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Abstract
Apollo 14 (A-14) impact melt olivine vitrophyres (OVs), composed of olivine phenocrysts in an opaque glass matrix with minor
amounts of pyroxene and plagioclase, are petrographically similar to pristine quenched A-14 high-alumina (high-Al) and Apollo
12 (A-12) basalts. Textural and chemical analyses have been conducted on olivines within impact melt and pristine mare basalt clasts
from A-14 breccia 14321 as well as various olivine-phyric Apollo 12 and 17 basalts to be able to distinguish between the petrographically similar samples. The A-14 high-Al basalts examined here represent samples from each of the three chemical groups (A, B, C).
Examples from the three A-12 basalt suites (Ilmenite, Olivine, Pigeonite) and olivine-rich Apollo 17 (A-17) Type C basalt, 74275, have
also been analyzed. As a complement to the chemical analyses, crystal size distributions (CSDs) were determined for approximately
half of the samples investigated here (due to a small number of olivine crystals that did not produce statistically meaningful CSDs on
half of the samples), and conﬁrm that although similar, the basalts and impact melts are texturally distinct. Olivines from A-14 impact
melts have the highest average forsterite contents (average Fo 0.82) and generally the lowest average Co (37 ppm) and Mn
(1544 ppm) abundances, thus chemically distinguishing them from the pristine basalts. In addition, chemical compositions obtained
for olivine from 14321,1486 are most likely representative of an impact melt and thus contradict its previous classiﬁcation as a high-Al
basalt (Neal et al., 1988); olivine from, 1486 have similar average forsterite (average Fo 0.82) and Ti/V-ratio to the OVs. Furthermore,
on the basis of their chemical compositions, olivines have been identiﬁed within the impact melts that are likely inherited from basalts;
these olivines are chemically distinct from the rest of the impact melt olivine population with lower forsterite (0.67–0.80) and low Ti/V
(10), which are similar to olivine compositions from the A-14 high-Al basalts. In addition to distinguishing between sample types
from A-14, olivine compositions can also be used to distinguish between pristine mare basalts from various missions. Olivine within
the selected samples from the individual A-12 basalt suites can also be distinguished chemically from one another using the Ti/V
ratio, where Olivine suite basalts have Ti/V <3 and Ilmenite suite basalts have Ti/V >3.5. The results indicate that combined use
of CSDs and chemical analyses of olivine can be used to reliably distinguish between (1) impact melts and pristine Apollo 14
basalts, (2) basalts from diﬀerent landing sites, and (3) individual basalt suites from a single site.
Ó 2012 Elsevier Ltd. All rights reserved.

1. INTRODUCTION
Apollo 14 (A-14) landed in the Fra Mauro region of the
Moon ( 3.7°N, 17.5°E) and returned 42 kg of geologic
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samples that were predominantly impact-generated breccias. Some of these breccias contained basaltic clasts of
an age >4 Ga, which is substantially older than mare basalts from earlier missions (63.85 Ga; Taylor, 1982) indicating active volcanism in the region at an earlier stage of
lunar evolution (Taylor et al., 1983; Dasch et al., 1987).
The A-14 basalts, coined “high-alumina” by Ridley
(1975), are relatively rich in Al2O3 (11.1–13.8 wt.%;
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Dickinson et al., 1985) compared to other mare basalts
(<8 wt.%, c.f. Lunar Mare Basalt Database – http://
www.nd.edu/~cneal/Lunar-L/). High-alumina (high-Al)
basalts are predominantly composed of pyroxene (50%)
and plagioclase (25–40%) with minor olivine (0–10%) and
accessory phases (5–15%) such as ilmenite, cristobalite,
chromite, whitlockite, glasses and metallic Ni–Fe (Neal
et al., 1988, 1989a; Hagerty et al., 2005). In addition, Tichromite and Cr-ulvöspinel are present in most basalt clasts
from breccia 14321 (Shervais et al., 1985a). These basalts
exhibit moderate variation in the abundance of compatible
elements (Sc, Cr, Ni, Co, V; Neal et al., 1988, 1989a,b),
large ion lithophile elements (K, Rb, Ba, Sr, Cs) and high
ﬁeld strength elements (Zr, Hf, Ta, U, Th; Neal et al.,
1989b). Of signiﬁcance, many of the high-Al basalts contain
a KREEP (i.e. composition rich in K, P, and rare-earth elements) signature preserved in their trace element abundances (e.g. Dickinson et al., 1985; Shervais et al., 1985a;
Neal et al., 1989a,b; Neal and Kramer, 2006), and appear
to have been crystallized in three distinct episodes at
4.3, 4.1, and 3.9 Ga (Papanastassiou and Wasserburg,
1971; Compston et al., 1971, 1972; Mark et al., 1973, 1975;
Taylor et al., 1983; Dasch et al., 1987, 1991). This KREEP
component may have been added by (1) assimilation with a
primitive high-Al basaltic magma (Neal et al., 1988), (2)
mixing of KREEP-rich crustal materials along with mare
basalts and ferroan anorthosites via impact melting (Hagerty et al., 2005), or (3) incorporation of low melting point
components as the high-Al magmas ﬂowed across the lunar
surface (Hui et al., 2011).
An apparent discord between Sm–Nd and Rb–Sr ages
for the high-Al basalts has led some authors to suggest an
impact origin for all basaltic clasts found in A-14 breccias
(Snyder et al., 2000; Snyder and Taylor, 2001). For example, Dasch et al. (1987) reported both Rb–Sr and Sm–Nd
ages for several high-Al basalt clasts from breccia 14321;
they noted that the Rb–Sr ages (4.12 ± 0.15 Ga) were older
than the Sm–Nd ages (3.75 ± 0.35 Ga), although these are
essentially indistinguishable given the uncertainty associated with the latter. Errors were magniﬁed by the relatively
poor precision on each Sm–Nd determination, as well as the
small spread in Sm/Nd ratios for the diﬀerent splits used to
construct the isochrons (Dasch et al., 1987). Snyder and
Taylor (2001) suggested that the Sm–Nd systematics of
the majority of the high-Al basalts were disturbed and that
the Rb–Sr ages may not represent true crystallization ages.
Rather, they may represent a weighted average of the total
Sr budget for the target rocks that were mixed during the
meteorite impact, which would represent a two-component
mixture of a ferroan-anorthosite (FAN) and KREEP (Snyder et al., 2000). While Ridley (1975) and Warren et al.
(1997) argued that the A-14 high-Al basalts were pristine,
internally derived lunar melts, Snyder and Taylor (2001)
noted that the absence of elevated Ir contents does not discount an impact origin.
Hagerty et al. (2001, 2002, 2003, 2005) conducted a secondary ion mass spectrometry (SIMS) study of olivine and
plagioclase grains in the high-Al basalts, and demonstrated
that these reﬂect the whole rock basalt compositions; hence
concluding that the observed spread in the whole rock data

is not the result of short-range unmixing (Haskin et al.,
1977; Lindstrom and Haskin, 1978). On the basis of Ni contents for olivine, Hagerty et al. (2001, 2002, 2003, 2005) argued that these phenocrysts represent early-forming crystals
in a pristine fractionating magma. The low non-volatile to
volatile ratios (e.g., Ba/Rb) of the melt supports the contention that the high-Al basalts are pristine mare basalts (Hagerty et al., 2003), but Hagerty et al. (2005) noted that an
impact origin could not be completely ruled out. Neal
and Kramer (2006) compared the major and trace element
compositions of olivine phenocrysts in these basalts with
those in known impact melts and concluded that the A-14
high-Al basalts are pristine.
A second group of important clasts found in the A-14
breccias, impact melt- olivine vitrophyres (e.g. Allen
et al., 1979; Shervais et al., 1988) are composed primarily
of olivine phenocrysts in an opaque glass matrix with occasional pyroxenes and lath-like plagioclase crystals.
Although petrographically similar to quenched high-Al
basalts and some Apollo 12 (A-12) basalts, these impact
melt olivine vitrophyres (OVs) are distinguished by high
modal olivine, high siderophile element abundances such
as Ni and Ir, high MgO, and low CaO/Al2O3 ratios (Shervais et al., 1988); additionally, olivine in the OVs have higher
forsterite (Mg/Mg + Fe) values (Fo, 0.67–0.88) than in the
high-Al basalts (Fo, 0.50–0.76; Neal and Kramer, 2006).
The high MgO content, typically indicative of a primitive
magma, is in contrast with elevated abundances of incompatible trace elements, which generally indicate a more
evolved magma (Neal and Taylor, 1988). This dichotomy
between major and trace element chemistry was addressed
by formation through meteorite impact mixing (Allen
et al., 1979). Shervais et al. (1988) described a mixing process involving an impact melt composed of KREEP, granite, ferroan anorthosite, meteoritic material (CI chondrite;
Boynton et al., 1975), alkali suite anorthosite and a
“high-Mg” component. Neal and Taylor (1989) modiﬁed
this mixing behavior by separating the KREEP component
through liquid immiscibility into a K-fraction (granite, 14–
16%) and a REEP-fraction (phosphate, ilmenite, fayalite,
0.1–1.8%) along with highlands (troctolite and dunite, 51–
58%), mare basalt, (A-14 high-Al basalt, 25–30%) and
meteoritic (1.7–2.5%) components. By splitting the KREEP
into K- and REEP-fractions, the model described by Neal
and Taylor (1989) reduced the overall quantity of the
KREEP component required to generate the trace elements
observed in the OVs, thus eliminating the need to infer a
hypothetical “high-Mg” component.
Although whole-rock highly siderophile element analyses
can be used to distinguish between the petrographically similar A-14 high-Al basalts and OVs, these methods are timeconsuming, destructive, and require a substantial amount
of limited (and precious) sample material. It is important
to be able to distinguish between these samples, as diﬀerent
scientiﬁc objectives require the use of one sample type or
the other. For example, a study of the bombardment history
of the Moon requires the use of impact melt samples while a
study of the thermal history of the lunar interior would ﬁnd
basalt samples far more useful. Thus, it is imperative to be
able to distinguish between these precious samples in a timely
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and minimally destructive manner. The objective of this paper is to distinguish between the A-14 impact melt OVs and
pristine mare basalts using olivine mineral chemistry and petrographic evidence. A combined textural and chemical analytical approach is used to examine impact melt and
pristine mare basalt samples to provide information about
the melts from which the minerals crystallized.
2. SAMPLES
Petrographic thin-sections from 13 impact melt and
high-Al basalt clasts (Table 1; Fig. 1) were analyzed from
the A-14 breccia 14321 (e.g. Duncan et al., 1975); each clast
has been previously analyzed for both major element mineral and whole rock chemistries, with the exception of subsample 14321,1486, which was too small (parent
mass < 0.05 g) for whole rock analysis (Table 2). The
high-Al basalts represent samples from each of the three
groups (Table 1; A, B, C) proposed by Neal and Kramer
(2006) that cover a wide range of incompatible element
abundances and ratios. Additionally, 10 A-12 pristine mare
basalts and one olivine-rich Apollo 17 (A-17) basalt were
also examined (Table 1; Fig. 1).
A-14 OVs contain abundant olivine microphenocrysts,
set in a devitriﬁed glass matrix, with textures indicating
quenching from above or near liquidus temperatures (e.g.
Allen et al., 1979). These samples display predominantly
euhedral olivine crystals (0.05–0.4 mm) with occasional
subhedral to anhedral olivine grains (0.1–0.5 mm). Some
olivine crystals contain small glass inclusions (<0.05 mm)
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while chromite inclusions (<0.05 mm) are only found in
the largest phenocrysts. Plagioclase laths (<0.5 mm in
length) are also present in subsamples ,1305 and ,1486. Of
note, we classify ,1486 as an impact melt, though it is not
an OV (see below).
The A-14 high-Al basalts (Table 1) in this study are
dominantly holocrystalline with intersertal (e.g. ,1246;
Fig. 1) to subophitic (e.g. ,1480; Fig. 1) textures. Group B
and C basalts are comprised of euhedral to subhedral olivine (0.1–1.9 mm), pyroxene, and plagioclase crystals. In
contrast, Group A basalts may contain only minor pyroxene (,1246; Fig. 1) or minor olivine (,1611; Fig. 1); when
present, most olivine from Group A basalts are 0.1–
0.5 mm with the exception of the 1.5 mm olivine from
14321,1246 (Fig. 1). Group C basalts also contain welldeveloped plagioclase laths up to 1.5 mm in length. These
basalts may contain olivine with melt or chromite
inclusions.
A-12 Olivine suite basalts (12004; 12015; 12020; Fig. 1)
are composed predominantly of olivine and pyroxene in a
variolitic groundmass of clinopyroxene and plagioclase
(Brett et al., 1971; Klein et al., 1971; French et al., 1972;
Papike et al., 1976; Neal et al., 1994a); the olivine in some
thin-sections of this suite display a glomerophyric texture
(12020; Fig. 1). Olivine crystals in these basalts are
predominantly euhedral to subhedral (0.3–0.9 mm) set
amongst elongate pyroxenes up to 2.5 mm in length. Chromite inclusions can be found in some olivine grains. Sample
12015 (Fig. 1) diﬀers from the other members of this suite
with its vitrophyric texture. Although it may appear to be

Table 1
Sample types and analyses performed.
Thin section #

Sample typea

Olivine chemistry

Textural analysis

14321
,1246
,1305
,1376
,1471
,1480
,1482
,1483
,1486
,1602
,1611
,1612
,9057
,9080

A-14 Group A basalt
A-14 OV-IM
A-14 Group B basalt
A-14 OV-IM
A-14 Group A basalt
A-14 Group B basalt
A-14 Group B basalt
A-14IM
A-14 OV-IM
A-14 Group A basalt
A-14 Group B basalt
A-14 Group C basalt
A-14 Group C basalt

U
U
U
U
U
U
U
U
U
U
U
U
U

NP
U
NP
U
NP
NP
NP
U
U
NP
NP
NP
NP

12004,137
12005,44
12008,65
12015,29
12016,41
12019,5
12020,14
12020,57
12052,345
12065,109
74275,312

A-12
A-12
A-12
A-12
A-12
A-12
A-12
A-12
A-12
A-12
A-17

U
U
U
U
U
U
U
U
U
U
U

U
NP
U
U
U
NP
U
U
NP
NP
U

a

Olivine basalt
Ilmenite basalt
Vitrophyric Ilmenite basalt
Vitrophyric Olivine basalt
Ilmenite basalt
Pigeonite basalt
Olivine basalt
Olivine basalt
Pigeonite basalt
Pigeonite basalt
Type C basalt

A, B, and C basalt groups classiﬁed by Neal and Kramer (2006); IM deﬁned as impact melt; OV-IM deﬁned as impact melt olivine
vitrophyre; NP signiﬁes samples where textural analysis was not possible; A-17 ‘C’ basalt categorized by Rhodes et al. (1976).
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Fig. 1. Representative plane-polarized light photomicrographs of each sample examined in this study. Each sample image is 1 mm  1 mm in
dimension. Sample types can be found in Table 1. Abbreviations stand for the following: OV is olivine vitrophyre impact melt; “A”, “B”, and
“C” are A-14 basalt types; IM is impact melt (not an OV); ISB, OSB, and PSB are A-12 Ilmenite, Olivine, and Pigeonite suite basalts,
respectively. Olivine crystals are identiﬁed in each sample by “OL”.

texturally similar to the A-14 OVs, 12015 is a pristine
mare basalt rather than an impact melt (e.g. Snyder et al.,
1997). Sample 12015 displays quenched textures with

euhedral to subhedral olivine (0.1–1.0 mm), skeletal
olivine (0.2–1.2 mm), and skeletal pyroxene (0.15–
1.10 mm).
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Table 2
Sources for whole-rock data in Fig. 2.
Sample # Whole rock source
14321
,1246
,1305
,1376
,1471
,1480
,1482
,1483
,1486
,1602
,1611
,1612
,9057
,9080

Shervais et al. (1984)
Shervais et al. (1988)
Neal et al. (1988)
Neal and Taylor (1989)
Neal et al. (1988)
Neal et al. (1989b)
Neal et al. (1989b)
No Whole Rock data available
Neal and Taylor (1989)
Neal et al. (1989b)
Neal et al. (1989b)
Dickinson et al. (1985)
Dickinson et al. (1985)

12004
12005
12008
12015
12016
12019
12020
12052
12065
74275

Wakita et al. (1971)
Rhodes et al. (1977) and Nyquist et al. (1977)
Neal (2001)
Neal (2001)
Neal et al. (1994a,b)
Neal et al. (1994a,b)
Wakita et al. (1971)
Wänke et al. (1971) and Schnetzler and Philpotts (1971)
Maxwell (1971)
Rhodes et al. (1976) and Wänke et al. (1974)
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basalts exhibit variolitic groundmass with needles of
pyroxene and plagioclase radiating from phenocrysts.
Pyroxene phenocrysts (0.2–>2 mm) may display an intrafasciculate texture, with hollow cores forming in the middle
of pyroxene phenocrysts are later ﬁlled with a microcrystalline assemblage of pyroxene, plagioclase, ilmenite, and
metal (Drever et al., 1972). This texture along with the
variolitic texture of the groundmass is usually associated
with rapid crystallization (Drever et al., 1972).
A-17 sample 74275,312 (Fig. 1) is an olivine porphyritic
(texturally Type IA after Brown et al., 1975; chemically
Type C after Rhodes et al., 1976), high-titanium basalt
(e.g. Papike et al., 1976). It contains phenocrysts of olivine
(0.1–1.2 mm), ilmenite (0.2–1 mm in length), pyroxene (up
to 0.5 mm), and plagioclase laths (0.2–1 mm). Olivine
phenocrysts generally contain small, euhedral chromite
inclusions and occasionally exhibit pyroxene reaction rims
(30–85 lm). One olivine phenocryst (0.7 mm) appears
hollow, although this may represent plucking during the
thin section polishing procedure. Armalcolite forms cores
to, or is partly mantled by, ilmenite. The subvariolitic- to
plumose-textured groundmass is dominated by clinopyroxene, plagioclase, and ilmenite, with minor Fe-metal and
silica.
3. ANALYTICAL PROCEDURES
3.1. Mineral chemistry analysis

Three samples have been examined from the A-12
Ilmenite suite: 12005, 12016, and 12008 (Fig. 1; Table 1).
Although 12005 is classiﬁed as an Ilmenite suite basalt, it
contains relatively minor ilmenite 2% (Rhodes et al.,
1977; Neal et al., 1994a) and texturally appears to have
accumulated olivine. It contains large zoned olivine grains
(up to 1 mm) and zoned pyroxene phenocrysts (up to
1 mm) that may enclose olivine, set in a groundmass of olivine, pyroxene, plagioclase, and ilmenite (Fig. 1). Zoned
pyroxene phenocrysts contain augite cores and pigeonite
rims. In contrast, sample 12016 is equigranular (Dungan
and Brown, 1977) with pyroxene (0.2–0.8 mm), ilmenite
(0.05–0.34 mm), and 12% un-zoned olivine (Neal et al.,
1994a) ranging 0.05–0.8 mm in size (Fig. 1); sample 12016
contains 5% ilmenite (Dungan and Brown, 1977; Neal
et al., 1994a). Pyroxenes appear as complex intergrowths
of augite and pigeonite with no apparent common zonation
pattern. The mesostasis consists of olivine, silica, glass, and
phosphate. One sample from the Ilmenite suite in this study
has a vitrophyric texture (12008; Fig. 1). Crystal sizes
within 12008 are similar to 12015, the vitrophyric Olivine
suite basalt. Groundmass in 12008 is variolitic with
pyroxene needles radiating from olivine phenocrysts. The
morphology of skeletal olivine microphenocrysts within
12008 suggests that they are products of a chain-like second-generation (Donaldson, 1976) that precede the pyroxenes in the crystallization sequence (Dungan and Brown,
1977).
A-12 Pigeonite suite basalts (12019; 12052; 12065;
Fig. 1) have similar textures to each other with pyroxene
phenocrysts dominating the ﬁne-grained groundmass and
relatively few olivine phenocrysts (0.2–0.8 mm). The three

Major element analyses were performed via electronprobe microanalysis (EPMA) using a JEOL JXA-8200 electron microprobe at the Earth and Planetary Sciences
Microanalysis Facility housed at Washington University
in St. Louis. All crystals were analyzed using a 15 kV accelerating potential, 25 nA beam current, 5 lm spot size, and
30 s on-peak counting time. Natural and synthetic mineral
standards were use for both the primary calibration and
secondary checks of that calibration including Kakanui
hornblende as a long term stability standard. Detection limits for individual elements are 0.01–0.03 wt.%. Data were
reduced using Probe for Windows software and are reported
with stoichiometry in Table EA1 within the Electronic
Annex.
Trace elements (Ca, Sc, Ti, V, Cr, Mn, Co, Ni, and Y)
were quantiﬁed by laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS) over the course of
ten individual sessions; early sessions did not quantify Ca
and the setup was changed to better characterize the olivine
thereafter. The analytical protocol involved the use of a
New Wave UP-213 laser ablation system with He carrier
gas coupled with a Thermo-Finnigan Element2 ICP-MS
instrument at the University of Notre Dame’s Midwest Isotope and Trace Element Research Analytical Center
(MITERAC). Mn abundances obtained by EPMA were
used as the internal standard, while the NIST SRM 610
glass was employed as the external standard. The NIST
SRM 610 glass standard was selected because its Mn abundance (458 ppm; Pearce et al., 1997) is similar to those
measured for the olivines investigated here. LA-ICP-MS
analyses were conducted using a repetition rate of 5 Hz,
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spot diameter of 15–25 lm (dependent on size of olivine
crystals) and corresponding ﬂuence of 17 J/cm2. Measurements of the NIST SRM 610 glass were taken at the beginning and end of each analysis set. Deviation to the accepted
NIST SRM 610 values (e.g. Pearce et al., 1997) are within
the error determined by Jochum et al. (2011) for LA-ICPMS using a 25 lm spot size. For each analysis, the laser
was allowed to warm-up for 20 s, take background counts
for 30 s, and then ablate the sample for 1 min. After 45 s,
this process was repeated for the next analysis. Elemental
abundances were determined using GLITTERÓ software
(XP version, Simon Jackson, Macquarie University) and
are reported, with their associated errors, in Table EA2
within the Electronic Annex. Of note, detection limits for
Ni vary signiﬁcantly from 3 ppm to well over 500 ppm,
which is due to the introduction of a new cone to the
ICP-MS system; this dramatically heightened the sensitivity
of the instrument and thereby reduced the detection limit
for Ni to as little as 3 ppm.
3.2. Textural analysis
Crystal size distributions (CSDs) can be used as a complement to compositional analyses and to quantitatively
investigate igneous processes, such as the residence time of
the crystal population as a function of the CSD slope
(e.g., Cashman and Marsh, 1988; Higgins, 1996). Here, we
use the overall slope of the CSD from diﬀerent samples to
distinguish between their crystallization histories as further
conﬁrmation of the distinction between basaltic and impact
melt samples. Olivine CSDs were determined for three A-14
OVs, four A-12 Olivine suite basalts, two A-12 Ilmenite suite
basalts, one Type C A-17 basalt, and one sample
(14321,1486) which was previously classiﬁed as a basalt
(Neal et al., 1988), but we reclassify as an impact melt (Table 1). These samples were selected for CSD analysis based
on their relatively olivine-rich textures (i.e. >100 crystals),
allowing CSD analysis. No CSD analyses were performed
on the A-14 high-Al basalts because these samples had
<100 olivine crystals, which produced CSDs with large errors, making them not statistically meaningful. For CSD
analyses, individual olivine crystals were traced over thinsection mosaics (plane- and cross-polarized light) created
from digital photomicrographs using Adobe PhotoshopÒ.
The resulting crystal layers were imported into ImageJ (Higgins and Chandrasekharam, 2007), which measures the major and minor axes, roundness, and area of each crystal.
ImageJ is used in preference over the older ImageTool (Higgins, 2000) because ImageJ can accommodate larger image
ﬁle sizes, thus better retaining the integrity of the smallest
crystals. Individual crystals with minor axes <0.03 mm were
not included in ﬁnal CSD analyses, as these dimensions are
more likely to be a projection of a crystal rather than an
accurate measurement due to the approximately equivalent
thickness of the thin-section (Higgins, 2000). The major and
minor axes of crystals P0.03 mm were imported into CSDslice (Morgan and Jerram, 2006) to determine the best-ﬁt
short, intermediate, and long axes of the 3D crystal habit.
These data, in conjunction with the major and minor axes,
individual crystal area, average crystal roundness, and total

sample area, were used in CSDcorrections 1.39 (Higgins,
2000; Higgins and Chandrasekharam, 2007) to determine
the 3D CSD using 5 bins per decade. Analytical uncertainties were also calculated by CSDcorrections and represent
the minimum and maximum of the square-root of the number of intersections of crystals with a plane per bin (Higgins,
2000). Finally, CSDs are plotted as the natural log of the
population density against the corrected crystal size length
(Cashman and Marsh, 1988). Crystallization under steadystate conditions is reﬂected by linear CSDs on this semi-logarithmic plot.
4. RESULTS
4.1. Whole rock chemistry
Whole rock rare earth element (REE) abundances can
be used to distinguish between the OVs and the basalt
groups from the various Apollo sites (Fig. 2; data sources
in Table 2). The A-14 OVs have the highest REE abundances among the sample set followed by A-14 Groups B,
C, and A respectively (Fig. 2a). The A-12 basalts have intermediate compositions between the A-14 Group C and A
basalts. Amongst the A-12 basalts, the Pigeonite suite basalts have the highest REE abundances followed by the Olivine and Ilmenite suite basalts, respectively (Fig. 2b). Sample
12015 (vitrophyric Olivine suite basalt) is indistinguishable
from other members of its suite with respect to whole rock
data. In contrast, the vitrophyric Ilmenite suite basalt,
12008, has REE abundances similar to a Pigeonite suite basalt rather than that of an Ilmenite suite basalt. A-17 sample 74275 is Light-REE depleted (La/SmN = 0.4), which is
in stark contrast to the basaltic REE patterns from A-12
(La/SmN = 0.7–0.9) and A-14 (La/SmN = 0.9–1.3) as well
as those from the A-14 OVs (La/SmN = 1.5).
4.2. Olivine chemistry
Distinct chemical diﬀerences exist between olivines in the
A-14 OVs (and 14321,1486 impact melt) and the mare basalts from A-12, A-14, and A-17 (Tables EA1 and EA2). In
particular, the olivine in A-14 OVs have the highest forsterite values (Fo, 0.67–0.88, Fig. 3a; Table EA1) in comparison to those from the A-14 high-Al basalts (Fo, 0.50–0.76)
and A-12 basalt suites (Fo, 0.58–0.78). A-17 basalt
74275,312 contains olivine with intermediate Fo-values
(0.74–0.82) to the A-14 OVs and the mare basalts from both
A-12 and A-14. In addition to lower Mg abundances (i.e.
lower Fo), olivine in the selected A-14 and A-12 pristine
mare basalts typically have higher average Co (Fig. 3a;
A-14: 49–75 ppm; A-12: 90–117 ppm) and Mn (Fig. 4; A14: 2318–2889 ppm; A-12: 1997–2824 ppm) abundances
than those in the OVs (Co: 22–40 ppm; Mn:
1474–1515 ppm). Olivine crystals from these pristine basalts
typically have lower average abundances of the incompatible trace element Y, particularly those from A-12 (Fig. 4a;
Table EA2). Furthermore, the A-12 basalts with vitrophyric
textures (12008; 12015) contain olivine grains with the highest average abundances of Co (113–117 ppm; Fig. 3a) and Sc
(10–11 ppm; Fig. 4b) among the samples investigated here
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melt composition due to earlier olivine crystallization, but
prior to ilmenite or armalcolite becoming liquidus phases.
4.3. Textural analyses – crystal size distributions (CSDs)

Fig. 2. Chondrite-normalized (Taylor and McLennan, 1985)
whole-rock REE abundances: (a) A-14 basalt groups and impact
melts as deﬁned by Neal and Kramer (2006) and (b) A-12 basalt
suites and A-17 ‘C’ basalt, 74275. Whole-rock data obtained by
sources listed in Table 2. Data for REE in grey are interpolated.

The majority of the olivine CSD proﬁles are linear to
sub-linear with the OV CSD slopes generally steeper than
the A-17 and A-12 basalts (Figs. 7 and 8). However, there
are a few exceptions. OV sample 14321,1602 has a slight upward kink at 0.3 mm likely due to more crystals at the
largest size interval than expected by the CSDslice model;
at least one of these crystals may be inherited as it is chemically similar to A-14 high-Al basalts and represents a distinct crystallization history within the sample (Figs. 3–5).
Several samples (12015,29; 12020,14 and,57) have marked
downward curves at the smallest crystal size bins (Fig. 8).
Finally, three samples (12008, 12015, 74275) display a
slightly sinuous CSD proﬁle (Fig. 8), which may in part reﬂect multiple crystal populations observed in the thin-section. As previously stated, no olivine CSD analyses were
performed for A-14 high-Al basalts due to the small number of olivine crystals present. Of note, the CSD of
14321,1486 is similar to those of the OVs and the CSD
for 74275,312 appears to have a slope intermediate to the
A-14 OVs and the pristine A-12 mare basalts.
5. DISCUSSION
5.1. Whole-rock vs. mineral chemistry

(Table EA2). Olivine from 14321,1486 are chemically
similar to the A-14 OVs, though at least two rounded and
embayed crystals are compositionally similar to the A-14
high-Al basalts or 74275 (Figs. 3–5). Additionally, one
rounded olivine from A-14 OV 14321,1602 is also chemically similar to the A-14 high-Al basalts rather than the
OVs (Figs. 3–5).
The olivine from the A-12 basalts with vitrophyric textures (12008; 12015) can be distinguished from those in
the other basalt suites based on their Sc abundance or Ti/
V ratio (Fig. 6). A-12 Olivine suite basalts contain olivine
with the lowest Ti/V ratio (<3), but those from 12015 have
distinct Sc abundances (<15 ppm) from the rest of the suite
(12004 & 12020); olivine from 12004 and 12020 have the
highest Sc abundances (>18 ppm) of all basaltic olivine
examined here. Conversely, while olivine from vitrophyric
Ilmenite suite basalt, 12008, have similar Sc abundances
(8.8–13.3 ppm) to the rest of the suite, they typically display
a low Ti/V ratio (3.7–4.8) in comparison to 12005 and
12016 (4.5–12.2) (Fig. 6). Olivine crystals from the Pigeonite suite basalts compositionally overlap those from the
Ilmenite and Olivine suites basalt (Sc: 8.9–11.5 ppm;
Ti/V:1.8–10); there are no trace element data that distinguish the Pigeonite suite basalts from other basalt suites
(Table EA2).
Olivine variations are also documented within the A-17
Type C basalt. The smallest crystals in 74275,312 exhibit
the lowest Fo (0.74–0.75) and the highest Mn (2038–
2201 ppm) and Ti/V (19–28) values within the sample
(Tables EA1 and EA2). This likely reﬂects changes in the

Whole rock trace element data appears to eﬀectively distinguish impact melts from pristine mare basalts (Fig. 2),
but the method is not feasible for small samples (e.g.
14321,1486). Thus, a more universal protocol is the one
adopted here of characterizing the major and trace element
chemistry of olivine phenocrysts. This method is signiﬁcantly less destructive, and requires a smaller sample aliquot than that used for the quantiﬁcation of highly
siderophile elements (2 g), leaving signiﬁcant portions of
sample available for future study.
High forsterite values in olivine have been shown to be
characteristic of impact melts (e.g. Shervais et al., 1985b),
though recent work has shown that olivine from Mg-suite
sample 76535 has an average Fo = 0.88 (Elardo et al.,
2012) and olivine from other rock types, such as troctolite,
can have Fo-values as high as 0.90 (Shearer and Papike,
2005). The olivine in this study continues the trend of impact melt samples with high Fo. Sample 14321,1486,
though not an OV, contains olivine crystals with similarly
high Fo. In addition to major element diﬀerences, the olivines basalts and impact melts have distinct trace element
characteristics. The OVs typically have lower Co than the
A-14 high-Al basalts and the A-12 basalts. As Co is highly
compatible in olivine (e.g. KD 4.3; Klöck and Palme,
1988), this indicates that the target rock for the OVs, is
likely to have had a lower Co composition than reﬂected
in the A-12 and A-14 basalts. Though, recall that at least
one olivine from ,1602 is, seemingly paradoxically, similar
in composition to the A-14 basalts rather than the OVs
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Fig. 3. Co vs. Fo values for olivine crystals in this study by sample type. Analyses of three potentially inherited olivine crystals discussed in the
text are labeled in (a) and their plane-polarized light photomicrographs shown in (b–d) with black points indicating the location of each
analysis; the size of the black points are not representative of the laser ablation size.

(Figs. 3 and 4). Furthermore, if the target material for the
OVs was unlike the A-14 high-Al basalts, the OVs must
have interacted with a high-Al composition shortly after
impact in order to have at least one unique olivine with similar composition. A-17 sample 74275 contains olivines similar to the OVs in Fo, Co, and Ti/V (Figs. 3 and 5)
suggesting that the OV target material may have been a
similar composition to 74275, though 74275 olivines are
generally less abundant in Y than the OVs (Fig. 4a).
As shown in Fig. 5, the Ti/V ratio for basaltic olivine has
an inverse relationship to Fo, with the ratio increasing with
later crystallization (i.e. lower Fo). This is more clearly seen
in olivines from the A-12 and A-14 basalts than those in
74275, largely because the latter cover a limited range of
Fo values, so the data points are more compressed
(Fig. 5). In contrast, the olivines from the OVs and ,1486
do not have a readily discernable relationship between the
Ti/V ratio and the Fo content. The olivines from the OVs
and ,1486 have a larger range of Ti abundance and a limited
variation in V in contrast to the basaltic olivines (Fig. 9).
Basaltic olivines show a steady increase in Ti with decreasing Fo while those from the OVs and ,1486 show no such
relationship (Fig. 9a). Basaltic olivines also display a steadily decreasing V content with Fo while those from the
OVs and ,1486 do not (Fig. 9b). In lunar basalts, V is compatible in olivine (KD 1.3; Ringwood, 1970), which

accounts for the decrease in V abundance with later crystallizing olivine within the basalts, as less V is available; this
does not explain the behavior of V within the OVs and
,1486. Ti is incompatible in olivine (e.g. KD 0.019; Klöck
and Palme, 1988), so later crystals would have higher abundances to reﬂect the melt becoming increasingly richer in Ti
as olivine crystallizes, which is shown in the basalts, but not
the OVs and ,1486. It is unclear as to why the impact melt
samples behave so dramatically diﬀerently than the basaltic
samples, although we conclude such behavior is a result of
the initial melt composition (i.e. target material) and a nonequilibrium (i.e. quench) crystallization regime.
5.2. Sample 14321,1486
Based on petrographic examination, Neal et al. (1988)
identiﬁed subsample ,1486 as a mare basalt, but this detailed study indicates that it is likely to be an impact melt.
The euhedral olivine crystals are similar in composition to
those from the OVs (e.g. Figs. 3 and 5), which are impact
melts. Low Co abundance (avg. 37 ppm) is characteristic
of olivines from 14321 OV clasts, and olivines from subsample ,1486 share this characteristic; this is consistent
with, 1486 being an impact melt rather than a pristine mare
basalt (Fig. 3; Table EA2), though it does not have a vitrophyric texture. Textural analyses also corroborate this
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Fig. 4. Mn, Y, and Sc values for olivine crystals in this study separated by sample type. Rounded and embayed crystals from Fig. 3b–d are
also identiﬁed here by the same symbols as Fig. 3a. See text for discussion.

Fig. 5. Ti/V vs. Fo data for the olivine crystals in this study
separated by sample type. Potentially inherited crystals discussed in
the text are identiﬁed by unique symbols.

interpretation; the slope of the ,1486 olivine CSD is similar
to the rest of the A-14 impact melts, whereas the slopes of
the pristine basaltic CSDs (A-12 & A-17) are shallower
indicating a diﬀerence in cooling histories between the sample types (Fig. 7).

The chemistry and morphology of euhedral olivines in
A-14 impact melts (OVs and ,1486) are reasonably distinct
from those in basaltic olivines (Figs. 3–5). The olivines from
A-14 impact melts have high Ti-values (Fig. 9; Table EA2),
suggesting a similarly elevated level of Ti in the target rock.
However, as shown in Fig. 3, three individual olivine grains
from the impact melt samples have similar trace element
data to olivine from A-14 high-Al basalts or A-17 basalt.
Two of these rounded and embayed crystals are found in
sample 14321,1486 (Fig. 3c and d), while the third is from
14321,1602 (Fig. 3b). These crystals are likely to be inherited from the target material or interaction with some other
surface lithology during crystallization from the impact
melt given their distinct shape and chemistry. The relatively
low Fo (0.73–0.80) of these rounded crystals suggest that
they did not crystallize directly from the impact-induced
melt, but rather were inherited from a basalt such as a
high-Al A-14 or a basalt similar in composition to 74275
(e.g. Fig. 3a) depending on the crystal. Crystal #14
(,1486; Fig. 3c) is the only relict grain to display compositional zoning visible in both plane- and cross-polarized light
as a gradation from light to dark portions (left-to-right in
Fig. 3c). Major and trace element variations suggest that
the majority of the crystal was inherited (darker region)
with a later overgrowth (lighter region) reﬂecting the crystallization of the impact melt; the darker region may also
show evidence of shock in both its distinctive color and
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Fig. 6. Sc vs. Ti/V for olivine from the A-12 basalt suites; samples with vitrophyric textures are distinguished from the other members of their
respective suite by open symbols.

Fig. 7. (a) Semi-logarithmic olivine crystal size distribution (CSD) proﬁles for diﬀerent impact melt and basalt groups. (b) A-12 vitrophyric
basalts, though similar in texture to the A-14 impact melts, have CSDs similar to the other members of their respective basalt suites. Individual
olivine CSDs with the appropriate error bars are shown in Figs. 8 and 10.

its “cloudy” appearance. The relict portion (darker region)
of the crystal has similar Co and Fo to olivine from 74275,
but Ti/V ratio similar to the A-12 and A-14 basalts. Crystal
#24 (,1486; Fig. 3d) has similar Fo and Mn to 74275, Co
abundances on the high end of the A-14 basalts, but Y
and Sc abundances akin to the OVs (Figs. 3a, 4, and 9).
The complex similarities of these relict crystals with the
basalts in this study suggest that they were likely inherited

from a basalt type compositionally intermediate to the A14 high-Al basalts, the A-12 basalt suites, and the high-Ti
A-17 basalt. A similarly rounded olivine crystal is found
in 14321,1602 (Fig. 3b) and is chemically similar to A-14
basaltic olivines in Fo, Co and Ti/V, suggesting that it
was likely inherited from an A-14 high-Al basalt (Figs. 3
and 5). This would indicate that the ,1602 OV crystallized
after the high-Al basalts.
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Fig. 8. Individual sample olivine CSDs from this study with associated error bars; the number of crystals used (N) and the corresponding
correlation coeﬃcient (R2 value) are also noted.

5.3. Apollo 12 basalts: olivine chemistry
The trace element compositions for olivines in the selected
samples from the A-12 Pigeonite and Ilmenite basalt suites
are nearly identical (Fig. 6, Table EA2) despite originating
in isotopically distinct source regions (i.e. distinct 87Sr/86Sr
ratios; Nyquist et al., 1977). Although it may be possible to
distinguish between the Olivine and Ilmenite basalt suites
based on their olivine Ti/V ratios, olivine from the Pigeonite
suite compositionally overlap those of the other basalt suites.
With regards to other trace elements (Table EA2), the olivine

compositions of the selected Pigeonite suite members are
similar to data from the other suites including those samples
with vitrophyric textures. As such, although there are distinct
diﬀerences between the whole rock chemistry of the A-12 basalt suites, it is diﬃcult to conﬁdently deﬁne the Pigeonite
suite based solely on olivine compositions.
The wide range of olivine Sc (Fig. 6) and Co
(Table EA2) abundances within the A-12 Olivine suite suggests that these selected samples may represent cumulates
(cf. Walker et al., 1976; Neal et al., 1994b). In contrast,
olivines in vitrophyric Olivine suite basalt 12015 do not
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Fig. 9. Ti and V vs. Fo values for the olivine crystals in this study. Relict (‘inherited’) crystals from 14321,1486 and 14321,1602 are also
indicated. Olivine crystals from Apollo basalts (A-12, A-14, and A-17) display diﬀerent Fo–Ti (a) and Fo–V (b) relationships than the A-14
impact melt samples. This is also illustrated in the Ti/V ratio for these samples in Fig. 5.

exhibit a wide range of Sc contents. Thus, although members of the same suite, diﬀerent crystallization histories
likely explain the elemental variations between 12015 and
the other Olivine suite samples in this study; textural evidence suggests that 12015 cooled more rapidly than 12004
and 12020 and did not undergo olivine accumulation.
Although olivines from 12015 are distinct from those of
the rest of the Olivine basalt suite, olivines from the vitrophyric Ilmenite suite basalt (12008) are compositionally
indistinguishable from those of samples that comprise the
rest of the suite (Fig. 6), suggesting that the Ilmenite suite
basalts in this study did not experience olivine accumulation. Additionally, the olivine CSD of 12008 is subparallel
to 12016 (Fig. 7b), suggesting that 12016 may have undergone relatively rapid cooling, though not to the same extent
as its vitrophyric counterpart.
5.4. Sample 74275,312
Olivines from A-17 sample 74275,312 are generally closer in composition to the A-14 impact melts than those
from the various A-12 and A-14 basalt groups (e.g.
Figs. 3a, 4b, 5, and 9a), particularly with regards to high
Fo. This could be used as evidence of 74275 being an impact melt, but the corresponding CSD is similar to other
pristine basalts in terms of its texture. Another, more likely,

explanation is that the A-14 impact melt target material
may have included compositions similar to 74275,312
rather than an A-14 high-Al basalt. For 74275,312, the olivine compositions vary according to size with the smallest
crystals having the lowest Fo as well as the highest Mn
and Ti/V ratios; this sample is part of the high-Ti basalt
suite, which explains, in part, the high Ti/V ratio. Conversely, the largest olivine phenocrysts have similar trace
element compositions to olivine from the A-14 impact
melts. This likely reﬂects prolonged olivine crystallization
as this basalt cooled.
5.5. Textural analysis
The 11 olivine textural analyses (Table 1; Figs. 7 and 8)
for the A-12 and A-17 basalts and the A-14 impact melts
complement earlier work that suggests plagioclase from
A-14 impact melts may exhibit systematically diﬀerent
CSD shapes than those from the A-14 high-Al basalts
(Hui et al., 2011). However, we note that the A-14 highAl basalts did not contain a suﬃcient number of olivine
(i.e. >100 crystals) to be able to perform a CSD analysis.
Selected basalt groups from A-12 and A-17 are characterized by olivine CSD proﬁles that are distinct from those
of the A-14 impact melts (Fig. 7). These distinctions are reﬂected by plagioclase CSDs by Neal et al. (2011), where
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Fig. 10. Olivine CSDs for Apollo 12 basalts with vitrophyric textures; schematic diagrams for the thin-section of each sample’s crystal
population are shown above the respective CSD plot. The total olivine crystal population CSDs are seen in (a and d) while the separated
populations are exhibited in b-c and e-f for 12008 and 12015, respectively. Initial CSDs of the entire sample are shown in grey with subsequent
analyses (b, c and e, f) in black for the purpose of comparison.

CSD slope diﬀerences indicate that the impact melt and
basalt clasts from 14321 experienced markedly diﬀerent

crystallizing conditions, thus providing further evidence
that the high-Al basalts are not impact melts (cf. Snyder
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et al., 2000; Snyder and Taylor, 2001). Using textural analyses of plagioclase in analogy, we can conﬁrm our classiﬁcation of 14321,1486 as an impact melt given that the
olivine CSD is similar to those from the OVs (Fig. 7a). Furthermore, statistical models such as a simple Student T-test,
show that the impact melt and basalt (A-12 and A-17) populations here have statistically unique CSD slopes as shown
in Fig. 7.
The majority of CSD proﬁles are linear to sub-linear
indicating a relatively constant cooling history and single
crystal populations (Figs. 7 and 8). Several of the CSDs display a concave down proﬁle at the smallest corrected crystal
lengths (Fig. 8). This behavior is not a consequence of a
change in crystallization history, but is a product of the resolution limit of the photomicrographs used to create the
CSD. Although the samples contain olivine <0.05 mm in
corrected crystal length, it is diﬃcult to accurately represent
these and an initial concave down pattern should be regarded as an artifact (“detection limit”) of the method.
Additionally, as mentioned previously, any crystal
<0.03 mm was eliminated from analysis on the basis of
being projections of the crystal rather than accurate representations (Higgins, 2000).
Basalt clasts from 14321 contain relatively few olivine
crystals making it diﬃcult to construct a set of textural
characteristics. In general, more than 100 crystals are necessary to reliably determine the initial 3D crystal dimension
(with an R2 > 0.8) using the CSDslice program. To combat
this issue, olivine CSD analyses were conducted on a set of
olivine-rich basalts from A-12 and A-17 to be able to compare and contrast olivine textures from pristine basalts to
the A-14 impact melts. Most of the A-12 and A-17 basalt
crystal dimensions ﬁt the CSDslice model parameters well.
Textural analyses can be used to distinguish between the
diﬀerent A-12 basalt suites. The Ilmenite basalt suite displays olivine CSDs with steeper slopes than the Olivine
suite basalts indicating a faster cooling rate; the vitrophyric
varieties in each suite have similar slopes to each other
(Fig. 7b). CSD analysis for the Pigeonite suite basalts examined in this study was not possible due to the small number
of olivine crystals present. All of the A-12 CSDs have shallower slopes than the A-14 impact melts (Fig. 6) indicating
a slower cooling history. Similarly, the olivine CSD for
74275,312 is clearly discernible from the impact melts,
although the curved nature of the CSD is similar to that
for 12008,65, suggesting either textural coarsening or at
least two crystal populations with non-collinear straight
CSDs (Higgins, 1996). The presence of two crystal populations is consistent with olivine accumulation (cf. Walker
et al., 1976; Neal et al., 1994b) and is reﬂective of the presence of both microphenocrysts and phenocrysts as well as
the major and trace element variations therein.
On the basis of their CSDs, the A-12 basalts with vitrophyric textures (12008 and 12015) are characterized by a
unique cooling history. Taken as a whole, the crystal populations of 12015 deﬁne a less than ideal ﬁt to the CSDslice
model with R2 = 0.54 (Fig. 8). In an attempt to improve the
CSD statistics for these two samples, the euhedral to subhedral olivine populations were manually separated from the
skeletal olivine population (Fig. 10). The revised CSDslice

estimates of crystal habit for the 12008 olivine populations
improve to R2 = 0.90–0.92 (Fig. 10 b-c). Similarly with
12015, the separation of crystals enhances the model ﬁt
for the larger crystals (R2 = 0.81, Fig. 10e), but only marginally improves the smaller crystal population
(R2 = 0.55, Fig. 10f), though Morgan and Jerram (2006)
have noted that acicular crystal shapes are prone to low
scores due to statistics of sectioning behavior. A-17 basalt
74275 has a similar sinuous CSD shape to 12008, but with
a lack of clearly deﬁnable crystal shapes to use to separate
populations, such as euhedral from skeletal, it is not possible at this time to conduct a similar operation. This shows
that sometimes a single CSD is insuﬃcient to represent the
crystal populations of a sample and the inherent crystal
cooling histories therein. For samples with low R2-values,
but suﬃciently high number of crystals, manual manipulation may be required to obtain representative CSD proﬁles.
The identiﬁcation of multiple crystal populations can be
particularly useful in selecting future geochemical analyses
to ensure that the desired dataset (a) represents a single
crystallization event or (2) encompasses all crystallization
events for the sample.
6. CONCLUSIONS
This study clearly demonstrates that it is possible, using
minimally destructive analytical techniques, to distinguish
between Apollo sample types using olivine. Alternative
methods such as whole-rock and highly-siderophile element
analyses can also be used to clearly discriminate between
impact melt and pristine mare basalts, but these methods
are time-consuming and require relatively large amounts
of priceless and irreplaceable sample material. On the basis
of olivine chemistry from a variety of samples reported
here, most of the diﬀerent sample groups can be reliably
identiﬁed using the following observations of olivine:
(1) Impact melts have the highest forsterite values in the
study.
(2) The A-12 and A-14 basalts analyzed in this study
have distinct trace element (e.g. Co, Mn, Y) abundances compared to those for the impact melts.
(3) The A-12 basalts analyzed in this study have the
highest Co, Sc, and V abundances of all the samples.
(4) A subset of A-12 Olivine suite basalts is chemically
distinct from selected A-12 Ilmenite suite basalts
(e.g. Ti/V), but A-12 Pigeonite suite basalts compositionally overlap the Olivine and Ilmenite suites.
(5) The olivine textural and trace element chemistries of
the non-vitrophyric A-12 Olivine suite basalts indicate these samples experienced olivine accumulation.
This study has also shown that crystal size distributions,
a completely non-destructive method, can be an eﬀective
tool in distinguishing between A-14 impact melts and basalts from A-12 and A-17. Olivine CSD slopes from A-14
impact melts are statistically steeper than the A-12 and A17 basalts. Of interest, CSD slopes, which are dependent
on the crystallization history of an individual sample,
may diﬀer depending on the basalt type as is noted among
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the selected basalt samples from the A-12 suites examined
here (Olivine and Ilmenite).
Olivine mineral chemistry and textural analyses can be
used to diﬀerentiate between (1) impact melt and pristine
mare basalt, (2) basalts from diﬀerent landing sites, and
(3) basalt groups from a single landing site. As proof of
concept, the chemical and textural results from this study
have clearly identiﬁed an olivine-rich impact melt that
was previously characterized as a pristine A-14 high-Al basalt (14321,1486). The combined chemical and textural
analysis approach adopted here can also identify distinct
(inherited) olivine crystals within a single impact melt sample, and can infer the origin for these inherited crystals
based on their similarity to olivine chemistry from A-14
or A-17 basalts.
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