplate and
of f - r ldqe  is land basa l ts
( m a l n t y  u o t e r l r e s J
Continental plateau basalts
(nalnly tholel ltes from
Parana, Karroo, Deccan
and columbia River)
Diabase dykes, North and
south Carolina
Gr€at Lake dolerite,
Tasmania
oph io l  i t l c  Mg- r l . ch  basa l t
oph io l i t l c  Fe- r i ch  basa l t

<0 .057  a ,d , f , h , i , J

0 .36  a ,b ,e , f

0.09? b,c

0 .27  f

0.082 S

0.056 k
0 .0 t9  k

27

2 i

I
l 0

References :  a  Baedecker  e t  a l .  (1971) ,  b  c rocket  unpub l .
data, c crccket & skippen-(1966), d crccket & Teruta
(1977\ ,  e  Crccket  e t  a l .  (1973) ,  f  Got t f r ied  & Green land
(1972\ .  a  Green lan i l ( f97 ] ) .  h  Her toqen e t  a l .  (1980) ,  I
t ieays  i  5co t t  (1976) ;  j  L ;u l  e t  a l . - ( l9Z- ) ;_ l  osh in  ( le8 l ) .
n: nunber of samples

CoMPARTSoN wrrH OrHER AREAS

Although only a relatively small data-base is
available, comparison of Ir contents in the Mamainse
Point Formation volcanic rocks with those of basalts
from other areas is useful. Table 3 includes basalts,
mainly tholeiites, from several settings: ocean-floor
basalts, oceanic and continental intraplate basalts.
Although there is some variation within each group
(due to different degrees of fractionation, for exam-
ple) that is not apparent in the tabulation, there is
a significant difference in average Ir contents in
basalts from different geological settings. In par-
ticular, ocean-floor and ophiolitic basalts show low
Ir contents (0.056 ppb), whereas intraplate basalts
are much richer in Ir (0.36 ppb). The continental
plateau basalts are also higher than ocean-floor
basalts and compare more closely with the oceanic
within-plate basalts.

A cursory comparison might suggest that the
olivine-phyric volcanic rocks of the Mamainse Point
Formation are comparable to the oceanic intraplate
and continental plateau basalts, whereas the
plagioclase-phyric rocks are comparable with the
ocean-floor basalts. However, if the higher Ir con-
tents of the olivine-phlric lavas result from inclu-
sion of earlier-formed cumulate olivine and
chromite, their useful comparison with other rock
suites may be precluded. It is suggested that the low
Ir content of the plagioclase-phyric rocks is more
representative of the parental magma. Data on im-
mobile incompatible elements for the Mamainse
Point Formation tholeiites has already led to the sug-
gestion that they compare very closely with ocean-
floor basalts (Massey 1980). Ir data seem compati-
ble with this conclusion.
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This comparison i$ interesting because the Ma- Grrnus, R., HrNornsoN, P. & Zzrs, J. (1976):
mainse Point Formation, like other Keweenawan se- Geochemistry of some trace elements in mineral
quences, is subaerial and believed to have ac- separates from Rhum, Inner Hebrides, with special
cumulated in an elongate rift (King & Zietz 1971, emphasis on iridium. Econ. Geol. 71, t36+1370,
Chase & Gilmer 1973). The Ir data presented here
along with geophysical (Halls l97g) ana otnei --._'__ Mlttl,*:;. H., DpssoroucH. G' &
geochemical oati lirassey le80), lead to trre inter- f ii;f;"ltiJ?,|3?I'ffi:i,,,1":lllhllilti#pretation of the Keweenawan Rift as an immature ;;;;;;;hr.iJ Complex, South Africa. Geochim.proto-oceanic rift. Cosmochim. Acta 3E. 3lg_337.
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