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The observations that (1) concentrations of Th as meas-
ured from orbit decrease with distance from the “High-Th
Oval Region” in the vicinity Mare Imbrium and Oceanus
Procellarum and (2) nearly all Th-rich rocks in the Apollo
collection are MIMBs (mafic impact-melt breccias, i.e.,
“LKFM”) suggest that most or all of those MIMBs are
products of the Imbrium impact event [1].  Various argu-
ments can be offered for and against this hypothesis [2].  
Here, we address the issue of Ir/Au ratios.

Ir/Au.  An early observation was that siderophile-
element ratios differed among rock samples from different
Apollo landing sites; among siderophile elements, the Ir/Au
ratio was most variable.  This observation led Anders and
co-workers to postulate that each basin forming impactor
left a distinct siderophile-element fingerprint and that sam-
ples from a given site were dominated by the signature of
the nearest basin [3,4].  Rocks later identified as MIMBs
from the Apollo 16 site, which was located near the Nectaris
basin, were extreme in having the lowest Ir/Au ratios among
Apollo samples, approximately one-third the chondritic
value ([Ir/Au]CI ≈ 0.33).  Such rocks were assigned to AMG
(ancient meteorite group) 1, which was identified with ei-
ther the Nectaris basin or Unnamed B, a large crater in
which the site lies [4].  Recent studies have shown that the
carrier of the low-Ir/Au signature of AMG-1 is Fe94Ni6Co0.4

metal [5,6,7] that is compositionally similar to some iron
meteorites [5], specifically, group IAB [8,9].  MIMBs from
the Apollo 17 site, near the Serenitatis basin, had distinctly
higher Ir/Au ratios; such rocks were assigned to AMG 2 or
3, which was identified with the Serenitatis basin [3,4].  

The most common MIMBs from Apollo 17 come in two
textural types, poikilitic matrix and aphanitic matrix, that
differ somewhat in composition, although Ir/Au ratios are
similar [e.g., 8,10].  We focus on the poikilitic type here
because (1) among all Apollo MIMBs the Ir/Au ratio of
those from Apollo 17 are the most different from those of
Apollo 16 and (2) among Apollo 17 lithologies, the poi-
kilitic MIMBs are those believed by most investigators to be
crystallized melt formed during the Serenitatis impact
[11,12,13].  Although the poikilitic MIMBs are not as rich
in clasts as the aphanites, a type of clast that occurs in both
varieties of MIMBs is FGB (feldspathic granulitic breccia
[10]); FGBs are also a common component of the Apollo 17
regolith [14].  Apollo 17 FGBs are unusual compared to
similar breccias found at the Apollo 16 site in containing
high concentrations of siderophile elements.  In fact, average
concentrations of Ni, Ir, and Au in the magnesian (high-
Mg/Fe; [15]) subset of Apollo 17 FGBs exceed those of the
poikilitic MIMBs (Table 1).  Significantly, the Ir/Au ratio of
the FGBs is high and nearly chondritic ([Ir/Au]CI = 0.85,
i.e., AMG 5L of [10,8]).  

Metal of bulk composition similar to the metal in Apollo
16 MIMBs (Fe94Ni6Co0.4) occurs in the Apollo 17 poikilitic
MIMBs [16], although the Ir/Au ratio of the metal has not

been measured.  In Table 1 we show that the mean concen-
trations of Ni, Ir, and Au in the Apollo 17 poikilitic MIMBs
can be duplicated by a mixture of 16% Apollo 17 FGB,
0.3% metal such as that found in the Apollo 16 MIMBs, and
84% of a mafic, KREEP-like component with negligible
concentrations of siderophile elements.  (Aphanitic MIMBs
can be modeled similarly with about 12% FGB component
and 0.2% metal.)  Although 16% FGB component probably
exceeds the proportion of granulitic breccia clasts actually
found in the poikilitic MIMBs, it is not so high as to ex-
clude the possibility that some or most of the FGB compo-
nent is dissolved in the melt.  The calculated alumina con-
centration of the mafic KREEP-like component (column 2)
is 16.6%, essentially the same as MIMBs from Apollos 14
and 15 (groups A and B).  In fact, a reasonable first-order fit
to the bulk composition of the Apollo 17 poikilitic MIMBs
can be obtained by a simple 3-component mixture of two
types of Apollo 15 MIMBs and the Apollo 17 magnesian
FGBs (Table 2).  The fit could be improved by addition of
some minor Ti, Fe, and Sc-rich mafic component and a Na-
and Eu-rich alkali component.

Table 1.  Example of mass balance for Apollo 17 poikili-
tic impact-melt breccias.

A17 KREEP- A16 poik. MIMB
FGB like metal calc. obs.

1 2 3 4 5
f, % 15.8 83.9 0.285 100.

TiO2, % 0.24 1.75 0 1.51 1.51
Al2O3, % 26.2 16.6 0 18.1 18.1
FeOT, % 4.95 9.45 120.5 9.1 9.1
MgO, % 8.2 13.6 0 12.7 12.7
CaO, % 15.1 10.4 0 11.1 11.1
Sc, µg/g 7.4 18.9 0 17.0 17.0
Co, µg/g 34.1 18.5 3600 31.2 31.2
Sm, µg/g 1.5 17.1 0 14.6 14.6
Mg´, % 74.6 71.9 71.4 71.4

Ni, µg/g 443 50 60000 283 289
Ir, ng/g 20.5 0 1500 7.52 7.5
Au, ng/g 7.0 0 1300 4.81 4.8
(Ir/Au)CI 0.85 — 0.34 0.46 0.46

(1) Mean composition of 46 (magnesian) feldspathic
granulitic breccias [14].  (2) Hypothetical “melt” compo-
sition; lithophile elements calculated from mass balance
assuming italicized values of column 4; siderophile ele-
ments assumed.  (3) Mean composition of metal in Apollo
16 dimict breccias [7].  (4)  Columns 1, 2, and 3 com-
bined in proportions f; values of f were calculated to pro-
vide good agreement for siderophile elements.  (5)  Aver-
age composition of 178 Apollo 17 poikilitic impact-melt
breccias [14].

We conclude that Ir/Au ratios do not pose a strong ar-
gument against the hypothesis that a single impactor formed
the MIMBs of Apollos 16 and 17 (and, by extension, Apol-
los 14 and 15, which have Ir/Au ratios similar to those of
Apollo 16, e.g., Table 2).  Consideration of other siderophile
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elements [e.g., 8,10] may complicate the simple scenario
suggested here, but given that the FGBs are only one of sev-
eral clastic components of the Apollo 17 MIMBs, we doubt
that small differences in ratios of other siderophile elements
between, for example, Apollo 16 and Apollo 17 MIMBs
present a formidable hurdle to the single-basin hypothesis
for the origin of all Apollo MIMBs.

Table 2. Example of constructing the Apollo 17 poikilitic
MIMBs from MIMBs such as found at Apollo 15 plus
clasts of granulitic breccia such as found at Apollo 17.

MIMBs poik. MIMB
A15-B A15-D

gran.
brx. calc. obs.

% ∆

1 2 3 4 5 6
f, % 57.4 21.6 18.6 97.6

SiO2, % 47.1 45.3 44.7 45.1 46.3 –2.4
TiO2, % 1.2 1.5 0.2 1.0 1.5 –31.1
Al2O3, % 16.6 17.4 26.2 18.2 18.1 0.6
Cr2O3, % 0.26 0.23 0.12 0.22 0.20 9.7
FeOT, % 10.1 9.5 5.0 8.8 9.1 –3.3
MgO, % 13.2 14.7 8.2 12.3 12.7 –3.1
CaO, % 10.2 10.3 15.1 10.9 11.1 –1.7
Na2O, % 0.58 0.54 0.37 0.52 0.65 –19.2
K2O, % 0.32 0.17 0.08 0.23 0.22 7.3
Sc, µg/g 19.6 17.2 7.5 16.3 17.0 –4.0
Co, µg/g 38.9 32.9 34.1 35.8 31.2 14.5
Ni, µg/g 263 300 443 298 289 3.2
Ba, µg/g 460 252 59 330 337 –2.1
La, µg/g 46 23 3 32 32 1.3
Sm, µg/g 21.7 10.4 1.5 15.0 14.6 2.8
Eu, µg/g 1.95 1.73 0.84 1.65 1.88 –12.1
Yb, µg/g 14.6 7.0 1.5 10.1 10.3 –1.6
Lu, µg/g 2.13 1.03 0.22 1.49 1.41 5.5
Ir, ng/g 4.9 3.1 20.5 7.3 7.5 –2.7
Au, ng/g 4.8 2.6 7.0 4.6 4.8 –3.0
Th, µg/g 7.4 3.4 0.9 5.2 5.0 3.3
U, µg/g 2.1 0.9 0.3 1.5 1.4 8.6
(Ir/Au)CI 0.30 0.35 0.85 0.46 0.46 —
(1,2) Means calculated from many literature sources.  
(3,5) See Table 1.  (4) Columns 1, 2, and 3 combined in
proportions f.  (6)  Percent difference [columns (4–5)/5].

Conjecture.  We suggest the following scenario to ac-
count for the Apollo mafic impact-melt breccias.  The sce-
nario derives from our attempts to explain simultaneously
the distribution of Th on the lunar surface and the similari-
ties and differences among the breccias in both bulk compo-
sition and siderophile-element ratios [1,17,18].  

The original melt fraction of all or most of the Apollo
MIMBs was formed by impact of a giant iron bolide resem-
bling group IAB.  Conditions of the impact (low velocity?)
were such that proto impact-melt breccia ejected from the
cavity had high concentrations of the bolide material com-
pared, e.g., to crystallized melt found in terrestrial impact
craters.  The bolide struck a unique, geochemically anoma-
lous region of the Moon that was rich in both KREEP basalt
or some related precursor [1] and troctolitic source rocks
[18].  The impact formed the Imbrium basin.  Because of the
large size of the impact and perhaps because the target area
was hot or partially molten, most of the ejecta were molten.  
The gross compositional similarity of the resulting melt
breccias (i.e., the “LKFM composition”) occurs because

they are all dominated by the KREEP-like component [18].  
Compositional differences (e.g., Mg/Fe, Al/[Fe+Mg]) arise
because (1) melt produced in a huge impact is not entirely
uniform in composition (e.g., [19]) and (2) different units of
ejected melt were enriched to different degrees in various
clastic components, most importantly, feldspathic material
of the upper crust.  The variation in the ratio of normative
troctolite to KREEP components (which affects Mg/Fe;
[18]) among Apollo MIMBs derives from heterogeneity of
the target near the point of impact.  The variation in the type
(e.g., ferroan anorthosite at Apollo 16, granulitic breccia at
Apollo 17) and proportion of clastic, feldspathic crustal
material (which affects Al/[Mg+Fe]) probably derives later
when hot melt is ejected from the cavity, when it lands, or
both.  Apparent differences in crystallization ages [e.g., 13]
result from different degrees of clast assimilation and out-
gassing in different units of melt.  Metal from the impactor
is more abundant in Apollo 16 MIMBs (1–2% [7]) than in
the MIMBs of other sites (e.g., 0.3% at Apollo 17; Table 1).  
The clastic components of MIMBs found at the Apollos 14,
15, and 16 sites are poor in siderophile elements and do not
substantially alter the bulk Ir/Au ratio of the melt breccias
from that of the metal.  At Apollo 17, however, a significant
fraction of the clast load is feldspathic granulitic breccias.  
These clasts are rich in siderophile elements and have an
Ir/Au ratio that is different from the bolide metal, leading to
an intermediate Ir/Au ratio in the bulk breccias (Table 1).

If the mafic impact-melt breccias of Apollo 17 were
formed in the Imbrium impact, then what Apollo 17 lithol-
ogy represents Serenitatis impact melt?  Only the feldspat-
hic granulitic breccias are likely candidates.  Their bulk
composition (26% Al2O3) is reasonable for a section of up-
per crust uncontaminated by KREEP and their high concen-
trations of siderophile elements indicate that they are
grossly contaminated with meteoritic debris.  Composition-
ally and texturally similar breccias at the Apollo 16 site (but
which do not have such high concentrations of siderophile
elements) may in turn represent Nectaris melt.
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