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Abstract-New data are reported from five previously unanalyzed Apollo 12 mare basalts that are incorporated into an evaluation of
previous petrogenetic models and classification schemes for these basalts. This paper proposes a classification for Apollo 12 mare basalts on
the basis of whole-rock Mg# [molar 100*(Mg/{Mg+Fe))] and Rb/Sr ratio (analyzed by isotope dilution), whereby the ilmenite, olivine, and
pigeonite basalt groups are readily distinguished from each other. Scrutiny of the Apollo 12 feldspathic "suite” demonstrates that two of the
three basalts previously assigned to this group (12031, 12038, 12072) can be reclassified: 12031 is a plagioclase-rich pigeonite basalt
(Nyquist et al., 1979); and 12072 is an olivine basalt. Only basalt 12038 stands out as a unique sample (Nyquist ef al., 1981) to the Apollo
12 site, but whether this represents a single sample from another flow at the Apollo 12 site or is exotic to this site is equivocal.

The question of whether the olivine and pigeonite basalt suites are co-magmatic is addressed by incompatible trace-element chemistry:
the trends defined by these two suites when Co/Sm and Sm/Eu ratios are plotted against Rb/Sr ratio demonstrate that these two basaltic types
cannot be co-magmatic. Crystal fractionation/accumulation paths have been calculated and show that neither the pigeonite, olivine, or
ilmenite basalts are related by this process. Each suite requires a distinct and separate source region. This study also examines sample
heterogeneity and the degree to which whole-rock analyses are representative, which is critical when petrogenetic interpretation is
undertaken. Sample heterogeneity has been investigated petrographically (inhomogeneous mineral distribution) with consideration of
duplicate analyses, and whether a specific sample (using average data) plots consistently upon a fractionation trend when a number of
different compositional parameters are considered. Using these criteria, four basalts have been identified where reported analyses are not
representative of the whole-rock composition: 12005, an ilmenite basalt, 12006 and 12036, olivine basalts; and 12031 previously classified
as a feldspathic basalt, but reclassified as part of the pigeonite suite (Nyquist et al., 1979). : i

INTRODUCTION

The Apollo 12 manned lunar mission returned a mare basalt
suite which allows the only substantive look at basaltic volcanism
on the western near-side of the Moon. The Apollo 14 mission also
landed within this area, and mare basalts have been extensively
studied from this site (Warner et al., 1980; Dickinson et al., 1985;
Shervais et al., 1985a; Neal et al., 1988a), but these samples are
predominantly clasts extracted from breccias and are on the order
of milligrams, rather than grams as with the Apollo 12 mare
samples. Although both suites are broadly classified as "Low-Ti",
the Apollo 12 basalt suite contrasts compositionally with the high-
alumina and VHK compositions found at Apollo 14 (Neal et al.,
1988b, 1989; Shervais et al., 1985b), being relatively Al- and K-
poor (Papike et al., 1976, Papike and Vaniman, 1978; Neal and
Taylor, 1992).

Many whole-rock analyses of the texturally and chemically
diverse suite of Apollo 12 basalts were undertaken immediately
after the return of this mission (e.g., Biggar et al., 1971; Bottino et
al., 1971; Brown et al., 1971, Brunfelt et al., 1971, Compston et
al., 1971; Ehmann and Morgan, 1971; Haskin et al., 1971; Kushiro
and Haramura, 1971; Maxwell and Wik, 1971; Schnetzler and
Philpotts, 1971; Wakita and Schmitt, 1971; Wénke et al., 1971;
Warner, 1971; and Willis et al., 1971). Although initial studies
(e.g., LSPET, 1970; Kushiro and Haramura, 1971) recognized the
importance of olivine fractionation in the petrogenesis of these
basalts, further petrogenetic interpretation was not forthcoming at
this time.

The Apollo 12 mare basalts were initially subdivided into three
major types on the basis of petrography and major element
chemistry (Table 1A): (1) olivine-pigeonite basalts; (2) ilmenite-
bearing basalts; and (3) feldspathic basalts (James and Wright,
1972). Compositional variations within these groupings were
ascribed to near-surface fractional crystallization processes (e.g.,
Kushiro and Haramura, 1971; James and Wright, 1972). However,
Compston et al. (1971) and Papanastassiou and Wasserburg (1971)
suggested that the trace-element and isotopic variability within the
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olivine-pigeonite basalts were greater than expected by simple
closed-system crystal fractionation. These observations, coupled
with the work of Rhodes et al. (1977) led to the subdivision of the
olivine-pigeonite grouping, forming a four-fold classification for the
Apollo 12 mare basalts: (1) Olivine Basalts, (2) Pigeonite Basalts,
(3) Nmenite Basalts, and (4) Feldspathic Basalts (Table 1B).
However, Rhodes et al. (1977) still maintained that the olivine and
pigeonite basalts were co-magmatic, with the olivine basalts being
made up essentially of crystal cumulates, and the pigeonite basalts

TABLE 1. Classifications of Apollo 12 basalts.

A. Petrographic Classification - James and Wright (1972)

Olivine-Pigeonite Basalts: 12002, 12004, 12008(?), 12009, 12011, 12012,
12014, 12017, 12018, 12019, 12020, 12021, 12035, 12036, 12040, 12052,
12053, 12055, 12057(?), 12065, 12075, 12076.

Ilmenite Basalts: 12022, 12031, 12039, 12045, 12046, 12047, 12051, 12056,
12057(?), 12062, 12063, 12064.

Feldspathic Basalts: 12006, 12038.

B. Whole-Rock Chemical Classification - Rhodes e al. (1977)*

Olivine Basalts: 12002, 12004, 12006, 12009, 12012, 12014, (12015),
12018, 12020, 12035, 12040, 12075, 12076.

Pigeonite Basalts: 12007, 12011, 12017, 12021, 12039, 12043, 12052,
12053, 12055, 12064, 12065.

Ilmenite Basalts: 12005, 12008, 12016, 12022, 12036(?), 12045, 12047,
12051, 12054, 12056, 12063.

Feldspathic Basalts: 12031(?), 12038, 12072@.

C. Whole-Rock Chemical Classification - This Study*

Olivine Basalts: 12002, 12004, 12006, 12009, 12012, 12014, 12015, 12018,
12020, 12035, 12036, 12040, 12072, 12075, 12076, 12077.

Pigeonite Basalts: 12007, 12011, 12017, 12019, 12021, 12031, 12039,
12043, 12052, 12053, 12055, 12065.

Ilmenite Basalts: 12005, 12008, 12016, 12022, 12045, 12046, 12047, 12051,
12054, 12056, 12061, 12062, 12063, 12064.

Feldspathic Basalt: 12038.

* = o analysis of 12057 available .
@ = 12072 designated a feldspathic basalt by Beaty et al (1979) and is
included here for completeness.
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representing the corresponding  co-magmatic evolved liquid
compositions. These authors also stated that the within group
variations exhibited by these basalts are a result of olivine + minor
Cr-spinel fractionation (with pigeonite replacing olivine in the
pigeonite basalts) in flows up to 40 m thick, with the parental
compositions for each basaltic type represented by the vitrophyres.

In a study of the olivine basalts, Walker et al. (1976a,b) studied
the cumulate nature of the olivine basalts and the relative cooling
rates exhibited by 12002. These authors noted that samples of the
Apollo 12 olivine basalt suite exhibited a strong positive
correlation of grain size with normative olivine content. This
correlation was interpreted as resulting from settling of olivine in
the basal portion of a cooling unit up to 30 m thick, thus identifying
many of the olivine basalts as olivine cumulates.

The pigeonite suite is comprised of porphyritic basalts with a
fine-grained groundmass and range continuously to coarse-grained
microgabbros, with ophitic to graphic textures (Baldridge et al.,
1979). Although it was generally recognized that the pigeonite
basalts were derived from the olivine basalts by crystal
fractionation (James and Wright, 1972; Rhodes et al., 1977), and
Baldridge et al. (1979) stated that while the petrochemical and
textural variations within the pigeonite suite are consistent with a
co-magmatic origin with the olivine basalts, the compositional gap
between these groups (Fig. 1) is difficult to reconcile with such a
model. Eventually, Baldridge et al. (1979) concluded that these
two basaltic groups were probably not co-magmatic on the basis of
normative olivine differences between the finest-grained (parental)
pigeonite (12011) and olivine (12015) basalts.

The ilmenite basalts exhibit a range of compositions which
exceeds that defined by both the olivine and pigeonite basalts (Fig.
1). Dungan and Brown (1977) observed three textural categories of
the Apollo 12 ilmenite basalts: (1) olivine porphyritic basalts; (2)
medium-grained basalts with evolved compositions; and (3) coarse-
grained olivine cumulates. These authors used vitrophyre 12008 as
parental in their modelling of the ilmenite basalt compositions and
concluded that most of the chemical variation within this suite can
be accounted for by fractionation of olivine, equivalent to that in
this vitrophyre. The range of compositions represents both crystal
cumulate and evolved liquid compositions.
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FIG. 1. Whole-rock compositions of Apollo 12 mare basalts represented on a
TiOy (wt%) vs. Al;03 (wt%) plot. Only old data have been plotted (see text for
data sources). Note that the ilmenite basalts span the range of the olivine and
pigeonite suites and, also, note the compositional gap between the olivine and
pigeonite variants.
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Only three basalts (12031, 12038, and 12072) were assigned to v

the feldspathic suite (e.g., James and Wright, 1972; Beaty et al.,
1979). Beaty et al. (1979) argued for the presence of two types of
feldspathic basalts on the basis of mineralogy, petrography, and
whole-rock chemistry, with each group requiring a distinct source
region. These authors concluded that 12031 could be derived from
12072 through fractionation of Cr-spinel, olivine, and pigeonite,
which are the minerals forming the observed phenocryst
assemblage. On the basis of Sr isotope compositions, Nyquist et al.
(1979) demonstrated that 12031 was in fact a pigeonite basalt
enriched in modal plagioclase. However, Beaty et al. (1979)
insisted that bulk composition considerations indicate that none of
the three feldspathic basalts (12031, 12038, and 12072) could have
been derived by crystal fractionation fromn the Apollo 12 olivine,
pigeonite, or ilmenite basalts. Isotopic evidence (Nyquist et al.,
1981) demonstrates that 12038 is clearly distinct from 12031, as
well as from the olivine, pigeonite, and ilmenite basalts, consistent
with the observations of Beaty ef al. (1979).

This paper forms Part 1 of a two-part contribution and reports
the petrography, mineral and whole-rock chemistry of five
previously unanalyzed basalts (12019, 12046, 12061, 12062,
12077) and the modal mineralogy of all Apollo 12 mare basalts, in
order to test the previous classifications. Also analyzed was basalt

. 12072, and we report the first whole-rock analysis of this sample,

as the previous whole-rock major-element composition was a modal
reconstruction (Beaty et al., 1979). Furthermore, eight previously
analyzed Apollo 12 mare basalts (12006, 12012, 12015, 12016,
12017, 12040, 12054, and 12076) were re-analyzed, primarily to
obtain a full complement of trace-element data. These data are
used to evaluate sample heterogeneity and to test previous
petrogenetic models for the Apollo 12 mare basalts. The second
part of this two-part contribution quantifies the petrogenesis of the
Apollo 12 mare basalts, utilizing these new data and the
conclusions of this paper (Neal et al., 1994).

PETROGRAPHY AND MINERAL CHEMISTRY

The five "new" Apollo 12 mare basalt samples reported here
have been classified using the petrographic and whole-rock
chemical criteria developed by James and Wright (1972) and
Rhodes et al. (1977). Sample 12019 is a pigeonite basalt, samples
12046, 12061, and 12062 are ilmenite basalts, and 12077 is an -
olivine basalt.

Detailed petrography and modal analyses (using a Swift point
counter and a count population of 2500/ sample) were undertaken
on these five previously unanalyzed Apollo 12 mare basalts, as well
as 12072. The petrography of the six thin sections we wish to
highlight is presented in Fig. 2 (a—f) and the Appendix. Generally,
these six samples are fine- to medium-grained basalts which
exhibit sub-ophitic to ophitic and variolitic textures. Phenocrysts
of olivine and pyroxene are dominant, although no olivine is
present in 12062,12, and microphenocrysts of chromite are present
in 12072,3.

The mineral chemistry of each of the six samples is also
summarized in the Appendix, and the pyroxeme chemistry is
highlighted in Fig. 3. Generally, the pyroxene phenocrysts are
pigeonitic with zoning to subcalcic augite, whereas the groundmass
pyroxenes generally trend to more Fe-rich compositions. Small
rinds (< 0.1 mm wide) of Fe-rich pyroxene are occasionally found
on phenocrysts. Pyroxene compositions either trend toward Ca-rich
and then Fe-rich compositions (12019,5; 12046,6; and 12072,3) or
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FiG. 2. Photomicrographs of the Apollo 12 mare basalts. Scale bar in each case represents 0.5 mm. (a) 12019,5-Pigeonite basalt containing pyroxene phenocrysts
set in a ophitic to variolitic groundmass; (b) 12046,6-Ilmenite basalt with ophitic to sub-ophitic texture; (c) 120061,6-Ilmenite basalt with ophitic to sub-ophitic
texture; (d) 12062,12—Thmenite basalt with sub-ophitic texture; (e) 12072,3-Olivine basalt with large olivine phenocrysts set is a variolitic to plagioclase poikilitic
groundmass; (f) 12077,12-Olivine basalt with large olivine phenocrysts sets in a sub-ophitic to variolitic groundmass. :
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exhibit compositions trending from pigeonite to subcalcic augite or
from pigeonite to more Fe-rich compositions (12061,6; 12077,12).
TiO; and Al,O3 contents increase and then decrease from core-to-
rim in pyroxenes from 12019,5, 12046,6, and 12072,3, whereas in
12061,6 and 12077,12 Al,O3; and TiO, exhibit a core-to-rim
increase. A core-to-rim decrease in all cases is exhibited by Cr;0s.
These relations are probably controlled by plagioclase, ulvéspinel,
and chromite crystallization (e.g., Bence and Papike, 1972).
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FIG. 3. Pyroxene quadrilaterals for four of the five previously unanalyzed
Apollo 12 mare basalis and 12072. Only four of the new basalts are
represented, as the thin section for 12062 contained a thin section.
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Where present, olivine exhibits zonation from relatively Fo-rich
cores towards more Fa-rich rims. This is especially pronounced
where -olivine forms the cores to pyroxenes. Plagioclase also
exhibits core-to-rim zonation in each basalt analyzed, becoming
slightly more Ab- and FeO-rich with a parallel decrease in An
contents. Ilmenite exhibits no core-to-rim zonation, containing < 2
wit% MgO, but with slight variation between grains. Likewise,
ulvospinel contains < 2 wt% MgO (except in 12077,12 where it

contains up to 11 wit% MgO), but does exhibit zonation toward

Mg-poor, Ti-rich compositions. Finally, chromites within these
basalts exhibit variable compositions, zoning toward ulvéspinel
compositions.

The analyzed FeNi metal grains of the five basalts studied
petrographically contain high Co contents (1.0-2.6 wit%) for a
given Ni concentration (1.2-8.2 wt%), typical of Apollo 12 basalts
(Goldstein and Yackowitz, 1971) (Fig. 4).

CLASSIFICATION

The modes of all Apollo 12 mare basalt samples have been
determined using a Swift point counter; results are presented in
Table 2 and correspond to a population of 2500 counts/sample.
This was conducted in order to demonstrate the convenient
groupings of these samples on the basis of modal mineralogy.
Broad correlations between the modes and basaltic type can be seen
from Table 2. For example, the broad petrographic subdivisions of
olivine, pigeonite, and ilmenite basalts are apparent (pigeonite
basalts are olivine-poor and olivine basalts are olivine-rich,
whereas the ilmenite basalts are relatively enriched in ilmenite).
However, the modal pyroxene abundances overlap in the olivine
and pigeonite basalts, as do the modal ilmenite abundances in the
ilmenite suite with those from both the pigeonite and olivine
subdivisions. Furthermore, the feldspathic basalts are not overly
distinguished by plagioclase contents, at least not from the thin
sections we analyzed. We conclude that while generalities can be
made using modal data, such data are not sufficient to allow a
classification of Apollo 12 mare basalts, even though the number of
analyzed samples has grown. This observation is why we favor a
classification based upon whole-rock chemistry, similar to that of
Rhodes et al. (1977) (Table 1B), but using different parameters,
resulting in the classification given in Table 1C.
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FIG. 4. The Fe,Ni metal compositions from four of the five new Apollo 12 mare
basalts + 12072 containing elevated Co abundances relative to other Apollo 12
mare basalts (Goldstein and Yakowitz, 1971).
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We propose a classification for the Apollo 12 basalts based
upon Mg# [molar Mg/(Mg+Fe)*100] and Rb/Sr ratio (Fig. 5; Table
1C). Olivine basalts contain a Mg# greater than 46 and a Rb/Sr
ratio greater than 0.008; pigeonite basalts contain a Mg# lower than
46 but a Rb/Sr ratio greater than 0.008; and ilmenite basalts have a
Mg# which spans both the olivine and pigeonite suites but a Rb/Sr
ratio less than 0.008 (Fig. 5). These parameters were chosen
because: (1) they conveniently split the basalts into the olivine,
pigeonite, and ilmenite divisions; (2) allow an idea of magmatic
evolution (Mg#); and (3) represent a possible gauge of source
composition and/or degree of partial melting (Rb/Sr; see the
companion paper, Neal et al., 1994). Note that only basalts which
have had Rb and Sr abundances determined by isotope dilution
have been plotted, resulting in the omission of several Apollo 12
basalts from this diagram. These can be classified according to
other chemical similarities with basalts included in Fig. 5. This

proposed classification does not readily separate the feldspathic
basalts (on the basis of Mg# and Rb/Sr ratio, the feldspathic basalts
overlap with the ilmenite basalts). However, as we will
demonstrate, the feldspathic group is in reality comprised of only
one sample, 12038.

WHOLE-ROCK CHEMISTRY

Splits of 14 Apollo 12 mare basalts were analyzed by INAA
techniques at Oregon State University. The analytical procedure
used is similar to that for which details have been documented by
Hughes et al. (1989). As noted earlier, five previously unanalyzed
basalts (12019, 12046, 12061, 12062, 12077) were targeted by our
study, as well as eight basalts which had only partial analyses
conducted upon them (12006, 12012, 12015, 12016, 12017, 12040,
12054, 12076). Beaty et al. (1979) reported a whole-rock major-
element composition of 12072 calculated by modal reconstruction,

TABLE 2. Modal mineralogy of the Apollo 12 mare basalts. Classification as in Table 1C.

Sample No. Olivine  Undiff. Px Plag. SiO; Glass/Meso. Ilm Usp Chr Tr FeNi Undiff. Opgs.
Olivine Basalts

12002 222 41.1 279 0.0 2.3 09 1.8 2.3 0.2 1.3
12004 17.8 43.4 30.5 0.0 1.8 1.4 1.7 2.0 0.3 1.0
12006 22.6 28.7 43.4 0.0 0.5 1.1 1.2 22 0.1 0.2,
12009 48.8 0.0 0.1 0.0 -47.2 1.2 0.3 19 0.0 0.5
12012 21.6 53.5 19.0 0.2 1.6 1.9 0.6 0.7 0.4 0.5
12014 24.8 46.7 245 0.0 2.6 0.6 0.2 0.5 0.0 0.1
12015 62.3 0.0 0.0 0.0 33.7 0.0 0.4 2.8 0.4 0.4
12018 22.6 60.1 10.9 0.4 2.5 0.5 0.7 1.3 0.3 0.7
12020 19.0 51.2 259 0.0 0.5 0.2 0.7 2.0 0.1 0.4
12035 214 51.1 243 0.0 0.6 0.1 0.2 2.1 0.1 0.1
12036* 24.0 58.0 12.0 0.0 0.0 - - - - - 5.0
12040 22.7 51.5 21.6 0.1 03 23 0.0 1.2 0.2 0.0
12072 5.7 49.0 389 3.1 1.4 1.2 0.0 0.2 0.3 0.1
12075 15.7 57.5 21.7 0.0 1.6 0.6 0.4 23 0.1 0.1
12076 26.2 46.8 144 0.1 37 4.0 1.0 3.0 0.4 0.4
12077# 16.6 61.7 19.3 0.0 0.7 0.4 0.0 11 0.1 0.1
Pigeonite Basalts

12007 0.0 48.2 39.8 7.3 0.4 4.0 0.1 0.0 0.2 0.0
12011 7.6 52.9 30.6 3.4 1.4 29 0.1 0.5 0.5 0.1
12017 4.0 61.2 25.0 0.5 6.3 1.5 0.3 0.7 0.4 0.1
12019# 2.5 58.3 31.9 2.8 03 3.7 0.1 0.2 0.1 0.1
12021 1.0 713 25.5 0.2 0.0 1.2 0.0 0.5 0.1 0.2
12031 0.0 49.2 40.2 49 0.9 3.9 0.1 0.0 0.7 0.1
12039 0.0 55.0 39.5 0.5 0.5 2.8 0.1 1.4 0.1 0.1
12043 0.9 57.7 329 3.7 0.8 3.5 0.1 0.1 0.2 0.0
12052 1.0 57.9 317 0.0 3.0 3.5 0.4 21 0.3 0.1
12053 0.0 67.1 21.1 0.2 4.6 3.9 0.3 1.3 1.1 0.4
12055 1.0 582 33.8 0.4 14 0.4 0.6 2.7 14 0.1
12065 0.3 68.6 24.9 0.5 2.1 1.6 0.6 1.0 0.2 0.2
Ilmenite Basalts

12005 30.0 56.5 11.0 0.0 0.1 19 0.5 0.0 0.0 0.0
12008 382 20.4 2.0 0.0 339 47 0.0 0.6 0.0 0.2
12016 12.0 52.1 29.1 0.0 0.6 4.8 1.6 0.0 0.0 0.0
12022 19.5 56.0 12.2 0.2 23 6.3 0.7 2.1 0.3 0.4
12045* 8.8 57.0 20.6 0.6 5.7 - - - - - 73
12046# 0.8 60.1 29.9 11 2.1 3.4 1.0 1.0 0.4 0.2
12047 0.0 48.4 38.0 53 2.0 53 1.0 0.0 0.0 0.0
12051 0.0 60.4 30.7 03 12 5.3 0.3 1.1 03 0.4
12054 10.8 62.1 279 0.1 1.9 52 0.5 1.9 03 0.1
12056 10.8 49.2 28.8 0.8 2.5 6.8 1.6 0.0 0.0 0.0
12061# 0.2 64.6 24.8 0.5 2.5 42 0.9 19 0.2 0.2
12062# 0.0 57.0 322 1.4 3.5 0.3 1.6 3.6 - 02 0.2
12063 2.8 64.6 21.6 0.1 2.5 4.6 1.5 1.9 0.3 0.1
12064 0.0 55.4 39.1 0.0 0.9 3.9 0.0 0.6 0.1 0.0
Feldspathic Basalt

12038 0.1 48.8 43.8 2.7 0.7 3.5 0.1 0.1 0.1 0.1

Undiff. Px. = Undifferentiated Pyroxenes; Plag. = Plagioclase; Meso = Mesostasis; 1lm = Ilmenite; Usp = Ulvéspinel;, Chr = Chronﬂté; Tr = Troilite; FeNi = FeNi

Metal; Undiff, Opgs = Undifferentiated Opaques; # = "New" Apollo 12 mare basalt; * = cover slip on thin section.



Basalt generation at the Apollo 12 site, Part 1

70 T T T T
- Olivine
Ilmenite Basalts
—_ Basalts A
’a 60 J
®

+ ¢ &%
&n ':o

50 A N
50 .
= 1033 A 12031 [ | =
= 40 A | 4
* -

Feld

= %assgft[shlc A A L | Pigeonite
2 | Basalts

30 " Il 1 " N 1 L "

0.002 0.004 0.006 0.008 0.010 0.012 0.014

Rb/Sr
FiG. 5. Classification of Apollo 12 mare basalt on the basis of molar

100*(Mg/(Mg-+Fe)) vs. Rb/Sr ratio. All Rb and Sr data are by isotope dilution
(Nyquist et al., 1977, 1979, 1981; Murthy et al., 1971; Papanastassiou and
Wasserburg, 1970, 1971).

but until this study (analysis of 12072,8), no actual analysis of this
sample had been conducted. With these new analyses (Table 3),
we have obtained a full complement of trace-element data in order
to evaluate previous petrogenetic models for the Apollo 12 mare
basalts.

"New" Apollo 12 Basalts (12019, 12046, 12061, 12062, 12077)

The five "new" Apollo 12 mare basalts are somewhat variable
in composition (Table 3), consistent with our earlier designation of
these into the ilmerite (12046, 12061, 12062), olivine (12077), and
pigeonite (12019) basalt suites. The variation in major elements
practically spans the range defined by previously analyzed Apollo
12 mare basalts. The Mg# exhibits a range of 39.2 (12046,17) to
56.9 (12077,1). Using the general mare basalt classification
proposed by Neal and Taylor (1992), these new samples are part of
the Low-Ti/Low-Al/Low-K suite: TiO; contents are below 6 wt%
(2.6-5.0 wt%), Al,O3 contents are below 11 wt% (7.7-10.5 wt%),
and K,0O contents are well below 2000 ppm (415-523 ppm) (Table
3). The compatible trace elements show moderate variation,
especially in Cr (2006-5056 ppm), but the high field-strength
elements (Hf, Th, Ta) have similar abundances (2.5-3.9 ppm,
0.56-0.79 ppm, and 0.45-0.56 ppm, respectively, Table 3). The
rare-earth-element (REE) profiles are generally LREE-depleted
[(La/Sm)y = 0.62-0.90], although the LREE profiles of 12019,13
[(La/Sm)y = 0.90] and 12077,1 [(La/Sm)y = 0.89] appear to be flat
in Fig. 6. All samples have negative Eu anomalies [(Sm/Eu)N =
1.49-1.80] and exhibit a slight decrease in abundance (relative to
chondrites) from Tb to Lu (Fig. 6).

~ Analyses of 12006, 12012, 12015, 12016, 12017, 12040,
12054, 12072 and 12076.

Original analyses of these samples have been reported by
Compston et al. (1971), Scoon (1971), Rhodes et al. (1977), and
Nyquist et al. (1979). The new analyses were conducted to obtain
a full complement of trace-element data, as well as being a check
on whether the reported data are representative of whole-rock
compositions. Our new analyses are similar (within the analytical
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FIG. 6. Chondrite-normalized rare-earth-element (REE) profiles of the five new
Apollo 12 mare basalts. The Gd data are projected from Yb through Tb.

uncertainties) to those previously published (Table 3 and Fig. 7)
with the following exceptions:

12006,16 (Rhodes et al., 1977) contains lower K50, Sc, Sr, Ba,
Hf, and REE abundances than ,5 (this study) (Fig. 7a), although
both are LREE-enriched and possess negative Eu anomalies
[(Sm/Eu)y = 1.99 and 1.52, respectively]. The TiO,, Al,O3, CaO,
and NaO contents are slightly higher in our new analysis
(12006,5) and MgO, Cr, and Co contents are slightly lower.

12016,25 (this study) contains higher MgO, Al,O;, and Nj,
with lower K;0, Sr, Hf, and REE abundances than ,9 (Rhodes et
al., 1977). The REE profiles are parallel (Fig. 7d), but the abun-
dance difference is probably due to the more primitive/cumulate
nature of the new analysis (higher olivine contents, Dungan and
Brown, 1977), witnessed by increased MgO and Ni (Table 3).

12054,61 (this study) contains higher MgO and lower CaO
abundances than the analysis of 12054,62 (Rhodes et al., 1977).
This may be explained by variations in olivine and plagioclase in
the two samples analyzed.

12072,8 (this study) represents the first whole-rock analysis of
this sample. The major-element abundances are totally dissimilar
to the modally reconstructed analysis of Beaty et al. (1979) (Table
3). The REE profile is similar to other Apollo 12 Low-Ti/Low-
Al/Low-K basalts (Fig. 7f).

DISCUSSION

Sample Heterogeneity

While the new and duplicate analyses have undoubtedly
expanded the Apollo 12 data base, they have highlighted problems
of sampling errors which must be addressed before any
petrogenetic interpretation can occur. To conserve lunar samples,
many principal investigators were allocated <0.2 g aliquants of
Apollo 11 and Apollo 12 mare basalts, thereby resulting in
sampling errors which were not appreciated during the early Apollo
research activities. Three criteria are used to identify sample
heterogeneity: (1) Inhomogeneous mineral distribution as seen in
thin section, (2) Discrepancies between several whole-rock
analyses; and (3) Inconsistencies in plotting averaged data on
fractionation trends using several compositional criteria.

Petrographic Heterogeneity-We have identified hetero-
geneity in the distribution of plagioclase and/or ilmenite and/or
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olivine in thin sections of 12005, 12006, 12016, 12036, 12054, and
12072. The general textures of the heterogeneous samples are:
12005, 12006, 12016, 12036, and 12054 = medium- to coarse-
grained sub-ophitic to ophitic with inhomogeneous olivine,
plagioclase, and/or ilmenite/ulvospinel distribution; 12072 = fine-
to medium-grained variolitic with inhomogeneous olivine (as
phenocrysts), plagioclase, and ilmenite distribution. Neal et al.
(1992a,b) erroneously reported that 12015 was heterogeneous,
suggesting that vitrophyres could not be used as prospective
parents. This is corrected here as the new analysis of 12015 is
reported as approximately the same as that reported by Rhodes et
al. (1977) (Fig. 7c).

Chemical Heterogeneity—Another approach which identifies
unrepresentative whole-rock analyses is to use the variation in
several whole-rock analyses of a given basalt, if the sample has
been analyzed more than once. The criterion we used to designate
representative from unrepresentative was that variation between
individual analyses for a given basalt did not exceed the variation
exhibited by the suite in which the basalt was classified (this being
the coherent field represented by averaged data). Although
petrographic heterogeneity was noted in 12005, 12036, and 12072,
only one analysis each has been reported. We will assume that
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these single analyses are representative of the wholerock
composition, although until duplicate analyses have been
conducted, petrogenetic interpretation using these samples must
proceed with caution.

In addition to those basalts exhibiting mineralogical
heterogeneity noted above, variations between duplicate analyses of
12002, 12006, 12016, 12021, 12052, 12054, and 12063 were
noted. In order to demonstrate the nature of such heterogeneity,
duplicate analyses of 12002, 12052, and 12063 are plotted in Fig. 8
(a—c), where major- and trace-element data have been normalized
to a Bulk Moon composition (Taylor, 1982, 1993). A linear scale
is used to exaggerate the similarities or differences in composition
between the various analyses. Generally, major-element
compositions are similar, except for TiO, contents, consistent with
heterogeneous ilmenite/ulvospinel distribution within this basalt.
However, the greatest variation is in the incompatible trace-
element abundances, especially K and the REE. This variation can
be accounted for by incorporating various proportions of
incompatible-element-rich mesostasis (¢f., Lindstrom and Haskin,
1978, 1981; Haskin and Korotev, 1977). Such discrepancies can be
semi-quantified by assuming a KREEP basalt composition for the
mesostasis and calculating how much is to be added to the analysis

TABLE 3. Whole-rock chemistry of Apollo 12 basalts analyzed during this study. Comparisons are made with previously reported analyses of the same basalt where

applicable.

NEW 1 NEW 1 NEW 1 2 NEW 1 NEW 1 NEW NEW 3
12006 12006 12012 12012 12015 12015 12015 12016 12016 12017 12017 12019 12040 12040
,5 ,16 23 ,18 23 ,9-11 ;23 225 9 ,50 ,36 ,13* ,187
wt (g) 0.238 0.0604 0.548 0.666 0.561 0.670  0.654
Si.Oz (Wt%) 44.23 44.17 44.98 42.78 47.27 44.08
TiO2 3.2 2.59 2.7 2.64 2.9 2.86 3.5 4.02 33 3.37 3.0 2.6 241
AlO3 10.6 7.67 8.1 7.71 8.7 8.57 8.2 7.23 9.6 10.0 9.6 7.8 7.18
FeO 20.8 2094 214 20.69  20.5 20.18 222 22.64 201 19.72 2061 209 21.27
MnO 0258 029 0262 030 0.269 029 0252 030 0271 029 0252 0.255 028
MgO 12.8 1467 160 1437 123 11.88 15.1 12.65 8.7 7.63 9.2 17.1 16.21
CaO 9.8 8.13 8.0 8.47 89 9.21 8.2 842 101 10.97 9.1 6.9 8.1
NayO 0.409 0.20 0207 021 0239 0.23 0258 0.22 0267 0.27 0253 0.199 0.19
K0 0.075  0.05 0.052 0.06 0.06 0.06 0.049  0.06 0071  0.09 0.053 0.039 0.04
Sc (ppm) 472 401 44.0 41.9 48.4 46.1 49.0 49.4 53.9 52.8 53.0 42.6
v 172 186 186 153 183 177 166 153
Cr 3890 6250 4260 4780 4250 4653 3790 3950 3510 3550 3670 4140 3760
Co 45.2 60 577 56 47.8 51 54.3 54 38.8 32 41.5 59.5 52
Ni 70 110 43 60 62 50 78 25 38 30 101 40
Sr 104 89 143 89 84 94 102 85 126 103 118 130 94 80.6
Ba 117 56 104 56 65 61 63.7 - 59 95 75 71 54 40
La 9.0 53 6.2 6.23 43 7.0 6.7 43
Ce 263 157 15.3 13.8 16.0 16.3 16.8 12.7 16.2 234 19.1 13.5
Nd 19.6 10.8 14.4 12.8 7.0 13.2 12.9 8.8
Sm 57 377 3.6 4.02 43 431 432 4.1 5.5 4.8 5.1 4.6 3.1
g:l 142 072 0.8 0.76 0.98 0.81 091 1.04 1.06 1.00 1.01 0.79
5.86

Tb 135 1.02 0.86 1.17 1.16 1.05 1.13 1.42 1.24 1.20 0.92
Dy 8.1 49 74 7.03 5.5 7.7 7.0 52
Yb 4.1 33 3.0 3.4 3.6 3.7 3.55 3.6 5.0 4.2 44 4.5 29
Lu 0.59 047 0.46 0.47 0.52 0.53 0514 0.53 0.67 0.57 0.66 0.54 0.37
Y 31 33 35 45 22
Zr 97 99 110 117 5.7
Nb 6.4 6.6 6.6 6.1 ‘ 2
Hf 3.8 3.0 2.6 34 33 3.5 3.0 6.3 34 32 24
Ta 0.56 0.37 0.38 0.26 0.48 0.56 0.30
Th 0.74 0.67 0.74 0.47 0.87 0.79 0.47

* = "New" Apollo 12 Basalts; 1 = Rhodes et al. (1977); 2 = Nyquist et al. (1979); 3 = Compston et al. (1971); 4 = Scoon (1971); 5 = Beaty et al. (1979).
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with the least abundant incompatible trace elements in order to
generate that with the most. Mass balance calculations were
undertaken using KREEP basalt 15386 (Vaniman and Papike,
1980) as representative of the mesostasis material in mare basalts.
Results indicate that the discrepancies between the analyses of the
basalts depicted in Fig. 8 are accounted for by incorpor-
ation/omission of 1-5% KREEP-like mesostasis material. This
produces variations in the incompatible trace elements, but not the
compatible trace and major elements. Variations that do occur in
major-element oxide abundances can generally be accounted for by
heterogeneous mineral distribution within the sample. Also plotted
is an example of sample homogeneity, where six analyses of 12075
exhibit little variation (Fig. 8d).

Plotting Consistency-While a certain basalt may display
heterogeneity between duplicate analyses, the average of these data
may still fall upon a fractionation trend (i.e., the average of all the
disparate analyses gives a "representative” whole-rock compo-
sition). Therefore, in conjunction with the use of duplicate
analyses, we have also evaluated whether a sample, represented as
an average of duplicate analyses, where possible, plots consistently
on an apparent fractionation trend using a number of different
compositional parameters. If averages of the basalts exhibiting

TABLE 3: Continued.
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heterogeneity between duplicate analyses plot consistently on their
respective fractionation trends, they were cautiously included in
this evaluation of Apollo 12 mare basalt petrogenesis. Basalts
which have only one analysis reported have also been evaluated
with respect to plotting consistency. This approach allows each
basalt to be represented as a single data point and has identified
four basalt whole-rock compositions which appear to be
inhomogeneous: 12005, an ilmenite basalt, 12006 and 12036,
olivine basalts; and 12031, a feldspathic basalt.

This study of sample heterogeneity suggests that although
petrographic heterogeneity is observed, reported whole-rock
analyses maybe be similar (and vice versa). Furthermore, while
different whole-rock analyses exhibit variations, averaged data can
be representative of the whole-rock composition. Using the criteria
outlined above, analyses of four basalts are considered
unrepresentative of whole-rock composition—12005, 12006, 12031,
and 12036.

The Feldspathic Basalts

The inclusion of 12031 in the feldspathic suite was seriously
undermined by the work of Nyquist et al. (1979). On the basis of
initial Sr ratios, Nyquist et al. (1979) concluded that 12031 was in

4 NEW  NEW 1 NEW NEW NEW 5 NEW 1 NEW Uncertainties#
12040 12046 12054 12054 12061 12062 12072 12072 12076 12076 12077 (%)
.36 ,17* ,61 ,62 3* ,22% ,8 42 ,18 ,10%
wt (g) 0.547 0.694 0560 0617 0.618 0.561 0.620
Si0 (wt%) 43.89 45.86 48.14 44.87
TiO, 2.74 4.6 4.7 4.63 49 4.6 3.0 1.81 28 2.76 2.5 10-30
AlyO3 741 105 10.1 10.5 8.8 10.3 8.5 11.64 8.5 8.1 7.7 <5
FeO 20.83 202 20.2 19.51 219 20.7 213 1746 212 20.66 21.2 <2
MnO 0.26 0259 0262 029 0274 0266 0262 025 0.257 0.30 0.267 <2
MgO 16.1 73 77 676 11.6 8.1 13.3 857 146 12.26 15.7 5-15
CaO 7.87 106 10.0 11.93 9.1 9.9 8.7 11.38 9.0 9.03 77 5-10
Na0 0.20 0293 0294 031 0276 0297 0227 037 0.222 0.21 0.202 <2
K0 0.04 0.063 0.062 0.07 0.057 0.060 0059 0.04 0.056 0.06 0.050 10-30
Sc (ppm) 60.2 64.3 64 60.8 59.1 47.1 472 46.4 41.4 <2
v 138 144 158 140 165 167 197 10-20
Cr 2010 2150 2300 3210 2120 3760 4130 4640 5050 <5
Co 31.0 33.7 31 45.8 327 50.5 54.0 54 59.5 <5
Ni e 31 48 - 54 73 125 5-25
Sr 158 111 162 149 180 —— 94 94 - 10-20
Ba 72 76 64 - 69 56 70 59 e 10-25
La 6.2 6.3 5.2 6.9 6.2 59 5.5 <5
Ce 193 18.7 18.8 15.1 20.2 17.7 17.5 15.1 2-15
Nd 15.8 16.0 13.4 14.6 11.6 11.4 9.0 5-15
Sm 5.2 55 6.0 5.2 5.8 42 4.0 4.03 3.8 <5
El:] 1.32 1.4 1.27 1.25 1.36 0.96 0.92 0.80 2-10
G
Tb 1.70 1.48 1.85 1.35 1.34 1.07 1.08 093 5-15
Dy 8.8 9.4 8.1 88 6.6 7.0 58 5-10
Yb 4.7 49 5.8 4.7 5.0 3.6 33 3.4 32 2-10
Lu 0.70 0.75 0.78 0.69 0.70 0.50 0.49 ~0.51 0.46 2-10
Y 51
Zr 128
Nb 6.3
Hf 3.7 4.1 4.8 3.6 39 3.0 3.2 2.5 2-10
Ta 0.49 0.40 0.49 0.45 0.43 0.53 045 5-10
Th 0.67 0.61 0.56 0.77 0.77 0.90 0.65 2-10

* = "New" Apollo 12 Basalts;, # = for the uncertainty ranges, the larger numbers correspond to the uncertainties attached to the NEW 12012,23 values for a small

sample mass.
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fact a plagioclase-rich pigeonite basalt. Furthermore, on the basis
of Rb/Sr ratio and Mg#, 12031 falls within the ilmenite suite (Fig.
5) and also falls off the pigeonite trend in Fig. 9ab, consistent with
our conclusion that the reported whole-rock analysis is not
representative of the bulk composition.

The inclusion of 12072 in the feldspathic suite is negated by
our analysis of 12072,8. In Fig. 9a,b, the new analysis of 12072
moves it into the olivine basalt field. As the original major-
element composition reported by Beaty et al. (1979) was a modal
reconstruction, we strongly suggest reclassification of this sample
as part of the Apollo 12 olivine suite. Therefore, we use only our
INAA data for 12072,8 when representing this sample. This
reclassification of 12072 as an olivine basalt reduces the population
of the feldspathic "suite" to only one member, 12038. Nyquist et
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FiG. 7. Chondrite-normalized REE profiles comparing our new data with that previously published
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Gd data are projected from Yb through Tb.
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al. (1981) reported the unique isotopic signature of this basalt
which may show either that 12038: (1) represents an exotic sample
placed at the Apollo 12 site as part of impact ejecta; or (2) is the
only returned sample of the feldspathic suite, with feldspathic
basalt flow(s) present in the Ocean of Storms.

The Olivine and Pigeonite Basalts

The original petrogenetic model describing the olivine and
pigeonite basalt suites as being co-magmatic is investigated using
the new data. In some plots, the new pigeonite basalt (12019) falls
within the pigeonite field (Fig. 9a), yet in others, it plots within
the olivine field (Fig. 9b). Is this an intermediate sample?
Furthermore, one of the analyses of the heterogeneous olivine
basalt 12006 plots within the compositional gap between the
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olivine and pigeonite suites (Fig. 9a,b), tending to add support to
the conclusion of James and Wright (1972) that these two suites are
related by crystal fractionation. In order to test this, we have used
vitrophyric samples as parental compositions and generated crystal
fractionation/accumulation paths for the olivine, pigeonite and
ilmenite basalts (Fig. 10a,b). The fractionating assemblage for
each parent was derived from the MAGFOX program of Longhi
(1991). This resulted in the following fractionating sequences:
pigeonite basalts = 0-1% = olivine (100), 1-5% = olivine (80) +
chromite-ulvospinel (20); 5-15% = pigeonite (98) + chromite-
ulvéspinel (2); 15-30% = pigeonite (33) + plagioclase (67);
olivine basalts = 0-1% = Olivine (100), 1-23% = olivine (94) +
chromite-ulvéspinel (6);, 23-30% = pigeonite (100); and ilmenite
basalts = 0-1% = olivine (100); 1-27% = olivine (94) + chromite-
ulvéspinel (6); 28-30% = clinopyroxene (42) + plagioclase (58).
While Longhi (1987) pointed out the limits of this program to
model chromite crystallization, its incorporation here allows a first
approximation. As such, Cr has not been used in petrogenetic
modelling (Neal et al., 1994). The models do not exceed 30%
because the major-element trends defined by each of these three
suites are generated by this amount of crystal fraction-
ation/accumulation (Neal and Taylor, 1993a,b; Neal et al., 1994).
Partition coefficients were taken from the compilation reported by
Snyder et al. (1992).
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The Rb/Sr ratio (all data by isotope dilution) is plotted against
Co/Sm (Fig. 10a) and Sm/Eu (Fig. 10b), with the modelled crystal
fractionation/accumulation paths indicated. It is evident that the
pigeonite basalts cannot be the evolved equivalents of the olivine
basalts, whether the olivine parent or the pigeonite parent is used
(Fig. 10 a,b). Furthermore, neither the olivine or the pigeonite
basalts are related to the ilmenite basalt suite by crystal
fractionation/accumulation. In Fig. 10b, the model paths are
shorter for the ilmenite basalts because plagioclase is required as a
fractionating phase in order to alter Sm/Eu and Rb/Sr ratios. For
the ilmenite basalt parent, plagioclase only becomes a liquidus
phase after 27% crystallization. For the olivine basalt parent,
plagioclase is not a liquidus phase, so Rb/Sr and Sm/Eu ratios do
not change. Therefore, the model crystal fraction-
ation/accumulation paths plot directly on top of the parental
composition.

We conclude that: (1) short-range unmixing is not responsible
for the compositional variations observed in the Apollo 12 mare
basalt suites; and (2) the Apollo 12 olivine and pigeonite basalts
are not related, each being derived from a separate and distinct

source region.
SUMMARY

This study of Apollo 12. mare basalts has produced the
following conclusions. (1) Five "new" samples of Apollo 12 mare
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FIG. 8. Bulk Moon normalized major- and trace-element plots for basalis exhibiting petrographic and/or chemical heterogeneity (12002, 12052, 12063; a through
¢) and an example of chemical homogeneity (12075; d). A linear scale is used in order to exaggerate the similarities or differences between different whole-rock

analyses of the same basalt. Data from Brunfelt et al. (1971); Hubbard and Gast (1971), Taylor et al. (1971);
Kharka and Turekian (1971); Compston et al. (1971), Wakita and Schmitt (1971); Cuttitta et al. (1971); Haskin et al., 1971),

values from Taylor (1982, 1993).

Willis et al. (1971); Schnetzler and Philpotts (1971);
Engel et al. (1971). Normalizing
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FiG. 9. Whole-rock compositions of Apollo 12 mare basalts incorporating the
new data reported here on plots of: (a) TiO7 (Wt%) vs. AlyO3 (wi%), and (b)
TiO, (wt%) vs. CaO (wi%). Note the variation in 12072 and 12006 and where
12019 plots in each diagram.

basalts are made up of three ilmenite basalts, one olivine basalt,
and one pigeonite basalt. (2) The classification of Apollo 12 mare
basalts on the basis of modal mineralogy cannot be used to readily
distinguish between all Apollo 12 basalts from the current data
base. We propose that a whole-rock chemical classification of Meg#
vs. Rb/Sr be used. (3) A study of sample heterogeneity (both
petrographic and chemical) has highlighted basalts 12005, 12006,
12031, and 12036 as having whole-rock analyses which are not
representative of their bulk composition. (4) Original feldspathic
basalt 12072 is reclassified as part of the olivine suite with the
feldspathic suite represented by only one sample, 12038. (5) The
compositional ranges observed in each of the Apollo 12 mare basalt
suites is not generated by addition/subtraction (filter-pressing) of a
KREEP-like mesostasis fluid just prior to total solidification. (6)
The pigeonite and olivine suites are not related by crystal
fractionation/accumulation and were derived from distinct and
separate sources.

These conclusions are used in the second part of this two part

contribution to model the petrogenesis of olivine, pigeonite, and
ilmenite suites.
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FIG. 10. The Co/Sm and Sm/Eu ratios plotted against Rb/Sr ratio for all Apollo
12 mare basalts. The Rb/Sr ratio is analyzed by isotope dilution. Super-
imposed on these plots are the crystal fractionation/accumulation paths derived
from the MAGFOX program of Longhi (1991). The model paths each extend
to 30% crystal fractionation/accumulation, in conjunction with major element
modelling (Neal et al, 1994) This figure demonstrates that the olivine and
pigeonite suites are unrelated by crystal fractionation/accumulation.  Vitro-
phyres (parental compositions) within each of the groups are identified.
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APPENDIX
Petrography and Mineral Chemistry Summary
12019,5 (Fig. 2a)
MINERAL MORPHOLOGY RELATIONSHIP SIZE (MM) COMPOSITION SPECIAL FEATURES
Olivine Anhedral/Embayed Corroded Phenos.  <0.7 Cores = Fogg 20 pum rim of oliv. + glass on pheoncrysts and
Cores to Px <0.2 Rims = Fos3 0.1 mm Chromite inclusions
Pyroxenes Subhedral/Anhedral Phenocrysts =<2.0 WogEn3gFsog 20 pm rim of Px + glass on pheocrysts and
Groundmass =0.3 Wo3sEn3gFsg 0.1 mm Chromite inclusions
WojgEnyFsgg
Plagioclase Laths Groundmass <0.6 Cores = Ang].g3Abg.7 Skeletal with rounded glass inclusions
Rims = AnggAn]3
Tridymnite Anhedral/Mesostasis Groundmass =<0.05 - "Crinkled" Texture
Glass Interstitial Groundmass <0.05 $i0; =96-98 wi% Opaque
AlyO3 =0.6-1.2 wt%
FeO =0.6-1.7 wt%
K20 = 0.2 wt%

Ilmenite Subhedral Groundmass <1.0 MgO =0.5 wi% Sawtooth Margins. Contains rounded glass blebs
(<0.02 mm). Poikilitically encloses other
groundmass minerals

Ulvéspinel Anhderal Groundmass <0.2 MgO = 1 wt% Also found as rims on Chromite inclusions
in Oliv. and Px

Mgt = 29-32 : -

Cr/(Cr+Al) = 0.73-0.74
Chromite Euhedral Incluions in Oliv. and Px <0.6 MgO = 6-7 wt% Contain Ulvéspinel rims

Mgt = 29-32

Cr/(Cr+Al) = 73-74
Troilite Anhedral Groundmass <0.05 - Usually associated with ilmenite, occasionally discrete
FeNi Metal Anhedral Groundmass =<0.05 Co=13-1.6 wi% Discrete grains or as blebs in troilite

Ni=1.2-2.9 wt%

12046,6 (F1G. 2b)
MINERAL MORPHOLOGY RELATIONSHIP SIZE (MM) COMPOSITION SPECIAL FEATURES
Olivine Anhedral/Embayed Cores to =0.4 Not Analyzed
Px Phenos.
Pyroxene Subhedral/Embayed Phenocrysts =<2.0 WogEng3Fsag Simple twinning on {100}
Subhedral Groundmass 0.4-0.8 Wo29EnsgFsy3 Groundmass often associated with mesostasis
WoooEnsFs7s
Plagioclase Subhedral Groundmass Laths <15 Cores = Ang|.g3Abg.7 Occasional 0.01 mm glass inclusions
Rims = Ang7.83Ab13.12
Tridymite Anhedral Groundmass =<0.2 -— "Crinkled" Texture
Glass Interstitial Groundmass =<0.2 Si0; = 98-99 wi% Opaque
FeO =0.2-0.4 wt%
AlpO3 =0.5-0.6 wi%
K20 = 0.34 wt%
Ilmenite Subhedral Groundmass <1.6 MgO =0.1-0.6 wt% Chromite-Rutile exsolution. Cross-cuts Px and
occasionally Plagioclase. Contains glass blebs
(=0.15 mm) exhibiting immiscibility textures
and< 0.005 mm FeNi metal

Ulvéspinel Anhedral Groundmass =<0.05 MgO = <0.5 wt% Also as rinds on Chromite

Chromite Subhedral Inclusions in Px phenos. <0.01 MgO =< 2.5 wt%

Troilite Anhedral Groundmass =<0.15 - Associated with ilmenite. Rarely

contains FeNi metal blebs
FeNi Metal Anhedral Groundmass <0.01 Co = 1.0-1.5 wt% Minor interstitial phases

Ni=1.2-2.0 wt%
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12061,6 (Fig. 2¢)
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MINERAL MORPHOLOGY RELATIONSHIP SIZE (MM) COMPOSITION SPECIAL FEATURES
Olivine Anhedral/Embayed Phenocrysts =<0.8 Cores = Fogp.66 Some phenocrysts have 0.001 mm glassy rind
Cores to Px Phenos. =<0.1 Rims = Fo3(.35
Pyroxene Subhedral Phenocrysts =18 Woz4Ens5pFsag Phenocrysts have 0.05 mm rind of interwoven
Anhedral Groundmass =<0.5 Wo3gEng;Fs)9 glass and olivine
Wo32EngFssn
Plagioclase Subhedral Groundmass <1.0long Cores = Angg_g] Ab11.9 Skeletal laths, containing <0.05mm inclusions
Rims = Ang7.ggAb13.12 of Px and glass
Tridymite Anhedral Groundmass =<0.15 - "Crinkled" Texture
Glass Interstitial Groundmass =<0.2 - Immiscibility textures
limenite Subhedral Groundmass <10 MgO =0.3-1.5 wi% <0.05 mm rounded glass inclusions.
Occasional sawtooth margins.
Elongated prisms
Ulvéspinel Subhedral Groundmass =<0.05 MgO =0.3-2.0 wt% Also as rinds on Chromite
Mgit=1-6
Cr/(Cr+Al) = 0.66-0.74
Chromite Anhedral InclusionsinPx  <0.001 — Have Ulvéspinel rinds
Troilite Anhedral Groundmass <0.05 - Contains FeNi Metal blebs.
Occasionally associated with Iimenite.
FeNi Metal Anhedral Groundmass =<0.1 Co=1.2-2.3 wt% Found as blebs in Troilite. Discrete

Ni=1.6-6.4 wt%

grains are rare.

12062,12 (Fig. 2d)

No compositions determined due to cover slip on thin section.

MINERAL MORPHOLOGY RELATIONSHIP SIZE (MM) COMPOSITION SPECIAL FEATURES
Pyroxene Subhedral Groundmass <1.5 e Simple twins on {100}, prismatic crystals
Plagioclase Subhedral Groundmass =<1.2 -
Tridymite Anhedral Groundmass =03 - "Crinkled" texture
Glass Anhedral Interstitial =<0.05 - Opaque
Ilmenite Subhedral Groundmass =<0.8 - Cross-cut by plagioclase
Ulvaspinel Anhedral Groundmass =<0.15 -
Chromite Euhedral InclusionsinPx  =<0.2 -
Troilite Anhedral Groundmass =<0.05 - Occasionally associated with Ilmenite
FeNi Metal Anhedral Groundmass =<0.1. - Occasionally found as blebs in Troilite
12072,3 (Fig. 2¢)
MINERAL MORPHOLOGY RELATIONSHIP  SIZE (MM) COMPOSITION SPECIAL FEATURES
Olivine Subhedral Phenocrysts  <1.0 Cores =Fo7p.74 Contain rounded opaque glass inclusions (<0.05mm)
Rims = Fos9.67 Dicontinuous augite overgrowths
Pyroxene Subhedral/Anhedral Groundmass <0.4 WogEnsgFs35 Phenocrysts contain resorpotion features
Subhedral Phenocrysts  <1.5 Wo31EngyFs27 at edges where glass inclusions are found
Woj6En3Fsg)
Plagioclase Subhedral Phenocrysts  <0.5 Cores = Ang)_goAbg_ 11 Opaque glass inclusuions (<0.1 mm) are
Rims = AnggAbis present
Tridymite Anhedral Groundmass  <0.2 - "Crinkled" texture
Glass Anhedral Interstitial =<0.5 Si0; = 94-99 wi%
FeO =0.2-3.6 wt%
Al;03 = 0.5-0.7 wit%
Ilmenite Subhedral Groundmass  <0.3 MgO =0.1-0.25 wi% Occasional sawtooth margins
Ulvaspinel Anhedral Groundmass ~ <0.1 MgO <1 wt% Also found as rinds on Chromite
Chromite Subhedral Microphenocrysts <0.5 MgO = 7wt% Contains 0.001 mm Ulvaspinel rinds. Found as
inclusions in outer portions of olivine
phenocrysts, as well as discrete grains
Troilite Anhedral Groundmass  <0.1 —
FeNi Metal Anhedral Inclusions =<0.05 Co =1.3-2.6 wi% Only found in olivine phenocrysts

Ni=2.8-4.6 wi%
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12077,12 (Fig. 2f)
MINERAL MORPHOLOGY RELATIONSHIP SIZE (MM) COMPOSITION SPECIAL FEATURES
Olivine Subhedral Phenocrysts =<1.0 Cores = Fo7p.73  Phenocrysts = FeNi Metal inclusions (<0.02 mm),
Rims = Fos3.47 embayed margins, lack Px overgrowths, contains
rounded glass inclusions(< 0.3 mm).
Forms cores (< 0.5 mm) to larger Px
Pyroxene Anhedral Groundmass =<0.4 WogEngyFs3g  Larger Px contain resorption rinds < 0.1 mm wide
Wo12En4sFs26 containing glass inclusions
WoigEnjoFs72
Plagioclase Subhedral Groundmass =<0.5 long Cores = Ang].92Abg_g Skeletal with Px and Glass
Rims = AnggAbj3 inclusions (0.01-0.05 mm)
Glass Interstitial Groundmass 0.1-0.2 Si07 = 52-60 wt%
Al;O3 = 14-15 wt%
Ca0O = 12-15 wt%
Ilmenite Subhedral Groundmass =<0.7 MgO =0.3-2.2 wt% Occasional sawtooth margin
Ulvéspinel Anhedral Rinds on Chromite =<0.03 Mgt =7-11
Cr/(Cr+Al) = 0.69-0.73
Chromite Euhedral/Subhedral ~ Groundmass <03 Mg# = 15-28 Also found as <0.1 mm inclusions in
Cr/(Cr+Al) =0.71-0.73 Px, but not Olivine
Troilite Anhedral Groundmass =<0.01 - Associated with Ilmenite and contains
FeNi Metal blebs
FeNi Metal Anhedral Groundmass =<0.02 Co=1.2-1.6 wt% - Also found as blebs in Troilite and incluions

Ni=1.6-7.0

in olivine. Discrete FeNi Metal associated
with Chromite-Ulvaspinel.




