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Sources of Mineral Fragments in Impact Melts 15445 and 15455: 
Toward the Origin of Low-K Fra Mauro Basalt 

P. D. Spudis1• 2, G. Ryder2, G.J. Taylor\ K. A. McCormick4•5, K. Keil\ and R. A. R Grleve6 

The low-K Fra Mauro (LKFM) basalt composition is common among the melt breccias sampled by 
the Apollo missions to the lunar highlands. We analyzed major and minor elements in mineral clasts 
in the lunar LKFM impact melts 15445 and 15455, which may represent Imbrium Basin impact melt, 
to determine their provenance. Most mineral clasts in these rocks are olivines and plagioclases; pyroxenes 
are minor. By comparison with the composition of mineral grains in pristine lunar igneous rocks, most 
of the mineral debris found in 15445 and 15455 appears to be derived from troctolites of the Mg-suite; 
moreover, these troctolites are not completely represented by sampled Apollo pristine rocks. We find 
no definitive evidence for the presence of mineral clasts derived from either mare basalts or ferroan 
anorthosites. Similarly, the LKFM "missing component'' ( the chemical end member that dominates the 
LKFM melt matrix) is not present ( or is very sparse) as either mineral or lithic elastic debris in these 
melt rocks. The LKFM melt and the clasts represent distinct types of source material; moreover, the 
mineral clasts and larger lithic clasts may themselves represent sources distinct from each other. We 
cannot yet explain the lack of elastic material derived from the LKFM source; it is possible that the 
missing chemical component of LKFM could have been a magma, existing within the crust 3.9 Ga ago, 
and was either ejected intact to form LKFM melt rocks or was mixed with other shock-melted crustal 
and mantle rocks to produce the LKFM composition. The lack of ferroan anorthosite in these LKFM 
rocks indicates either that ( 1) ferroan anorthosite was never present in the basin target site, (2) there 
was extensive removal of a primordial anorthosite crust in the Imbrium Basin target region by a variety 
of complex processes, including both impact erosion and crustal magmatism, or (3) some poorly 
understood aspect of the impact process itself precluded the participation of upper crustal ( anorthositic) 
material in the petrogenesis of the impact melt. 

INTRODUCilON 

Low-K Fra Mauro Basalt Compositions 

Many highlands breccias are complex mixtures and melts of 
earlier rocks. The term low-K Fra Mauro basalt (LKFM) was 
first used for a cluster of compositions of impact glass particles 
that represent such mixtures of highlands components at the 
Apollo 15 site (Reid et al., 1972). (The word "basaltic" refers 
loosely to the LKFM composition and has no textural or 
genetic implications.) LKFM has lower potassium ( <0.2% K20) 
than Apollo 14 KREEP breccias or Apollo 15 volcanic KREEP 
basalts. The use of the LKFM name was gradually extended to 
include crystalline rocks from all other sites that have similar 
chemical compositions and a KREEP-like incompatible-element 
pattern (Reid et al., 1977). Samples with as much as 0.4% K20 
are now included with LKFM. With the broader use of the 
term, LKFM compositions are a ubiquitous and volumetrically 
significant component of the sample collection and, hence, 
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presumably of the lunar crust. Thus, establishing their mode 
of origin and their primogenitors are prerequisites for an 
appreciation of lunar crustal development. 

Although the LKFM composition is cotectic and can be 
broadly related to igneous KREEP basalt compositions by 
simple igneous models, it has always been found as an impact 
melt containing fragments of disparate origin; it has never been 
found as a pristine igneous rock (Reid et al., 1977). This has 
led to the general consensus that the LKFM composition is an 
impact product ( e.g., Wamm and Wasson, 1977), but that 
does not in itself resolve much about the origin of LKFM. Small 
but significant differences among samples show that LKFM 
compositions were produced in at least several distinct events 
and places. H~, all those samples dated seem to have 
formed in the period 3.9 to 3.8 Ga ago. Orbital geochemical 
data for the Moon show that the composition of most of the 
lunar surfu.ce does not resemble LKFM, being both more 
aluminous and poorer in KREEP; regions of LKFM composition 
are less common than their abundance in the sample 
collections would suggest (Davis and spudis, 1985, 1987). 
The composition of LKFM impact-melt rocks cannot be 
modeled as a mixture of known lunar igneous rock types; there 
is always a missing component that is rich in KREEP and the 
transition metals ( e.g., Ti, Sc) (Ryder, 1979; spudis and Davis, 
1986). such a relation is in marked contrast with the impact-
melt sheets of terrestrial craters, where major- and trace-
element compositions of all impact-melt rocks can be modeled 
as mixtures of the surrounding country rocks ( e.g., Manicoua-
gan melt sheet; Grieve and Roran, 1978). Some previous 
attempts to geochemically model the "missing'' component of 
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LKFM have invoked hypothetical components to account for 
the chemistry of the LKFM melt ( e.g., "SCCRV" of Wasson et 
al., 1977 and "HON' of Korotev et al., 1980). 

On the basis of these unusual attributes, their spatial 
relationships with the rims of basins, and the nature of their 
lithic clasts, Ryder and Wood (1977) and Spudis (1984) 
proposed that LKFM impact melts were generated during the 
formation of impact basins, not small craters. As such, these 
rocks would provide both information on compositions 
present beneath the surface of the Moon and, possibly, clues 
to the formational mechanics of basin formation ( Spudis, 
1984). Knowledge of the composition and structure of the 
crust of the Moon is important for determining lunar bulk 
composition ( e.g., Mueller et al., 1988; Hood and Jones, 
1987), testing hypotheses, including that of the magma ocean, 
for crustal origin (Warren, 1985), and evaluating the effects 
of possible large-scale intrusive activity in early lunar history 
(Ryder, 1989). We are attempting to further our understanding 
of the genesis of LKFM and its primogenitors by making a 
detailed study of the compositions of mineral clasts in LKFM. 
These fragments are picked up as the impact melt moves 
outward from the center of the target. 

0asts in Low-K Fra Mauro Basalt Rocks 

Most impact melts of LKFM composition contain less than 
about 20 vol% of recognizable clasts. With few exceptions, the 
lithic clast populations lack surficially derived fragments of 
either impact or igneous origin ( such as older impact melts, 
regolith breccias, or volcanic rocks). Most of the lithic clasts 
are plutonic igneous rocks such as norite (e.g., in 15445 and 
15455; Apollo 17 Station 7 boulder), spinel-troctolite ( e.g., in 
15445), and dunite 72415 (whose host LKFM was represented 
by 72435 ). Many samples contain clasts of feldspathic 
granulite. Mixtures of the lithic clasts are too feldspathic, too 
poor in KREEP, and too high in atomic Mg/ ( Mg + Fe) to 
correspond with the matrix LKFM basalt impact-melt 
composition. 

Most of the clasts (by number) in LKFM are individual 
mineral clasts. These are dominated by plagioclase and olivine, 
with pyroxene being in general much less abundant. Those 
analyzed show a wide range of major-element compositions 
( e.g., Ryder and Bower, 1977; Reid et al., 1977; Dymek et al., 
1976), indicating a potential variety of sources. Like the lithic 
clasts, mixtures of the mineral fragments do not correspond 
with the matrix LKFM composition: The average plagioclases 
are too calcic, the average olivines too magnesian, and the 
proportion of pyroxene insufficient. Thus, at least some of the 
LKFM primogenitors appear to have been exclusive to the melt 
phase of the impact-melt rocks. 

Nonetheless, we are making a detailed study of the 
composition of mineral fragments in LKFM rocks. We wish to 
( 1) provide an adequate sampling to see if any of the mineral 
clasts could be from LKFM primogenitors, and what these 
primogenitors might be like; ( 2) provide information about the 
rock sources of the mineral clasts ( these are the rocks whose 
fragments are picked up as the impact melt moves radially 
outward during cratering flow, and represent rocks presumably 
near to the LKFM basalt composition source, and they may at 

least include varieties related to the LKFM source); 
( 3) compare the mineral clasts to the minerals in the lithic 
clasts in the host rocks to see if they represent the same or 
different sources; and ( 4) compare the mineral clasts to known 
pristine igneous rocks of the lunar crust, as represented in the 
sample collection. 

Bersch ( 1990) has produced high-precision electron 
microprobe analyses for minor and trace elements in olivines 
and pyroxenes of virtually all known lunar pristine igneous 
rocks. We have used this database to assess possible affinities 
of the mineral clasts in the LKFM impact melts with the 
pristine rocks. For plagioclases, no such comparable database 
exists. We have used data from a variety of sources judged to 
be reliable, including unpublished data collected for the 
purpose by one of the authors ( G.R). 

The efficacy of the method is shown in our study of the 
clast population in the impact-melt rocks of the terrestrial 
Mistastin Lake impact crater, Labrador (McCormick et al., 
1989). This crater formed in a geologically simple target 
consisting of only three significant target rocks: anorthosite, 
granodiorite, and quartz monzonite ( Grieve, 1975 ). Clasts in 
the melt derived from anorthosite can be distinguished from 
those derived from the other rocks on the basis of chemical 
composition. Although the impact melt is chemically homo-
geneous and represented by a fixed proportion of target rocks, 
the proportion of plagioclase clasts derived from the anortho-
site varies from 34% to 100% among rocks. The proportions 
vary approximately with sample location, and the clast popula-
tion depends on the path taken by the melt, not on the com-
position of the molten part of the target. 

SAMPLE SELECilON 

In this part of this ongoing study, we analyzed mineral clasts 
from the LKFM basaltic impact melts 15445 and 15455. 
According to their identity in major- and trace-element 
chemistry ( including relative siderophile abundances), their 
petrographic similarities, and their proximity of collection, they 
represent the same melt sheet or pool (Ryder and Bower, 
1977). On the basis of their lithic clast content, which does 
not include surficial debris such as regolith components or 
basaltic fragments, Ryder and Bower (1977) and Ryder and 
Wood ( 1977) interpreted them to be fragments of a basin 
melt, presumed to be Imbrium. It is chemically distinct from 
the Serenitatis melt. Argon data suggest a latest heating and 
outgassing of the matrix of 15455 at about 3.86 Ga (poor 
intermediate plateaus) (Alexander and Kabi 1974; D. Bogard, 
personal communication, 1985), consistent with the age of 
Imbrium although not diagnostic of it. As Imbrium ( or other 
basin) impact melts, these samples could contain important 
information on the nature of the lower crust as well as clues 
to the mechanics of formation of large, basin-forming impacts 
on the Moon. 

Rocks 15445 and 15455 are well characterized, including 
petrographic descriptions and chemical analyses of groundmass 
and lithic clasts (Ridley et al., 1973; Ryder and Bower, 1977; 
Reid et al., 1977). The groundmasses are aphanitic, and most 
of their entrained clasts larger than about 15 µm can be easily 
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and unambiguously distinguished ( Fig. 1 ). Olivine and 
plagioclase mineral clasts are abundant; however, pyroxene is 
much less abundant ( e.g., Ryder and Bower, 1977). 

Reaction of the clasts with the melt in 15445 and 15455 
is limited to a few micrometers around the grain edges, so 
that the minerals retain their original compositions, a necessary 
condition for meaningful results in a study such as this. In 
coarse-grained impact-melt rocks such as 76015, olivines have 
become zoned by reaction with the melt for distances up to 
750 µm into the grains (Ryder, 1984b). Thus, only the cores 
of very large clasts ( about 2 mm) could supply meaningful 
information about their provenance. However, in 76035, a 

200µm 

200µm 

Fig. 1. Photomicrographs taken in transmitted, plane-polarized light 
of rock 15445. (a) Typical area in 15445,136. Olivine and plagioclase 
clasts embedded in a fine-grained matrix. Large c1ast in bottom center 
is an olivine; analyses of such grains were made at least 20 µm from 
grain boundaries and cracks where reaction with the melt may have 
occurred. (b) Altered olivine grains like the one in the center of this 
photograph of 15445,148 were not analyzed. 

Spudis et al.: Origin of LKFM 153 

very-fine-grained melt from the same melt sheet as 76015, such 
reaction is limited to only a few micrometers; grains are 
otherwise homogeneous. A comparison of clast data for 
Boulders 2 and 3 at Station 2, Apollo 17 (Dymek et al., 1976) 
shows that the finest-grained samples have a much wider range 

-in olivine composition than coarser-grained ones and, hence, 
presumably better preserve original compositions. '/bomber 
and Huebner ( 1980) and Sanford and Huebner ( 1980) 
showed the effect of subsolidus heat on rim alteration in 
Apollo 17 LKFM. Our continuing study on the Apollo 17 LKFM 
samples will be reported at a later date. The results give us 
confidence that our selection of 15445 and 15455 was 
appropriate and that their grains have a general lack of reaction 
and grain alteration 

ANALYTICAL METIIODS AND DATA PRESENTATION 

We made analyses of olivine and pyroxene clasts at both the 
University of New Mexico (UNM) ( 15445 and 15455) and the 
Johnson Space Center OSC) (15445); analyses of plagioclase 
clasts were made only at JSC ( 15445). 

For mafic minerals at UNM, we used a}EOL 733 superprobe, 
a 1-µm spot size, 40-nA beam current, accelerating potential 
of 15 KeV, and a maximum counting time of 20 sec. Data were 
corrected by the method of Bence and Albee (1968). As 
standards we used Marjalahti olivine for Si, Fe, and Mg, an 
aluminous clinopyroxene for TI, Al, and Ca, synthetic diopside 
for Cr and Mn, and apatite for P. We set the window on the 
pulse-height analyzer to correct for overlap of Ca onto the P 
peak, though in almost all cases the errors from this overlap 
would have been negligible. Typical detection limits for the 
minor elements under these conditions were ( in wt%): TIO2, 
0.012; Al2O3, 0.024; Cr2O3, 0.018; MnO, 0.027; CaO, 0.025; and 
P2O5,0.03. 

For mafic minerals at JSC, we used a Cameca microprobe, 
a 2-µm spot size, 300-nA beam current, and an accelerating 
potential of 20 KeV. Counting times were 300 sec (Al), 200 sec 
(Ni), 150 sec (Ca, TI), 60 sec (Cr), 30 sec (Mn), 10 sec (Fe), 
and 5 sec (Si, Mg). As standards, we used Marjalahti olivine 
for Si, Fe, and Mg, synthetic diopside for Ca, Mn, and Ni, and 
chromite for TI, Al, and Cr. Typical detection limits for the 
minor elements under these conditions were less than 
0.01 wt% oxide. The major-element conditions gave precision 
better than routine analyses (better than 1 % ). Analyses of 
olivines in the Marjalahti and Springwater pallasites were made 
during the same study and demonstrate the reproducibility and 
precision of the data, as well as their accuracy (Table 1, Fig. 2). 

The plagioclase analyses were made with a spot size of a 
few micrometers, a beam current of 40 nA, and an accelerating 
potential of 15 KeV. Counting times were 150 sec (Fe), 
100sec (K), 40-50sec (Ca, Na, Mg), and 20sec (Si, Al). As 
standards, we used synthetic anorthite glass for Si, Ca, and Al, 
and kaersutite for Fe, Na, K, and Mg. For the minor elements 
K, Fe, and Mg, these conditions gave detection limits better 
than 0.02%, and for the major elements, the precision is better 
than for routine analyses ( smaller than 1 % ). 

The analyzed points are all at least 15 µm away from grain 
edges, and, thus, analyzed clasts are at least 30 µm across. This 
empirically derived selection avoids analysis of mineral rims 
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'Ii\BLE 1. Analyses of olivines from Matjalahti. 

This study Smith et al., Mason and Graham, 
1 2 3 Ryder, 1984a 1983 1970 

TI02 0.007 0.006 0.009 <0.0045 0.002 0.0077 
Al203 0.012 0.014 0.011 
Cr20 3 0.042 0.041 0.037 0.0211±0.0010 0.060 0.026 
MnO 0.302 0.297 0.293 0.288 ±0.010 0.314 0.270 
CaO 0.027 0.026 0.025 0.0267±0.0010 0.025 
NiO 0.000 0.000 0.000 0.003 ±0.001 <0.008 0.0034 

that might have reacted with the melt, and enfeebles well-
known analytical factors such as fluorescence and backscatter-
ing. Mineral grains larger than about 30 µm across are 
abundant and easy to distinguish as clasts. Clasts that show 
obvious reaction with the melt, such as the one in Fig. lb, were 
avoided, no matter how large they were. Thus, we are 
confident that our analyses represent the compositions of 
minerals as they existed in the lunar crust immediately before 
they were entrained in their host LKFM impact melt ( about 
3.85 Ga ago). 

DATA PRESENOO'ION 

This study has produced large amounts of data, producing 
n-dimensional information. We have chosen to represent it 
mainly as two-dimensional plots, both for simplicity and 
because straightforward conclusions can be made without 
resort to multidimensional methods. We have plotted the 
minor eleme~ts as oxides individually against major phase 
chemistry, represented by FeO for olivines and pyroxenes 
(Figs. 2 and 3 ), and An mol% for plagioclases (Fig. 4 ). For 
olivines we also plot Cr20 3 and Al20 3 against Cao. For olivines 
(Fig. 2), the JSC data for 15445 and the UNM data for 15445 
and 15455 (which are more abundant but less precise) appear 
on separate plots for each element. The symbols are explained 
in the figure captions, but the distribution on the plots is 
generally of more relevance than the specific identity of points. 
The JSC data also include those for the pallasite olivines, for 
some lithic clasts analyzed in the same study, and for a skeletal 
olivine that crystallized from the melt. Corresponding data 
from Bersch (1990) for olivines from pristine igneous rocks 
appear in a third plot for each element (Fig. 2). Fields for 
plagioclases from pristine rocks have been derived from several 
published and unpublished sources (Fig. 4). No pristine rock 
fields are shown for pyroxenes (Fig. 3 ). 

RESUU'S 

Olivine Clasts 

The dominant mafic mineral occurring as clasts in both 
15445 and 15455 is olivine (the olivine/pyroxene ratio in both 
rocks is greater than 5:1, and perhaps as high as 30:1). Our 
analyses for all minor elements are plotted in Fig. 2. There is 
a wide variety of both major- and minor-element compositions, 
spanning the range from Fo94 to Fo60. As shown best on the 
MnO vs. FeO diagram (Fig. 2e ), the range is fairly continuous 
from FOC)4 to F<ry5 and more FeO-rich compositions are rarer. 

The variation is greater than is currently recognized from 
pristine igneous rocks; no pristine igneous rocks have olivines 
as magnesian as Fo94. Many of the olivine clasts appear to have 
major- and minor-element compositions consistent with 
derivation from troctolites, while others appear to be derived 
from olivine-bearing norites (although corresponding pyrox-
enes are absent), assuming reasonable extrapolations of the 
known pristine fields. However, many other olivine clasts ( e.g., 
those with high Cr abundances) must be from rocks quite 
different from known pristine rocks. As even the known 
igneous fields encompass rocks from more than one magma, 
the olivine clasts in 15445 and 15455 are probably derived 
from rocks of many different intrusions. Except for MnO, there 
is little obvious correlation of minor elements with the major 
compositional variation, as might be expected for comagmatic 
samples. Thf correlation of MnO with FeO is so strong as to 
make MnO of no value in defining rock types. 

The Mg* [Mg/(Mg+ Fe), atomic] ofLKFM is less than about 
70-72 and thus typical olivines in the source of the melt would 
have major-element compositions more iron-rich than about 
Fo70 (FeO more than about 27%). Such olivines are rare, so 
most of the olivine clasts cannot be derived from the same 
source as the melt Those few olivines with more than 27% 
FeO have more than 0.15% Cao, which is rather high for a 
plutonic rock. They do not contain enough Cr, TI, or P to 
suggest that they might be relics of any LKFM source, although 
the partition coefficients and kinetic factors are not adequately 
known to be certain about the compositions of potential 
source olivines. Few of the olivines in these rocks could even 
be from sources related to LKFM. 

There are no olivines that could be derived from ferroan 
anorthosites or from mafic cumulates that are complementary 
to them. Those that contain enough FeO ( e.g., grain C) contain 
far too much of the minor elements; slow cooling of the 
anorthosites led to very low abundances of the minor elements 
in their olivines. Grain C, of appropriate major-element 
composition, is also zoned, which is uncharacteristic of olivines 
in ferroan anorthosite. This grain has CaO more appropriate 
for a mare basalt, but its Cr is lower than would be expected 
of such a source. Mare basalts do not seem to be the source 
of any of these olivines. 

Many of the more forsteritic olivines (FeO less than 15%) 
have compositions consistent with troctolites such as 76535 
( or its potential relatives), or some spinet-bearing troctolites. 
These olivines have low CaO (less than 0.05%) as is typical 
of igneous plutonic olivines such as in the Stillwater ( our own 
unpublished data). In contrast, many others have higher CaO 
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Fig. 2. Minor-element composition plotted against FeO (a tog) and against CaO (h, i) for olivine clasts in LKFM impact-melt breccias 15445 
and 15455. For each element display, the upper diagrams are the UNM data for both rocks, the middle diagrams are the JSC data for 15445, 
and the lower diagrams are the pristine rock data of Bersch (1990), except that for NiO there are no UNM data and for P2O5 there are 
no JSC data Legends: UNM diagrams: 4 = 15445 olivines, 5 = 15455 olivines. JSC diagrams: Upper-case letters designate individual olivine 
clasts. Lower-case letters designate olivines in lithic clasts, except m = Matjalahti pallasite, and s = Springwater pallasite. a= LA, polygonalized 
dunite; b = LB, spinet troctolite; c= LC, granulite. # = skeletal groundmass olivines. Pristine rock diagrams: F = ferroan anorthosites; 
T = troctolites and spinet troctolites; D = dunite; N = olivine-bearing norites. 

© Lunar and Planetary Institute • Provided by the NASA Astrophysics Data System 

http://adsabs.harvard.edu/abs/1991LPSC...21..151S


1
9
9
1
L
P
S
C
.
.
.
2
1
.
.
1
5
1
S

156 Proceedings of Lunar and Planetary Science, Volume 21 

(c) (d) 
0 05 0 15 

0 14 5 

0 13 5 

0 04 5 5 54 5 .. 0 12 

011 

0 1 

-., 0 03 45 44:fii5 4465591 " -., 0 09 5 

• • 0 OB 5 5 

o: o" 0 07 5 "" ,,. 5 
,= < 002 5@4454~45 ~51:Ei41m55 44 0 06 ,. • ,.,. .. 4 5 4 

0 05 45 4 4 44 
"' - 4115 

45 

0 04 4444,51.4444 _,. 46 55 5 

0 01 5.54Q.4Maal.5-C44-ZS.555 4 ,, 0 03 4 414 444!1. ~-5.!Z> 5455 O> 

002 4 -,,54 055 5 

0 01 5 4'4 4-4-61-444 

10 20 30 40 10 20 30 40 

FeOwl¾ FeOwt % 

0 05 0 15 

0 14 

K 0 13 

0 04 0 12 
C 0 11 

N 0 1 

-., 0 03 0 09 
'J -., • Q • 0 08 

o: N C o" 0 07 

< i'• ,= J 
0 02 0 06 I\ 

' cc 
S OF 0 05 

l\,i; p C 

0 °,/ 0 04 
N C 

0 01 0 03 G p C 

002 u Nffii~G 
0 01 

10 20 30 40 10 20 30 40 

FeOwt% FeOwt% 

0 05 0 15 

0 14 

013 

0 04 0 12 

0 11 

01 

-., 0 03 0 09 
T -., • D • 0 08 

o: o" 0 07 

< TT ,= 
0 02 T 

oF 
0 06 

N 
T N 0 05 N 

T 
i;-r 

0 04 r, 
' V 0 01 ' 0 03 

F 0 02 
F FF f F F 

'F 0 01 \or T '" 10 20 30 40 10 20 30 40 

FeOwt% FeOwt % 

Fig. 2. ( continued). 

© Lunar and Planetary Institute • Provided by the NASA Astrophysics Data System 

http://adsabs.harvard.edu/abs/1991LPSC...21..151S


1
9
9
1
L
P
S
C
.
.
.
2
1
.
.
1
5
1
S

Spudis et al.: Origin of LKFM 157 

(e) (f) 
04 007 

4 
4 4 

0 35 4 0 06 C 

4 
5 4 

03 
5 005 

4 4 

025 
5 .. 5 ., 004 

j 
5 

441 5 
5 

j 
02 

4 
5 

0 
5 5~ !,55 z Q ::, 5,.,,,. 5 003 

4 4 54515 55 
0 15 4 444,4 454 5 

441-4 454-0!:5 
T 4445 455 55 

44 5~~55 0 02 b ., 
0 1 

_, 5 

b NO ~J JVN 4 44-Ci-44 
4 411.4545 5 5 ,J 44 5 5 <f'i~G M .,,,, 5 001 C 005 4 5 0 p "" I C 

5 s C 

10 20 30 40 10 20 30 40 

FeOwt % FeOwt% 

04 007 
M 

0 35 C 0 06 
Cc 

03 C 
0 05 

025 ., ., 0 04 
j 

02 j 
0 

::, z 0 03 
0 15 V p. 

#" 002 T 0 1 T 

D T T 
005 0 01 Ti\T T F F NN 

F 
i!",r T T FFF ., F 

10 20 30 40 10 20 30 40 

FeOwt% FeOwt.% 

04 

f f F FF 
0 35 

03 

0 25 N N ., 
j 

02 

::, 1' 
0 15 J,r; 

T 
01 

0 05 

10 20 30 40 

FeOwt.% 

Fig. 2. ( continued). 

© Lunar and Planetary Institute • Provided by the NASA Astrophysics Data System 

http://adsabs.harvard.edu/abs/1991LPSC...21..151S


1
9
9
1
L
P
S
C
.
.
.
2
1
.
.
1
5
1
S

158 Proceedings of Lunar and Planetary Science, Volume 21 

(g) (h) 
02 03 

0 19 
0 28 

0 18 
0 17 026 

0 16 0 24 
0 15 
0 14 4 

022 

0 13 02 
0 12 0 18 -.,. 
0 11 -.,. 

3a 0 1 4 3a 0 16 o: 0 09 ., '2: 0 14 
Q. 

008 4 4 5 4 4 (.) 
0 12 

5 5 4 
5 • 5 

5 5 4 4 4 5 
0 07 5 54 • • 5 5 5 4 5 
006 5 5 "" 

0 1 4 5 5 5 
5 • 5 4 5 5 5 

0 05 4 4 55 008 5 4 • • 5 

004 5 .. 4 4 • .,, 4 45 4 4 006 
4 5 5 • 5 5 • 5 • 5 

003 4 4 ... 5~652155 55 5 5 4 • • • 4 5 

0 02 44 .... ,. 5 5!15 45 ""' 
0 04 • 5 • 5 5 • 4 • • 5 5 5 5 

0 01 4155~4,556,44. 45:55 4 0 02 4 • 5 5 5 • 5 • • 5 4 • 4 

10 20 30 40 004 0 08 0 12 0 16 02 0 24 0 28 
FeOwt % CaOwt% 

02 03 
0 19 0 28 
0 18 
0 17 0 26 

0 16 0 24 
0 15 022 
0 14 
0 13 02 

0 12 -.,. 0 18 -.,. 
0 11 

3a 3 0 16 

o: 0 1 
T o: ~' 0 09 014 

' 
N 

Q. T i3 008 f T 0 12 
0 07 TT C 

0 1 E V 
0 06 - ,, C G 
005 TT 

008 

004 006 C 
0 03 L 9j C 

frT NN 0 04 ,W c'' C 
0 02 

T T .i 001 F F ~FF F 
0 02 

b b 
CD FF 

10 20 30 40 0 04 008 0 12 0 16 02 0 24 028 

FeOwt% CaOwt % 

03 

0 28 

0 26 

024 

022 

02 

-.,. 0 18 

3 0 16 

1 0 14 
(.) 

0 12 

01 

008 

0 06 N 

004 11" 
TT Db T TT 

002 VT TT T 
T 

N 

Cc •"' 

_, 
004 008 0 12 0 16 02 0 24 0 28 

CaOwt% 

Fig.2. ( continued). 

© Lunar and Planetary Institute • Provided by the NASA Astrophysics Data System 

http://adsabs.harvard.edu/abs/1991LPSC...21..151S


1
9
9
1
L
P
S
C
.
.
.
2
1
.
.
1
5
1
S Spudis et al.: Origin of LKFM 159 

(i) (a) 
005 

35 

004 5 5 5 4 5 • 

25 
003 45511151 • 5 • 4 5 .. 5 .. 

i i 5 

0 5 ,, o: "' l 4 
< u 

002 45145565AAli51155 5 15 :i 
4 

001 6141111141155 

05 4 
4 

44 

004 008 012 0 16 02 024 0 28 10 20 30 40 

CaOwt% FeOwt% 

(b) 
0 05 

4 

K 
35 

004 

C 

0 :I N 

25 .. 003 .. 5 
4 

3 Q 3 5 o: N C o: < 002 0 ',i, V < C5 
N 

' C C 15 

?,~ 0 

/u D f \Po ' 5 5 
o E 4 

001 I' 
05 <fa 

4 

004 008 0 12 0 16 02 0 24 028 10 20 30 40 

CaOwt.% FeOwt.% 

0 05 Fig. 3. Cao and Al2O3 plotted against FeO for low-Ca pyroxenes in 
15445 and 15445. Distinctions are made among 15445 pyroxenes ( 4) 

T and 15455 pyroxenes (5). A=pyroxenes in fddspathic norite clast 
004 

in 15455; B and C are pyroxenes in adjacent matrix. Data are from 
UNM. Fields for pristine igneous rocb are not plotted 

003 .. 
3 0 o: 
< 0 02 T T T N 

D T 
N 

f T T 
TT T 

T f 
0 01 f 

T 
f 

f F F f 

004 008 012 0 16 02 024 028 

CaOwt.% 

Fig. 2. ( continued). 

© Lunar and Planetary Institute • Provided by the NASA Astrophysics Data System 

http://adsabs.harvard.edu/abs/1991LPSC...21..151S


1
9
9
1
L
P
S
C
.
.
.
2
1
.
.
1
5
1
S

160 Proceedings of Lunar and Planetary Science, Volume 21 

(a) 

* • ~-

* • ~-

(c) 

* • '6, 
::, 

07 

06 

05 

04 

03 

02 

01 

02 
019 
018 
0 17 
016 
0 15 
014 
013 
012 
011 

01 
009 
008 
007 
006 
005 
0 04 

003 
002 
001 

0 

035 

03 

025 

02 

015 

01 

0 05 

016 

015 

014 

013 

012 

011 

01 

009 

008 

0 06 

005 

004 

003 

002 

001 

60 70 

90 92 

60 70 

90 92 

80 

AN CONTENT, MOL% 

94 96 

AN CONTENT, MOL% 

80 

AN CONTENT, MOL% 

94 96 

AN CONTENT, MOL% 

90 

90 

98 

IA UT 

A 

98 

100 

100 

100 

100 

(b) o, 

035 

03 

025 

* • 02 

015 

01 

005 

60 70 BO 90 100 

AN CONTENT, MOL% 

02 
019 
0 18 
017 
016 
015 
014 
013 
012 

* 011 • 01 
009 
008 
0 07 

006 
005 
004 

003 
002 
001 

90 92 94 96 98 100 

AN CONTENT. MOL% 

Fig. 4. Minor-element composition plotted against An content of 
plagioclase clasts in LKFM impact-melt breccia 15445. For each 
element displayed, the lower diagram is an expanded version of the 
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troctoiite; f= LF, feldspathic breccia; g = LG, feldspathic breed.a_ 
Approximate fields for pristine igneous samples are labeled 
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(>0.08%), more like olivines in dunite 72415, polygonalized 
dunites found in a variety of impact melts (including 15445), 
some other troctolites, and feldspathic granulites (however, 
olivines in granulites are rather small, and cannot be 
considered as the source of many of the olivine clasts in 15445 
and 15455). Such ·higher CaO contents are also found in 
mantle xenoliths ( e.g., those from the San Carlos, Arizona 
basalt flows). Some spinel-troctolites, including one (lower-
case b on Fig. 2a) analyzed in this study also contain olivines 
with high CaO. The higher Cao suggests that these olivines 
were derived from rocks that had cooled raster than typical 
plutonic rocks, ie., they are of spallow origin, or were still hot 
(>900°?) at the time of their excavation ( Ryder, 1984b). 

The UNM data indicate that the proportions of rock types 
represented by olivines differ in 15445 and 15455. If we 
generously extend the fields of known pristine igneous rocks 
to include the "orphan" points, then 15445 olivines are of 80% 
troctolite and 13% olivine-bearing norite derivation, whereas 
15455 olivines are of 63% troctolite and 32% olivine-bearing 
norite derivation Although it is not certain that we can 
exclude the effects of sampling bias ( e.g., a concentration of 
olivines from some disaggreagated dunite) in the thin sections 
we studied, this relation may be analogous to the variation of 
clast populations in the Mistastin Lake crater samples, where 
proportions of rock types represented as clasts vary widely 
among different samples from the same melt sheet 
(McCormick etal., 1989). 

Pyroxene C1asts 

Our data for pyroxenes are much less extensive than for 
other silicates, because pyroxenes are much less abundant as 
mineral clasts in these rocks. We show compositional variations 
in much less detail ( CaO vs. FeO and Al20 3 vs. FeO; Fig. 3 ), 
and the high-Ca pyroxenes are not plotted ( only two were 
analyzed). Fields for pristine igneous rocks are shown on the 
same, rather than separate, diagrams. 

Several pyroxenes were analyzed in 15455, but nearly all 
these are from a zone immediately adjacent to the large 
feldspathic norite clast in the sample, have compositions very 
similar in all respects to those in that norite, and are likely 
derived from that lithic clast. Elsewhere, pyroxene clasts are 
much less common and these noritic pyroxenes seem to be 
unrepresentative of most clasts. A few grains in 15445 have 
compositions corresponding to those in a norite in 15445 
(Ryder and Bower, 1977; Ridley et al., 1973), while others 
correspond with pyroxenes in the spine! troctolites ( magne-
sian and high in alumina). 1\vo pyroxene grains correspond 
with some matrix grains reported by Ridley et al. ( 1973). Otily 
these grains could be derived from possible LKFM primogen-
itors, as they have appropriate Mg* [Mg/ (Mg + Fe), atomic], 
but it is more likely that they crystallized from the melt itself 

Pyroxenes corresponding with those found in ferroan 
anorthosites, mare basalts, most norites, troctolites, KREEP 
basalts, or evolved rock types ( such as quartz inonzodiorite; 
see Ryder, 1976, and Taylor et al., 1980) are lacking. This 
paucity of pyroxene clasts has important ramifications. It 
requires a lack of pyroxene and pyroxene-bearing lithic types 
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in that part of the crust from which the LKFM impact melt 
was picking up small fragments; their loss by preferential 
dissolution in the melt is not a tenable explanation for the 
dearth of pyroxene, given the lack of reaction rims in the 
olivine clasts ( even the most unstable, Mg-rich ones). 

Plagi.oclase Clasts 

Our data for plagioclases in 15445 are less abundant than 
for olivine and are summarized in Fig. 4, which includes data 
for plagioclase in some lithic fragments in 15445 analyzed at 
the same time. The reliability of the data is shown by replicate 
analyses on unzoned grains such as A and G. Other grains show 
some dilferences among analyses. However, the major zoning 
in grain B has no relationship with the grain edge and appears 
to be a primary feature ( although the extreme grain edge has 
reacted with the melt and has a much more calcic, K-poor 
composition). Thus, we are confident that most of our 
plagioclase analyses represent compositions and crystal 
zonation existing before the formation of 15445. 

The plagioclase fragments show a range in major-element 
compositions from At½7 to Ar¼;7; most are more calcic than 
Ans5 (Fig. 4), similar to those reported for plagioclase in 15445 
and 15455 by Ryder and Bower (1977). They indicate a 
variety of source rocks, most of which are similar to the more 
magnesian members of the Mg-suite norites and troctolites. 
Grains similar to plagioclases in more evolved lunar rocks are 
rare; for example, none corresponds with the quartz 
monzodiorites found in impact-melt rock 15405. 

The normative plagioclase of the sample is about Anss-90; 

given the observed plagioclase clast population, the plagioclase 
component of the groundmass melt must be on average less 
calcic than ~- Apparently, few such possible relic clasts of 
the LKFM source remain among the analyzed grains; "B" in 
Fig. 4 ( an angular fragment about 400 µm across) is one such 
grain and is. among the largest analyzed in this study. Its 
composition is unlike that of the quartz monzodiorite 
plagioclases because its K content is much higher; however, 
its composition does approach that of plagioclase from sodic 
ferrogabbro. Grains in such evolved rocks are commonly 
zoned 

At least with the present database for pristine igneous rocks, 
FeO, MgO, and Mg* do not discriminate among source rocks 
any better than does An content. However, these elements 
serve to demonstrate that feldspars derived from mare basalts 
are not present, except possibly for two zoned grains (U and 
W) with high FeO and MgO. A better discriminant is the K20 
content, which demonstrates that only two grains (F and G) 
could possibly be derived from ferroan anorthosite. All other 
grains more calcic than ( a lower limit for ferroan 
anorthosites;James et al., 1989, 1990; McGee, 1990) are from 
troctolites with feldspars similar to those in 76535, which have 
higher K20 than ferroan anorthosite feldspars, or possibly from 
norites. Even grains F and G are not necessarily from ferroan 
anorthosites, because spine! troctolites ( which are present in 
15445 as lithic clasts) have plagioclases with similarly low 
K20. 

The lithic fragments analyzed (lowercase letters on Fig. 4) 
also do not include ferroan anorthosite, with the possible 
exception of t; which is a small feldspathic breccia fragment 
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that falls close to the ferroan anorthosite field on the K2O and 
Mg• diagram. Fragment b is a spinel troctolite clast. Frag-
ment cl, although lying in the ferroan anorthosite field, is a 
granulite with Fe-olivine ( 31 % FeO) that is much more caldc 
( 0.107% Cao) than those from ferroan anorthosites. Frag-
ment g is a small feldspathic breccia that falls well outside 
the main pristine fields in being sodic. PJ.agioclase in e is not 
only too potassic to be ferroan anorthosite, but e also contains 
magnesian olivine (FeO 9% ); apparently, it is related to 
troctolites. 

Summary 

As previously observed in the impact-melt rocks of Mistastin 
Lake Crater (McCormick et al., 1989), the clasts contained in 
15445 and 15455 are derived from a variety of rock types 
whose proportions differ within samples from the same melt 
sheet The clasts appear to be derived largely from a variety 
of Mg-suite plutonic rocks, only a few of which are represented 
by samples in the Apollo collections. The Mg suite probably 
comprises a wide variety of rocks produced over a long period 
of time from many magmas that ranged widely in composition 
The lithic clasts of 15445 and 15455 are Mg-suite troctolites 
and norites; however, the norites are not well represented 
among mineral fragments. 

DISCUSSION 

What Is and Is Not Present 

The impact-melt rocks 15445 and 15455 contain a clast 
assemblage derived from Mg-suite plutonic rocks. These clasts 
are manifested as both lithic fragments, such as the pristine 
feldspathic norites and troctolites in these rocks ( Ryder and 
Bower, 1977) and as mineral fragments, most of which appear 
to be derived from troctolites (Fig. 2). Norites appear to be 
a relatively minor component, although norite is present as 
large, lithic clasts. No ferroan anorthosite is present as a lithic 
clast, and mineral data suggest a virtual absence of ferroan 
anorthosite as elastic fragments. The mineral data indicate that 
the observed range of pristine rocks in the Apollo collection 
does not adequately reflect the total variation of rock suites 
on the Moon Thus, even though the Apollo samples are 
derived from many separate intrusions, the range of mineral 
data from our impact melts suggest that many more intrusions, 
unsampled by Apollo, exist within the lunar crust. 

Our data suggest that unsampled igneous rock types are 
represented by mineral clasts in 15445 and 15455. The high-
TI and high-Cr olivine clasts of Fig. 2 may represent a rock type 
rich in transition metals, such as an olivine gabbro, that could 
substantially contribute to the LKFM composition. However, its 
abundance in these samples is very low ( as reflected in the 
number of clasts ). Mare basalt would contribute substantial TI 
and Cr to LKFM ( e.g., Ryder, 1979; Korotev, 1983, 1987), but 
no olivine clasts unambiguously related to mare basalt were 
observed in these rocks. While a few olivine clasts that are 
enriched in P were found, no evidence is seen for an 
abundance of KREEP-enriched components that could account 
for the levels of KREEP observed in the melt matrices of these 
rocks. Thus, the origin of the basic melt/ clast dichotomy of 
LKFM basalt remains mysterious. 

The mineral clasts present in 15445 and 15455, mainly 
olivine and pl.agioclase, could be mixed in some proportion 
not too far removed from the proportions present as clasts to 
obtain a generally basaltic composition. However, this 
composition could not be that of LKFM; it would be too low 
in silica ( reflecting the low abundance of pyroxene in the clast 
population) and would lack the necessary KREEP component 
Furthermore, such a mixture would have a higher Mg• and 
lower TI content ( and other transition metals, such as Sc) than 
LKFM. Some component that corresponds on average with a 
more Fe-, TI-rich pyroxene and with some complement of 
incompatible elements must contribute to the melt. That this 
component( s) is lacking in the clast population means that 
( 1) the melt and the clasts have very dilferent sources; or 
(2) the missing component in the source is cryptic (liquid or 
glass?); or (3) the component in all cases rather completely 
and rapidly dissolved in the melt, even the fine-grained ones. 

Lack of Ferroan Anorthosite in 15445 and 15455 

Given that the lunar crust is roughly 70% plagioclase by 
volume and that ferroan anorthosites probably constituted a 
significant fraction of the primordial crust of the Moon ( e.g., 
Warren, 1985), the total absence of anorthosite as either a 
lithic or mineral clast within these melt rocks is significant. 
If the original lunar "magmasphere" was indeed global, then 
anorthosites must have existed in the Imbrium Basin target site 
at some point in the past Both the presence of small quantities 
of anorthosite at the Apollo 15 landing site ( e.g., spudis and 
Ryder, 1985) and the inference of some anorthosite making 
up Imbrium Basin deposits within the Apennines ( spudis et 
al., 1988) suggest that it is not completely absent from the 
Imbrium Basin region, although it is much less abundant than 
is observed elsewhere on the Moon 

Several possibilities may explain this paucity of anorthosite. 
First, perhaps anorthosite was never present in the Imbrium 
target site. This situation would imply that the lunar "magma 
ocean" either never existed ( e.g., Walker, 1983) or at least 
was never global in extent. At a minimum, it would suggest 
that our current conception of the lunar "magma ocean" is, 
at best, a gross oversimplification. The facts that ( 1) as 
mentioned above, some anorthosite is observed in the Imbrium 
region, both remotely from orbit and at the Apollo 15 site and 
( 2) a wide variety of independent evidence ( summarized in 
Warren, 1985) indicates the presence of an early, global 
"magmasphere" on the Moon, suggest that this extreme case 
is unlikely. 

A second possibility is that anorthosite in the Imbrium target 
area was removed prior to the basin-forming impact Intensive 
igneous activity involving major intrusions could effectively 
remove a ferroan anorthosite "layer" by massive crustal 
assimilation; if the intrusive magmas were Mg-rich, such a 
process would produce copious amounts of troctolite 
(Warren, 1986). This scenario could explain the apparent 
overabundance of troctolite as a elastic component within the 
Apollo 15 melt rocks. An alternative process of anorthosite 
removal is erosion, either by multiple basin-forming impacts 
(e.g., those mapped by Dellon, 1979) or a single large-scale 
impact (e.g., "Procellarum Basin"; see Wzlbelms, 1987). If 
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anorthosite was removed by impact erosion from the Imbrium 
target site, it must have been deposited onto the regions 
surrounding the Imbrium Basin; testing such a hypothesis 
awaits global chemical mapping from orbit. 

Finally, an anorthosite upper crust could have actually been 
present at the basin target site, but it did not participate in 
the impact-melting event, either as a melt contributor or as 
elastic debris ( e.g., Ryder and W~ 1977). In such a scenario, 
the basin-forming projectile would have penetrated through 
the upper ferroan anorthosite crust, melting only lower crustal 
material, and picking up elastic debris in areas peripheral to 
the melt zone, thus excluding any anorthosite from the melt 
during the cratering event. However, if such were the case, 
it might be expected that abundant elastic anorthosite would 
be observed in the Imbrium ejecta blanket, such as in the 
Apennine backslope, but although anorthosite is present, it is 
minor ( e.g., Davis and Spudis, 1987). 

Some combination of the above proc~ may be respon-
sible for the paucity of anorthosite in these melt rocks. For 
example, a thick anorthosite crust could have been thinned 
by one or several basin-forming impacts; this was then followed 
by large-scale crustal magmatism, producing a troctolitic 
"batholith." Future work on the nature of LKFM elsewhere on 
the Moon may shed additional light on which mechanism( s) 
predominates in the Imbrium Basin region 

On the Origin of LKFM 

After detailed study of the clast populations of these two 
impact-melt rocks, we have not identified either mineral debris 
or lithic clasts that were derived from the dominant, yet 
missing rock types that contribute to the composition of LKFM. 
There are several possible explanations for this absence, all of 
which bear closely on questions concerning the origin of the 
melt rocks, lunar crustal structure and composition, and the 
nature of large-scale impact proc~. 

It is possible that the LKFM lithic precursors were not rocks, 
but magmas. On the basis of the cotectic composition of LKFM 
and the fact that the early Moon was extremely hot, Ryder 
(quoted in spudis and Ryder, 1986, p. 13) has suggested that 
LKFM existed as a partial melt within the lunar crust prior to 
3.8 Ga and may have been excavated by large basin-forming 
impacts. However, such a melt within the Moon, excavated by 
impact, must have been in proximity to the impacting 
projectile and subsequent flow field to account for the high 
concentration of siderophile elements in the LKFM melt 
matrix. A variant of this idea is that, while LKFM is a mixture 
of known crustal ( and possibly upper mantle) rock types, only 
the "missing rock type" component was a magma; thus, debris 
derived from crustal rocks is present as clasts in the melt 
breccias, while the chemical nature of the LKFM matrix is 
strongly controlled by the composition of the missing magma 
type. 

An implication of the Mistastin Lake Crater study is that 
lateral heterogeneities in the cratering target and the 
composition of the substrate upon which melt is deposited are 
important factors in producing the obselved clast populations 
in impact-melt rocks (McO:mnick et al., 1989). Such factors 
are difficult to evaluate on the Moon We know from orbital 
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chemical mapping that the lunar crust is laterally heterogene-. 
ous on scales of several hundred kilometers ( e.g., Davis and 
Spudis, 1987), the same scale as basin-forming impacts, so such 
compositional diversity may be an important factor controlling 
clast populations in the melt sheets of lunar basins. However, 
in 15445 and 15455, we have only two samples from one 
location on the Moon; moreover, these rocks are probably 
ejected impact melt (e.g., spudis and Ryder, 1985) and it is 
not clear that such samples can be treated as samples of the 
main melt sheet. If the elastic component of the Apennine 
Front at the Apollo 15 site is analogous to the "substrate" at 
Mistastin Lake, it should be the main source of elastic debris 
in 15445 and 15455. The Apennine Front composition is very 
different from that seen in the clast population of the Apollo 15 
melt rocks; it is basically that of feldspathic basalt ( Korotev, 
1987), while the clasts in the Imbrium melt rocks represent 
a composition similar to Mg-troctolite (Fig. 2). 

In our previous study of the melt rocks of the Mistastin Lake 
Crater, we suggested that LKFM melt could effectively 
represent lower crustal compositions, the entrained clasts 
being derived from a relatively shallower stratigraphic level 
than the zone of melt generation If this suggestion is true, and 
samples 15445 and 15455 represent Imbrium Basin melt, it 
would imply that the crustal structure in the Imbrium target 
site consisted of an LKFM ''basaltic" lower crust, overlain by 
a series of Mg-troctolites. Such a crustal structure is quite 
different from that usually envisioned for the Moon ( e.g., 
spudis and Davis, 1986), but could be explained if the basin 
target region had undergone a complicated and protracted 
geologic evolution prior to the basin-forming impact. This 
evolution might include both igneous and impact erosive 
disruption of the lunar crustal target in the Imbrium region 
prior to the basin-forming impact at 3.85 Ga 

CONCLUSIONS 

While we have not "resolved" the origin of LKFM in this 
study, we have elucidated several constraints that must be 
satisfied before any model of the origin of the 15445 and 
15455 LKFM melt rocks can be accepted. First, the mineral 
and lithic debris entrained in these rocks are derived from 
plutonic rocks of the Mg-suite, dominantly troctolites. Second, 
material from mare basalts, ferroan anorthosites, and exotic 
pristine rocks such as quartz-monzodiorite and sodic ferrogab-
bro are absent or rare. No remnants of KREEP-rich or gabbroic 
components are preserved as clasts, even though chemical 
mass balance suggests that they are present as matrix 
contributors. Finally, we find that assimilation of lithic and 
mineral clasts into the melt after breccia assembly is not a 
significant process and cannot be invoked to explain the LKFM 
melt/ clast dichotomy. 

We plan to continue our study of the origin of LKFM by 
extending this technique to the melt rocks of the Apollo 16 
and 17 landing sites. Thus, by gradually isolating and identifying 
the effects of various geologic factors ( e.g., basin provenance, 
regional setting), we hope to ultimately be able to understand 
the origin of these enigmatic rocks. 
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