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A cornerstone of much current thought about the Moon is that development of the lunar 
crust can be traced through pristine highlands rocks which represent primary magmatic additions 
to the crust [I]. However, if cumulates similar to those of a layered intrusion can form by 
differentiation of a large volume of impact melt, as proposed for the Sudbury Igneous Complex 
(SIC) [2,3], then much of what is thought to be known about the Moon is open to question. 
Geochemical evidence cited as favoring an impact melt origin for the SIC is not compelling, 
however, because (1) similar bulk compositions can be produced by endogenous magmatic 
processes, (2) ultrarnafic xenoliths in the Contact Sublayer have compositional affinities with the 
SIC, and (3) PGE concentrations and Re-0s isotopic compositions in SIC ores indicate 
terrestrial, not meteoritic compositions. The close spatial and temporal association of Sudbury 
magmatism with a basin-forming impact event may nonetheless have important implications for 
early planetary evolution. 

Based on studies of terrestrial impact craters and associated deposits, several petrographic 
and geochemical criteria have been developed which are thought to be useful for distinguishing 
primary lunar highlands cumulates from impact-generated mixtures. For example, lunar 
highlands rocks which have mineral compositions consistent with plutonic conditions, 
incompatible trace element patterns that are fractionated relative to KREEP, and very low 
concentrations of siderophile elements are thought to retain their endogenous magmatic 
composition [I]. The Sudbury Igneous Complex has mineral and chemical compositions broadly 
consistent with closed-system fractional crystallization [4], and a suite of lunar samples with 
rnineralogic and geochemical characteristics analogous to those of the SIC probably would be 
judged as 'pristine', hence a primary igneous rock suite. However, if differentiation of a large- 
volume of impact melt actually produced the cumulate rocks of the SIC [2,3], then any or all of 
the pristine lunar highlands rocks may not necessarily represent endogenous lunar magmas but 
fractionated impact melts. Diverse components would still be required in the lunar crust andfor 
upper mantle to produce the impressive array of highlands rock types, but the connection to 
major geochemical reservoirs that could constrain the Moon's bulk composition and evolution 
would be lost. It is argued here, however, that the geochemical evidence cited as favoring an 
impact melt origin for the SIC is not convincing, and that endogenous magmatic processes 
provide a better framework for understanding the geochemical features of the SIC. 

The principal geochemical feature of the SIC which has been interpreted as favoring an 
impact melt origin is its siliceous, crust-rich composition [2,3,6]. Bulk compositions of terrestrial 
impact melts typically reflect an integrated composition of the target lithologies [5]. The bulk 
composition of the SIC is unusually siliceous for a layered intrusion, and close to that of 
reasonable mixtures of upper crustal rocks near Sudbury [2]. Sr, Nd, and 0 s  isotopic 
compositions of the SIC also seem to be dominated by crustal components [3,6]. Although 
impact melts clearly can be dominated by crustal components, open magmatic systems also can 
incorporate significant amounts of continental crust into mafic and intermediate composition 
magmas through assimilation, diffusive contamination, magma mixing, and source 
contamination [7]. Such processes do not require a superheated melt such as that formed during 
an impact event, and they can generate igneous rocks that are compositionally similar to the SIC. 

The Sudbury impact event appears to have occurred near an active convergent continental 
margin, so the lower crust in the region probably was a mobile mixture of basaltic and older 
crustal components at the time of the impact. Fracturing and load-release associated with the 
basin-forming impact would have provided a natural locus for emplacement of locally generated 
magmas. Enriched or metasomatized mantle with isotopic characteristics mimicking those of 
continental crust is also a plausible magmatic source for the SIC in this setting, and would 
reduce the amount of assimilated continental crust required to account for the isotopic 
compositions of the SIC. Compositions of Proterozoic basalts from the Superior Province [8] are 
consistent with the presence of enriched mantle in the general area at the time of the impact. 

O Lunar and Planetary Institute Provided by the NASA Astrophysics Data System 



1008 LPSC m 

SUDBURY IGNEOUS COMPLEX IS ENDOGENOUS MAGMA Norman M.D. 

A significant crustal component in the SIC is a strong constraint on its origin only to the 
degree that impact melting produces a unique combination of ingredients relative to endogenous 
magmatism. Mafic and ultramafic magmatic xenoliths entrained in the Contact Sublayer of the 
SIC show that the processes which created the SIC were not unique because these xenoliths also 
had crust-rich parental magmas. If the xenoliths represent a magmatic intrusion older than the 
SIC but also incorporating a significant amount of remobilized continental crust, then creating a 
unique bulk composition for the SIC by impact melting is not necessary: endogenous processes 
suffice. If the Contact Sublayer is significantly younger than the Main Mass, the xenoliths may 
represent unexposed cumulates genetically related to the SIC. A basal mafic-ultramafic zone at 
depth would indicate the SIC is not contained entirely within the impact structure and would 
create a bulk composition for the SIC unlike that of the target stratigraphy. 

Many impact melt breccias from craters on Earth show enrichments of siderophile element 
abundances and low Re/Ir relative to the country rock, indicating contamination of the melt by 
the projectile. PGE patterns in Sudbury ores are not chondritic but are highly fractionated and 
similar to those of terrestrial basalts. Reconstructed bulk compositions of several Sudbury ore 
deposits are relatively constant, with (Pt+Pd)/(Ru+Ir+Os) ratios around 10-20, representing the 
initial composition of the sulfide liquid parental to these deposits [9]. The correlation between 
(Pt+Pd)/(Ru+Ir+Os) and Re/Os in these ores allows the Re/Os of the parental sulfide to be 
estimated and compared with those measured in the country rocks. The inferred bulk Re/Os 
ratios of Sudbury ore deposits are not strongly fractionated relativef to country rocks, which 
contrasts strongly with the record of PGE fractionation in terrestrial impact melts. 

Re-0s isotopic compositions can be a sensitive tracer of meteoritic contamination in impact 
melts, even those with small (21%) meteoritic components [lo]. The 0 s  isotopic compositions of 
Sudbury ores place severe limits on the amount of meteoritic contamination that can be present 
in these ores. Mixing calculations show that 10.02% meteoritic contamination can be present in 
these ores, assuming a chondritic impactor (486 ppb Os, 1870s/1860s = 0.96), and a model crust 
(0.05 ppb Os, 1870s/1860s = 1 1 [6]). The amount of meteoritic contamination reduces to 
50.005% for a crustal target with 0.007-0.015 ppb 0 s  such as that preferred by [6]. The 
overwhelming predominance of terrestrial 0 s  in the Sudbury ores must favor an endogenous 
origin for the SIC. 

It may be possible that large impact events behave so differently from smaller events that 
the Sudbury projectile was vaporized and completely dispersed without incorporating even a 
trace of meteoritic material into the impact melt [12]. However, this does not seem to have 
happened in other large terrestrial impact structures such as Popagai and Chicxulub, which do 
show meteoritic contamination in their impactites and no signs of in sins differentiation [5, 101. 
Chicxulub appears to be largest impact structure on Earth, with a diameter of 200 km, yet melt 
breccias recovered from cores of the structure show Ir concentrations and Re-0s isotopic 
compositions that are consistent with incorporation of 13% of a meteoritic component [lo]. 

The SIC represents endogenous magmatism that was localized and influenced by a major 
impact event. The concept that pristine lunar highlands rocks are also products of endogenous 
magmatism is tenuously secure for the moment, but the effects of major impact events in 
localizing and influencing that magmatism remain obscure both for the Moon and the early 
Earth. Large impact events which produced regional melting may have played a crucial role in 
the evolution of the lunar highlands. 
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