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LIMITS ON DIFFERENTIATION OF MELT "SHEETS" FROM BASIN-SCALE LUNAR IMPACTS 
PAUL H. WARREN, Institute of Geophysics and Planetary Physics, UCLA, Los Angeles, CA 90024-1567 

In the literature on cratering, one frequently finds allusions to the "sheet" of impact melt that supposedly 
forms in the aftermath of any large impact. The presumption seems to be that either (1) most of the impact melt 
is formed virtually at the surface, or else (2) most of the melt inevitably collects into a near-surface, roughly 
sill-shaped "sheet," soon after the impact. However, in basin-scale impacts on the mature Moon, neither of 
these scenarios appears likely. Differentiation of impact melts on the Moon is hampered by similarity in 
density vs. the porous lunar crust, and by the adverse melt/"displaced" matter ratio that results from the lunar g. 

Understanding the fate of melts generated by basin-scale impacts is a prerequisite for accurate interpreta- 
tion of lunar crustal genesis. Recent studies of the Sudbury Complex [e.g., 11 indicate that its "irruptive" is al- 
most entirely impact melt, formed in connection within a crater of apparent diameter D, - 200 km. The Sud- 
bury magma underwent extensive fractional crystallization. For example, the mg ratio in augites shows cryptic 
variation from 0.79 to 0.25; and the upper granophyre layer (roughly 112 of the total "irruptive") is enriched in 
K and incompatible elements by a factor of - 2.8, and depleted in CaO by a factor of - 3.6, compared to the 
other main layer (the norite) 121. The impact melt of the similar-sized Chicxulub crater apparently differenti- 
ated to a similar degree 131. The once canonical view that impact melts almost never differentiate has thus been 
disproved. A simple Sudbury-Moon analogy led Grieve et al. [I] to conjecture that "some misinterpretation of 
the origin of . . . so-called pristine lunar highland samples has been made and some are primordial impact melt 
rocks from large impact events." The many petrologists who have studied nonmare rocks all have different 
views of this problem. Certainly the term "plutonic" has been abused, in recent lunar literature. But does the 
new interpretation of Sudbury require a complete revision of the pristine rock concept? 

Various factors affect the degree to which an impact melt undergoes differentiation. Obviously, only a 
large-scale mass of melt will cool slowly enough to differentiate. The volume of melt generated at Sudbury 
was probably smaller than that generated in the largest known lunar impacts by two orders of magnitude. For 
example, assuming for Serenitatis D, = 880 km [4], the implied transient crater diameter D, is -473 km; the 
similarly estimated D, for Sudbury is - 106 krn. The volume of impact melt V,, calculated from eqn. 7.10.2 of 
151, or from eqn. 6 of [6], adjusted for g, is roughly 60x greater for Serenitatis (assuming equivalent impact 
velocity) than for Sudbury. If both impact melts efficiently collected into analogously shaped "sheets" within 
the craters, the sheet thickness would have been 3x greater at Serenitatis than at Sudbury. Besides cooling rate, 
the efficiency with which a melt body will differentiate is probably sensitive to the degree to which fluid 
motions supply fresh melt to crystal/melt interfaces. The tendency to convect is governed by the Rayleigh 
number Ra, oc thicknesss, gl, and p-1, where p is the melt viscosity. The effect of the - 1.24 wt% water in the 
Sudbury [2] would be offset by its high average Si02 (- 63 wt%). At a likely differentiation T of 1000°C, p 
calculated B la [7] would be 1.3~105 poise. The 1200°C y for a melt of A-17 noritic breccia composition [8] is 
86 poise. Thus, Ra should have been 2-4 orders of magnitude higher in a 3x thicker Serenitatis "sheet." 
However, the noritic Apollo-17 poikilitic impact breccias that appear to be Serenitatis impact melts [9] have 
fine-grained, clast-laden textures, and could hardly be mistaken for endogenous igneous rocks, as the Sudbury 
"irruptive" rocks once were [2]. Still less do the poikilitic Serenitatis products texturally resemble lightly brec- 
ciated "meteorite-free" lunar norites (e.g., 78235, with grains up to 10 mm across). 

Differentiation of basin-scale impact melts on the Moon is hampered by two factors: (1) an adverse density 
relationship, and (2) an adverse melt1"displaced" matter ratio. In large impacts, most of the melt originally 
forms at great depth. Cintala and Grieve [lo] have modeled the depth distribution of impact melts. They find 
(Fig. 1) that in large-scale events the maximum depth of melting is - 3x the max. depth of excavation dm,, 
(assumed -D,/9), and that the melt initially forms in a roughly spherical volume, directly beneath ground zero. 
A perfect sphere extending to 3 . 0 ~  dm,, would have only 7.3% of its volume above d,,,. The true geometry 
is undoubtedly complex, but it seems clear that most of the melt in a basin-scale lunar impact forms too deep, 
by many tens of km, to land at the surface in the immediate aftermath of the impact (in addition, some of the 
fraction excavated from the transient crater travels beyond the final crater rim). In the modification stage, the 
roughly 93% of the impact melt below dm,, will rapidly mingle with the "displaced" but not ejected material 
of the transient crater (in the largest events, some of the melt will be even deeper than the base of the transient 
cavity). The ratio of "displaced" to melted matter will be higher by a factor of four in an impact at lunar g than 
in a terrestrial one [5]. Thus, where a terrestrial impact melt might be cooled by mingling with 10% unmelted 
clasts, a lunar impact melt will be chilled by mingling with 40% unmelted clasts. 

Fig. 2 shows density calculated B la [ I l l  for averaged lunar impact melt compositions from Ap15 
(Imbrium), Ap16 (group 2, Nectaris?), and Ap17 (Serenitatis), and also for the Sudbury composition 
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[12,13,8,2]. The 1000°C, 0.1-GPa density of the Sudbury melt is 2.44 g cm-3. At 1.0 GPa (by conservative 
extrapolation), it is only 2.55 g cm-3; i.e., 0.21 g cm-3 lower than the average density of the country rock [14], 
0.13 g cm-3 lower than the density of the a liquidus phase (feldspar), and 0.3 1 g cm-3 lower than the aggregate 
density of the cumulates of the lower half of the complex. Thus, the Sudbury impact melt must have efficiently 
segregated up and away from the solids amidst which it mingled, and from the crystals it grew as it cooled. In 
contrast, the 120O0C, 0.1-GPa densities calculated for the average lunar impact melt compositions are all == 
2.76 g cm-3. A typical estimate for the average zero-porosity density of the lunar crust would be 2.9 g cm-3. 
However, the upper - 20 km of the crust has porosity from brecciation, and the "displaced" matter of a basin- 
scale impact would probably be porous as well. Assuming 5% porosity is representative of the region where 
most of the impact melt first forms, and that this region is compositionally "average," the implied country rock 
density is 2.76 g cm-3-identical to that of the melt. Thus, the melt generated by a lunar basin-scale impact 
will not efficiently rise and aggregate into a single large "sheet." Instead, pockets of impact melt that originally 
form deep in the crust may typically remain almost stationary, or rise only to a level where the porosity of the 
surrounding country rock translates into neutral buoyancy. During 1200°C crystallization of whatever melt 
manages to aggregate into a large, nearly clast-free sheet, the density of the melt (- 2.76 g cm-3) would be - 
0.20 g cm-3 less than the density of the aggregate liquidus assemblage (feldspar + pyroxene), but 0.05 g cm-3 
greater than the density of a major liquidus phase (feldspar). Unless the magma was very thick, it would tend 
to become choked with feldspar, turning off convective motions, and thus also fractional crystallization. 

Lunar impacts with D, >> 900 krn will generate more melt in the mantle than in the crust. Minor mantle- 
derived components might help to explain why the average mg ratio of the Ap15/Ap16/Ap17 impact melt 
breccia (0.70) is almost as high as some estimated bulk-Moon mg ratios. Major fractions of the melts formed 
by the largest impacts (South Pole-Aitken has D, -2200 krn) surely rose into the lower crust, where they prob- 
ably underwent extensive differentiation. However, the basins this large are all extremely ancient (or else too 
young for significant sampling of the lowel crust beneath them through subsequent great impacts). Deep crus- 
tal igneous intrusions generated by basin-scale impacts even older than the oldest observable basins must have 
been enhanced by heat remaining from the lunar magmasphere (itself possibly an amalgamation of impact 
melts), and it seems pointless to distinguish a rock putatively formed in such a mode from a "purely" 
endogenous (pristine) rock. However, it should be acknowledged that if, as widely assumed, the Mg-suite 
rocks postdate the magma ocean, and if the "cataclysm" hypothesis of lunar cratering is not correct, then many 
of the Mg-suite rocks probably owe their existence, in part, to impact melting. 
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