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Abstract

The petrogenesis of Apollo 14 high-Al basaltic melts was studied using crystal stratigraphy, which involves textural (crystal
size distributions — CSDs) and chemical analyses (electron microprobe and laser ablation inductively coupled plasma mass
spectrometry). The samples studied here include pristine basalt 14072 and basaltic clasts from breccia 14321, and impact-
generated crystalline samples 14073, 14276 and 14310. Plagioclase was the focus of this study because of its relatively high
modal abundances and because it was on the liquidus for much of the melt cooling histories. Plagioclase crystals were ana-
lyzed (core-to-rim compositions where possible) to test and refine petrogenetic models based upon whole-rock compositions
(Groups A, B, and C designations) and to investigate basalt 14072 and impact-melt crystallization. Textural studies have
shown that each basalt group has distinctive plagioclase CSDs, which are in turn distinctive from those of the impact melts.
Evolution of the individual basaltic melts was studied by comparing the equilibrium-melt compositions (calculated from pla-
gioclase compositions using relevant partition coefficients) to fractional crystallization (FC) and assimilation and fractional
crystallization (AFC) models. Petrogenetic modeling of trace elements in Group A basalts revealed that petrogenesis contin-
ued beyond 40% total crystallization required to model whole-rock compositions, and that there were open-system processes
that affected the magma during plagioclase crystallization. Petrogenetic modeling of pristine high-Al basalts (14072 and
Groups A, B and C) using trace elements shows that the equilibrium-melt compositions do not fall on a single AFC or
FC trajectory. This is consistent with fluctuating degrees of assimilation (i.e., variable r-values) and/or variable assimilant
compositions during petrogenesis. Petrogenetic modeling reveals that the impact melts experienced only closed-system frac-
tional crystallization. This work demonstrates the importance of crystal stratigraphy in revealing the intricacies of lunar basalt
petrogenesis.
� 2011 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

The Apollo 14 high-Al basaltic samples
(Al2O3 P 11 wt.%, compared to 7–11 wt.% of other mare
basalts; e.g., Neal and Taylor, 1992) were collected from
the Moon’s Fra Mauro region in February 1971, which is
composed mostly for impact ejecta from the Imbrium basin.
Two different origins of these high-Al basaltic melts were
identified: volcanic eruption, referred to as “pristine”, mean-
ing the sample is free of meteoritic components and formed
solely via endogenous lunar processes; and meteorite im-
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pact, the generated melts referred to as “impact melt”, which
potentially contains meteoritic signatures. Though most of
the samples collected by the Apollo 14 mission are impact
melts and breccias, several pristine basalts (e.g., 14053 and
14072) were returned and some of the breccias (e.g.,
14321) contain pristine basaltic clasts. These pristine basalts
have been determined to have three different ages (�4.3,
�4.1, and �3.95 Ga; Papanastassiou and Wasserburg,
1971; Mark et al., 1973, 1974, 1975; Dasch et al., 1987).
Therefore, the Apollo 14 high-Al mare basalts provide geo-
logic records of the Moon between the formation of lunar
crust (�4.4 Ga) and the main basin-filling mare volcanism
(<3.85 Ga; Shearer et al., 2006). Several models — including
impact-generation (e.g., Snyder et al., 2000), varying degrees
of partial melting of a single source (e.g., Dickinson et al.,
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1985; Shervais et al., 1985; Dasch et al., 1987), partial melt-
ing of a hybridized mantle (e.g., Hagerty et al., 2005), and
fractional crystallization with assimilation (e.g., Neal
et al., 1988, 1989a; Neal and Taylor, 1990; Neal and Kra-
mer, 2006) — attempted to describe the origin and evolution
Fig. 1. Plane polarized light photomicrographs of (a) pristine basalt 14072
C basalt 14321.1610, and (d) impact melt 14276.54.
of the Apollo 14 high-Al basalts. It was demonstrated that
variable degrees of partial melting of a single source cannot
yield the range of trace-element abundances measured in
these samples (e.g., Dickinson et al., 1985; Shervais et al.,
1985; Hagerty et al., 2005).
.49, two basalt clasts (b) Group B basalt 14321.1261 and (c) Group
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On the basis of basalt ages and whole-rock incompati-
ble-trace-element ratios (e.g., Nb/Ce) that are unaffected
by fractional crystallization of observed phases, Neal and
Kramer (2006) concluded that (1) the Apollo 14 high-Al
mare basalts formed three different groups (A, B and C),
thus indicating the basalts were derived from three distinct
source regions (at three separate times); (2) basalt 14072
does not fall into any of these three groups, indicating the
presence of a possible fourth (and poorly sampled) group
at the Apollo 14 site; and (3) the pristine basalts are compo-
sitionally distinct from the Apollo 14 aluminous impact
melts. Using the crystallization assemblage of each Apollo
14 basalt group estimated with the program MELTS

(Ghiorso and Sack, 1995), Neal and Kramer (2006) hypoth-
esized that Group A basalts could be generated by 30–40%
closed-system crystal fractionation, but realized that the
ranges of abundances and ratios of incompatible trace ele-
ments in Group B and C basalts could not have been pro-
duced by closed-system processes or assimilation of just a
KREEP (K, rare earth elements (REE) and P rich; e.g.,
Meyer, 1977; Warren and Wasson, 1979) component as
proposed by Neal et al. (1988, 1989a). Thus, assimilation
of a component comprising a mixture of KREEP-rich
quartz monzogabbros (QMD in Jolliff, 1991; hereafter re-
ferred to QMG) and granite (Warren et al., 1983a) was pro-
posed to produce the array of measured whole-rock
compositions with 25% fractional crystallization and 2.5%
assimilation for Group B basalts, and 40% fractional crys-
tallization and 4.8% assimilation for Group C basalts (Neal
and Kramer, 2006). This “mixed” assimilant is reasonable
given the association of KREEP and granite as documented
in lunar samples, such as 15405 (Ryder, 1976).

Geochemical information (e.g., siderophile-element con-
tent, incompatible-trace-element ratio) can be used to dif-
ferentiate pristine samples and impact melts (cf. Warren,
1993), as well as between different mare basalt groups
(e.g., Neal and Kramer, 2006). The different groups of bas-
alts experienced different petrogenetic process as revealed
by the whole-rock incompatible-trace-element data (Neal
and Kramer, 2006). However, the different petrogenetic his-
tories are not reflected in distinct textural differences such
that initially, some impact melts were classified as pristine
Table 1
Modal mineralogies (vol.%) of the Apollo 14 samples in this study.

14321 Clastsa 14072a

Olivine 0–16 2.5
Pyroxene 16–52 49.9
Plagioclase 18–45 38.3
Opaques 7.7

Ilmenite 5–16
Chromite 0–8

Fe–Ni metal/Troilite 1–11
Glass and Silica 1.7

Silica 0–6
Glass 0–22

Phosphate

a Data sources: 14321 clasts: Neal et al. (1989b), 14072: Longhi et al.
14310: Gancarz et al. (1971, 1972), Longhi et al. (1972).

b Tr. = trace amounts present.
c Reported as “mesostasis”.
basalts (e.g., Gancarz et al., 1971, 1972; Ridley et al.,
1972; Longhi et al., 1972; Ridley, 1975; Neal et al.,
1989b) (Fig. 1).

Crystal size distributions (CSDs), which measure the
number of crystals of a characteristic size per unit volume
of rock, can provide a quantitative measure of rock texture
controlled by petrogenetic processes (e.g., Marsh, 1988).
This quantitative method of textural analysis has been used
to decipher the melt crystallization dynamics (e.g., Hersum
and Marsh, 2007; Higgins, 2011a).

In this paper, crystal stratigraphy of plagioclase, which in-
volves both textural (CSDs) and spatially resolved chemical
analyses (major- and trace-element concentrations), were
used to study the petrogenesis of Apollo 14 high-Al mare bas-
alts (basalt 14072 and Groups A, B and C) and impact melts
(14073, 14276, and 14310). Plagioclase is abundant in Apollo
14 high-Al basaltic melts (Table 1) and it was on the liquidus
for much of their cooling histories (e.g., Papike et al., 1976).
Hence, plagioclase crystals record much of the crystallization
history and can be used to test and refine the petrogenetic
models presented by Neal and Kramer (2006) on the basis
of whole-rock data for each basalt group.

2. METHODS

Twenty-one Apollo 14 high-Al basaltic samples were
used in this study for textural analysis, including eighteen
pristine basalts (14072 and clasts from breccia 14321) and
three impact melts (14073, 14276, and 14310). Ten of them
were also analyzed for chemical compositions using elec-
tron microprobe and laser ablation inductively coupled
plasma mass spectrometry, including eight pristine basalts
(14072 and seven clasts from breccia 14321) and two impact
melts (14073 and 14276).

2.1. Crystal size distributions (CSDs)

Crystal size distributions (CSDs) of plagioclase are used
to distinguish unique crystal populations. CSDs measure
the number of crystals of a particular size (i.e., a particular
crystal length) per unit volume of rock and are generally
plotted as the natural logarithm of the population density
14073a 14276a 14310a

Tr.b

45 29 32.9–40
50 64.6 50–59

2.9–3
2 1.2 1.8–3

Tr.b 0.3 0.1
3.5c 4.4c–5.9

Tr.b

Tr.b 0.6 0.3

(1972), 14073: Gancarz et al. (1971), 14276: Gancarz et al. (1972),



6442 H. Hui et al. / Geochimica et Cosmochimica Acta 75 (2011) 6439–6460
versus the crystal size (e.g., Marsh, 1988). The intercept of
the CSD curve represents nucleation density (i.e., ln(n0)),
and the slope is a function of average crystal growth rate
(G) and average crystal residence time in the system (s) fol-
lowing the formula:

CSD slope ¼ 1=Gs: ð1Þ

In this study, CSDs of plagioclase were used to explore
any textural differences among the pristine basalt groups,
and between the pristine basalts and the impact melts.

Digital photomicrographs were made of the thin sections
of all twenty-one samples using a Nikon petrographic micro-
scope with a 5X objective under both plane and crossed
polarized light. Using Adobe Photoshop�, the outline of each
plagioclase crystal intersection (i.e., observed crystal surface
through microscope) was traced and filled with a shade of
gray. The entire image was then converted into an uncom-
pressed 8-bit BMP format and processed by the program
ImageTool (Higgins, 2000), which measured the length,
width, roundness, and area of each crystal intersection on
the thin section. The intersection length and width were used
to convert the 2-D crystal intersection shape (i.e., the ob-
served crystal shape on the section) into the most probable
3-D crystal habit (aspect ratios of long, intermediate and
short dimension) with the program CSDSlice (Morgan and
Jerram, 2006). The program CSDcorrections1.37, which con-
siders the 3-D crystal habit, total measured area, average
crystal roundness and intersection length (or width), was
used to resolve the cut-section effect (i.e., the unlikely occur-
rence that the crystal is intersected at the exact center of its
longest axis) and to estimate the true 3-D crystal size distribu-
tion (Higgins, 2000). Four to six bins per decade (i.e., loga-
rithmic-size intervals for sizes that vary by a factor of 10)
were used in the plot of CSDs depending on the total number
of crystals (P200; Higgins, 2000).

The length of plagioclase crystals, which intersections
can be precisely traced in Photoshop� is <0.1 mm. There-
fore, the error arising from the outline of crystal intersec-
tion for intermediate-size crystals (i.e., 0.1–1 mm; see
Section 3.1) is negligible. However, inaccuracy in the deter-
mination of population densities can potentially rise from
the following three aspects (Higgins, 2000): (1) the counting
statistics error (i.e., how many crystals counted in each
crystal size interval), which can be minimized by making
each interval contain at least 20 crystal intersections (Hig-
gins, 2000; also see Section 3.1); (2) the probability that a
crystal with a true size in one interval will have an intersec-
tion that falls in another different interval (this error is
important for small size intervals; Higgins, 2000); and (3)
the error associated with the conversion of crystal intersec-
tion length (or width) to true crystal size. In this study, the
overall error of population density is less than 5% in the
most intermediate-size intervals (i.e., 0.1–1 mm) using
CSDcorrections1.37 (Higgins, 2000).
2.2. Electron probe microanalysis

The thin sections of 10 high-Al basaltic melts were car-
bon coated, then analyzed on a JEOL JXA-8200 electron
microprobe equipped with five wavelength-dispersive
spectrometers, and a JEOL (e2v/Gresham) silicon-drift en-
ergy-dispersive spectrometer. Analyses were acquired using
either the Probe for Windows or JEOL analysis software,
and X-ray correction was performed using the CITZAF
correction software (see Armstrong, 1995). Typical operat-
ing conditions for plagioclase analyses were 15 kV acceler-
ating voltage and 25 nA current, using a defocused beam
where practical (typically 5–10 lm diameter) with typical
count times of 30 s on peak and 20–30 s on background.
Standards used in the facility range from pure elements
and oxides to simple or complex silicates and glasses recog-
nized throughout the analytical community. The primary
standards of a 10 element analytical setup for plagioclase
were: Na, Si: Amelia albite; Mg: Shankland forsterite (syn-
thetic); Al: Alaska anorthite; K: microcline; Ca: Gates wol-
lastonite; Ti: synthetic TiO2; Cr: synthetic Cr2O3; Mn:
synthetic Mn2SiO4; Fe: synthetic fayalite (see http://
xraysrv.wustl.edu/web/probe/probe2.html for more de-
tails). Primary standards were typically measured at the
beginning of each day. During the run, primary standards
were checked against each other, and Kakanui hornblende
and other standards were used as secondary standards to
check the calibration. The measurements were quantified
using the Armstrong Phi-Rho-Z algorithm coupled with
Henke and Heinrich mass absorption coefficients.

Backscattered electron (BSE) images were used to select
analysis spots on the individual plagioclase crystals, as the
images exhibit differences in total atomic weight, and thus
highlight compositional zoning (Fig. 2a). In some areas
X-ray maps were also used to identify locations for analysis
(Fig. 2b). Two to six locations, which were free of fractures
and inclusions, were chosen on each analyzed crystal. If
zoning was apparent, measurements were taken from each
zone; if not, measurements were taken from the rim and
core on small crystals (<�0.2 mm in length), or the rim,
core and some intermediate spots on larger crystals
(>�0.2 mm in length). The detection limits were typically
better than 500 ppm and the standard errors based on
counting statistics during analyses were typically better
than 1% for oxides >10 wt.%, 1–3% for oxides 1–10 wt.%,
and 1–5% for oxides <1 wt.%.
2.3. LA-ICP-MS analysis

A 213 nm Nd-YAG New Wave laser ablation system in
conjunction with a Thermo-Finnigan Element 2 high reso-
lution magnetic sector inductively coupled plasma mass
spectrometry (LA-ICP-MS) were used to analyze the trace
elements in the plagioclase crystals at University of Notre
Dame. Each crystal was analyzed in locations correlating
with previous electron microprobe analyses so that the cal-
cium concentrations (CaO weight percent measured by the
electron microprobe, and 44Ca abundances measured by
LA-ICP-MS) could be used as an internal standard in each
zone. Samples were ablated using the rastering method
within distinct compositional zones of plagioclase crystals.
The laser had a repetition rate of 5 Hz, a spot diameter of
30–40 lm depending on crystal size and zone, and 70–
100% power output depending on crystal durability (i.e.,
how quickly the laser penetrated through the plagioclase
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Fig. 2. Plagioclase zoning in sample 14321.1476 (Group C)
illustrated by (a) a Backscattered electron (BSE) image and (b)
an RGB image using the Mg, Na and Ca X-ray maps of the same
location. Red indicates high Mg concentrations, green indicates
high Na concentrations, and blue indicates high Ca concentrations.
Px: pyroxene, Pl: plagioclase. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web
version of this article.)
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crystal on the thin section). Typical penetration depth is less
than 20 lm per 60 s analysis. The ablated particles were
transported into the ICP-MS by a helium–argon gas mix-
ture with 0.7 l/min of He. The stability of the Element 2
ICP-MS allowed trace elements Ga, Sr, Y, Ba, La, Ce,
Na, Sm, Eu, Gd, Dy, Er, and Yb to be measured in peak
jumping mode with only one point quantified per mass.
NIST 612 glass was used as an external standard to correct
for instrument drift and ensure reproducibility in the mea-
surements. The LA-ICP-MS data were reduced using the
program GLITTER� (a software for the laser ablation
microprobe, which provides the first real-time interactive
data reduction for LA-ICP-MS analysis). The detection
limits were better than 0.05 ppm for all trace elements ex-
cept for Sr (better than 2 ppm). The standard errors based
on counting statistics, natural concentration variations dur-
ing ablation, and propagated errors including uncertainties
in standard values during each analytical session were bet-
ter than 5%. Furthermore, GLITTER� can be used to
monitor whether incompatible-trace-element rich inclusions
were ablated. When such inclusion is ablated, we can recog-
nize a sudden change of incompatible trace elements and
Ca concentrations in the time-resolved data. No such obser-
vations were made during our analyses.

3. RESULTS

All Apollo 14 samples studied here have a basaltic chem-
ical composition (e.g., Gancarz et al., 1972; Longhi et al.,
1972; Neal et al., 1989a). Textures range from ophitic to
subophitic within each of three groups (A, B and C) of
basaltic clasts from breccia 14321. All these basaltic clasts
contain plagioclase (18–45 vol.%) and pyroxene (16–
52 vol.%), with some having olivine phenocrysts
(616 vol.%) (Neal et al., 1989b). The major opaque oxide
is ilmenite (5–16 vol.%), which generally occurs as subhe-
dral laths and as irregular grains in mesostasis (Neal
et al., 1989b). Accessory phases include chromite, troilite,
Fe–Ni metal, SiO2 and glass (Neal et al., 1989b). Rock
14072 is a porphyritic basalt with subrounded olivine
phenocrysts (2.5 vol.%; Longhi et al., 1972). It is composed
of pyroxene (49.9 vol.%) and plagioclase (38.3 vol.%) with
accessory ilmenite, spinel, cristobalite, troilite and native
iron (Longhi et al., 1972). Impact melt 14073, 14276 and
14310 are subophitic in texture. They consist predomi-
nantly of plagioclase (50–65 vol.%) and pyroxene (29–
45 vol.%), with minor ilmenite, spinel, troilite, and Fe-metal
(Gancarz et al., 1971, 1972; Ridley et al., 1972; Longhi
et al., 1972). There is no “distinct” difference in textures be-
tween different basalt groups and between the impact melts
and the pristine basalts, as shown in Fig. 1. The modal min-
eralogies are summarized in Table 1.

3.1. Textural analysis

A comparison of crystal size distributions of the pristine
basalts and the impact melts shows that each compositional
group occupies a distinct range of slopes with little overlap,
while that of basalt 14072 falls in the range of Group C
(Fig. 3, Table 2). The impact melts have plagioclase CSDs
that also plot distinctly from the pristine basalts (Fig. 3, Ta-
ble 2). The CSDs are truncated at 0.1 mm crystal length be-
cause that is the smallest crystal size that can accurately be
identified and traced using the methods described above
(see Section 2.1). Each crystal length interval increases by
56–68% depending on total number of crystals counted,
so that each interval contains a sufficient number of crystals
and there are no size bins without crystals—even in the lar-
ger sizes where there are fewer crystals. Having logarithmic
crystal length intervals also minimizes the total number of
size bins, which, in turn, reduces the errors associated with
the slope and intercept measurements (Fig. 3).
3.2. Compositional analysis

Plagioclase major-element compositions in Apollo 14
high-Al basaltic melts are heterogeneous with a general
Fe enrichment and anorthite depletion towards grain rims
(Fig. 4a and b). Plagioclase grains analyzed in this study
have a wide range of anorthite contents, especially rims



Fig. 3. CSDs of (a) all high-Al basaltic melts in this study, (b) Group A basalts, (c) Group B basalts, (d) Group C basalts and basalt 14072,
and (e) the impact melts. The inset in (a) is the CSD plot of each sample group.
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(Fig. 4a). The anorthite (An) mole percentages of Group A
plagioclase crystals range from 84 to 96, Group B crystals
range from 77 to 93, Group C crystals range from 84 to
96, 14072 crystals range from 73 to 93 and impact-melt
crystals range from 64 to 95 (Fig. 4a). The values of the
pristine basalt An% overlap with those measured by
Shervais et al. (1985; An77–96), Neal et al. (1988; An69–97),
Neal et al. (1989b; An75–97), and Hagerty et al. (2005;
An89–93), though the range is more comparable to that in
Neal et al. (1989b). FeO concentration and anorthite con-
tent of plagioclase are inversely correlated in all the samples
studied here (Fig. 4b). Groups A, B and C basalts have



Table 2
Crystal size distribution data by group.

Group Thin section Crystal counted Plb vol.% Slp1c Int1d Slp2e Int2f Slp1–Slp2g

A 14321.1473 596 9.18 �12.23 10.23 N/A N/A N/A
A 14321.1611 479 12.36 �9.05 8.83 �7.29 7.58 �1.76
A 14321.1763 1215 12.56 �11.13 9.92 N/A N/A N/A
A 14321.1246 2501 14.27 �10.70 10.26 �3.40 3.03 �7.30
B 14321.1376 686 20.44 �7.72 8.67 �5.31 7.10 �2.41
B 14321.1261 451 15.58 �8.15 9.26 �5.45 7.01 �2.70
B 14321.1475 211 22.91 �6.56 7.82 �4.53 6.44 �2.03
B 14321.1483 476 16.88 �6.58 8.45 N/A N/A N/A
B 14321.9090 202 17.80 �6.29 8.68 N/A N/A N/A
B 14321.1482 777 21.55 �8.40 8.69 �8.46 8.77 0.06
C 14321.9080 296 26.36 �4.56 7.67 �3.83 7.07 �0.73
C 14321.1476 547 14.99 �9.28 9.71 N/A N/A N/A
C 14321.9057 210 15.64 �5.68 7.97 �4.54 6.93 �1.14
C 14321.1610 1055 20.51 �5.77 8.30 �4.24 7.18 �1.53
C 14321.1608 173 16.71 �3.80 7.11 �2.79 5.16 �1.01
C 14321.18 464 29.74 �4.41 6.82 �2.31 4.00 �2.10
C 14321.1609 629 17.98 �5.42 7.54 �4.35 6.58 �1.07
14072 14072.49 3071 26.61 �4.86 7.77 �3.62 5.96 �1.24
IMa 14310.175 1368 32.55 �2.69 6.44 �2.73 6.35 0.04
IMa 14073.16 2810 37.10 �4.25 7.94 �3.73 7.34 �0.52
IMa 14276.54 4050 45.42 �4.69 8.59 �3.32 7.49 �1.37

a Impact melt.
b Plagioclase modal abundance obtained by using the area ratio of plagioclase and all the phases on the thin section.
c Slope measured from size intervals 0.1–1.0 mm.
d y-Intercept of slope 1.
e Slope measured from size intervals 1.0 mm to the largest. In the case that there is only one size interval >1.0 mm, the one closest to 1.0 mm

was used in regression for slope2 and intercept2.
f y-Intercept of slope 2.
g A measure of CSD concavity.
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similar trends in terms of the correlation between FeO con-
centration and anorthite content, but are distinctly different
from 14072 and the impact melts (Fig. 4b).

The concentrations of trace elements in plagioclase
grains with respective major-element concentrations for
the different samples analyzed in this study are presented
in the electronic annex (EA-1). Trace-element concentra-
tions obtained in this study can have more than an order
of magnitude difference within a plagioclase grain and be-
tween crystal grains in each group (EA-1), in contrast to rel-
atively constant values obtained by Hagerty et al. (2005). In
the pristine basalts the variation is almost two orders of
magnitude, while in the impact melts the variation is less
than an order of magnitude. There are no obvious correla-
tions between trace-element ratio (e.g., La/Sr) and anor-
thite content in plagioclase of pristine basalts (Fig. 4c).

4. DISCUSSION

4.1. Textural analysis

Several petrologic processes can be inferred from CSDs.
For example, if crystal nucleation and growth continue
uninterrupted, a linear distribution of crystal sizes will be
likely yielded (Marsh, 1988, 1998). Nonlinear CSDs may
be produced by a variety of dynamic and kinetic processes
and are indicative of changes in crystal nucleation and
growth rates — such as crystal accumulation, magma
mixing, or textural coarsening (i.e., growth of larger crystals
at the expense of smaller ones) (e.g., Marsh, 1988; Higgins,
1996, 2011a; Higgins and Roberge, 2003).

Each group of pristine basalts (A, B, and C) and the im-
pact melts are distinct in the CSD diagram (Fig. 3), and un-
grouped sample 14072 falls within the Group C range
(Fig. 3a). Although the CSDs within given groups appear
similar, the CSD of 14321, 1426 is concave upward
(Fig. 3b), which is consistent with textural coarsening oc-
curred during magma crystallization (e.g., Marsh, 1998;
Higgins, 2011b). The ranges of plagioclase grain sizes be-
tween samples are variable (Fig. 3 and Table 2). This makes
it difficult to have a true sample-to-sample comparison.
Therefore, only the slopes and the intercepts derived from
the regressions of CSDs within the size intervals of 0.1–
1 mm are discussed here because this size range encom-
passes every sample. The slope is determined using only
those size bins that show an increasing population density
with decreasing size, and from this slope the intercept is
then calculated. It should be noted that the CSD slope
and intercept are not independent of each other (Fig. 5a;
Higgins, 2002; Zieg and Marsh, 2002) and no samples can
lie above the closure limit in a CSD diagram (Higgins,
2002). Closure limits occur when volumetric phase propor-
tions cannot exceed a certain percentage determined by the
number of phases present in the rock, whose sum cannot
exceed 100%. Therefore, because the CSD y-intercept repre-
sents the nucleation density of new crystals, as the magma



Fig. 4. (a) Ranges of anorthite content in plagioclase crystals analyzed in this study. (b) FeO concentration is generally correlated with
anorthite content in plagioclase. (c) La/Sr in plagioclase crystals plotted against anorthite content. Data from Hagerty et al. (2005) are plotted
(H05) for comparison.
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approaches 100% crystallization, new crystals cannot form
unless other crystals become smaller, thus increasing the
slope through breakdown of the larger crystals. Conversely,
textural coarsening causes a decrease in the CSD slope. At
this point, any petrogenetic process that changes the slope
of the CSD also changes the intercept (Higgins, 2002).
Hence, a plot of plagioclase abundance versus characteristic
length (LD = �1/slope) is a more informative measure of
CSD dispersion (Fig. 5b) as recommended by Higgins
(2002). According to Eq. (1), the characteristic length is
the product of the average crystal growth rate (G) and the
average crystal residence time (s) in the system. Fig. 5b
shows that Group A and B basalts plot separately from
each other and from Group C basalts (and impact melts),
with the exception of one Group C basalt (14321, 1476),
which is the only basalt separated from its respective group.
Group C basalts exhibit the most variability (Fig. 5b),
which is consistent with the whole-rock geochemical vari-
ability as shown by Neal and Kramer (2006). The impact
melts have the highest volumetric plagioclase abundances,
and also their characteristic lengths are among the longest
(Fig. 5b), indicating that the impact melts crystallized rela-
tively slowly compared to the pristine basalts. On the other
hand, the intercepts of the different groups are not distinctly
separated, which indicates that all melts had similar nucle-
ation densities (Table 2, Fig. 5c). While the manifestation of
textural groups could be due to the statistics of small num-
bers, the present data set suggests that the groups of high-
Al basaltic melts defined by whole-rock geochemistry are
also texturally distinct. There appears to be a geochemical
and textural distinction between the pristine basalts and
the impact melts (Fig. 5b; Neal and Kramer, 2006),
although more impact melts will need to be analyzed in or-
der to confirm this.

4.2. Petrogenetic modeling of Apollo 14 high-Al basaltic

melts

4.2.1. Overview

Anorthite content and FeO concentration of plagioclase
in the Apollo 14 samples studied here are generally corre-
lated (Fig. 4b), which results from compositional evolution
of the magma following a typical liquid line of descent.
However, incompatible-trace-element ratios of plagioclase
in these samples are not correlated with plagioclase anor-
thite content in pristine basalts (e.g., Fig. 4c). Whole-rock



Fig. 5. (a) Correlation between the slopes and the intercepts of
plagioclase CSDs. (b) Plagioclase characteristic length (LD) as
a function of modal abundance (volumetric percentage). (c) The
intercepts as a function of plagioclase modal abundance.
The slopes and intercepts of CSDs are regression results based on
the size intervals from 0.1 to 1.0 mm. See text for discussion.
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compositions of Apollo 14 high-Al basalts suggest that
while Group A basalts could have formed by 30–40%
closed-system fractional crystallization (FC), Group B
and C basalts require assimilation of a distinct, evolved
composition in conjunction with fractional crystallization
(AFC) (Neal and Kramer, 2006, and references therein).
The assimilants were a mixture of evolved components
found at the Apollo 14 site: KREEP-rich QMG and granite
(Table 3; Warren et al., 1983a; Jolliff, 1991; Neal and
Kramer, 2006) due to the fact that there has been proposed
a genetic relationship between KREEP and granite (e.g.,
Ryder, 1976; Neal and Taylor, 1991).

Using the plagioclase trace-element data, modeling of
fractional crystallization and assimilation scenarios were
carried out to test the petrogenetic models described by
Neal and Kramer (2006), where plagioclase becomes a liq-
uidus phase after >20% crystallization. The estimated
parental melt compositions (Table 4; Neal and Kramer,
2006) were used to calculate the Rayleigh fractional crystal-
lization (FC) trajectories for each basalt group and the im-
pact melts. Assuming that there was no significant crystal
accumulation (an assumption supported by petrographic
observations), the hybrid parent compositions were esti-
mated by taking the lowest value for each incompatible
trace element within a database of all basalt compositions
of each group (Neal and Kramer, 2006). The fraction of
residual melt and trace-element bulk partition coefficients
between solid phase and the residual melt change during
magma evolution to reflect the changing melt composition,
phase assembly and melt fraction, respectively, as described
by the crystallization sequence and modeling results of Neal
and Kramer (2006). This fractional crystallization trajec-
tory was compared to the elemental concentrations of the
equilibrium melt from which each sample spot on the pla-
gioclase crystals formed using the equation:

Cm
i ¼ Cplag

i =Dplag
i ; ð2Þ

where Dplag
i is the partition coefficient of element i between a

plagioclase crystal and the residual melt, and depends on
the anorthite content of the plagioclase (e.g., Blundy and
Wood, 1991; Bindeman et al., 1998; Tepley et al., 2010;
see below), Cplag

i and Cm
i are the weight concentration of ele-

ment i in the plagioclase and the melt respectively. Simi-
larly, the AFC trajectory was calculated using the
following AFC modeling equation (DePaolo, 1981):

Cm
i

C0
i

¼ F �zi þ ð r
r � 1

Þ Ca
i

ziC
0
i

ð1� F �ziÞ; ð3Þ

where C0
i and Ca

i are the weight concentration of element i

in the parental melt and assimilated component respec-
tively, F is the fraction of melt remaining,
zi = (r + Di � 1)/(r � 1), and Di is the bulk partition coeffi-
cient of element i between crystallizing phases and the resid-
ual melt.

4.2.2. Partition coefficients and equilibrium melts

The uncertainty in partition coefficient determinations
can be a major source of error in modeling magmatic pro-
cesses using mineral chemistry (e.g., Blundy, 1997; Bédard,
2001). To deduce the processes that occurred during the
magma evolution of each Apollo 14 high-Al basaltic melt,
partition coefficients have to be estimated carefully so that
the calculated trace-element concentrations in the melts
that equilibrated with plagioclase crystals (Eq. 2) are as
realistic as possible. Numerous studies have been carried
out to determine the partition coefficients for trace elements



Table 3
Assimilant compositions (in ppm) used in the modeling of each basalt group.

Group A
assimilant

Group B
assimilant

Group C
assimilant

14072
Assimilant

QMGa Granitea

14161.7069 14161.7373 14303.204 14321.1027

Sr 86 65 90 165 160 207 210 55
Yb 7900 1650 994 4250 798.4 994 204 201
Ba 790 740 760 2100 2050 740 2100 2160
La 135 125 119 185 228 696 58 44.3
Ce 1225 250 250 710 537 1683 149 117
Sm 326 50 45 320 97 326 22 15.9
Eu 1.5 1.3 2 5.6 3.35 5.68 3.3 1.17
Props Bc (%) 30 30 20 20
Props Cc (%) 40 0 10 50

a Data sources: QMG: Jolliff (1991). Granite: Warren et al. (1983a).
b Yttrium concentrations in QMG and granite estimated by Neal and Kramer (2006).
c Proportions of QMG and granite as assimilant of Group B and C basalts based on the whole-rock data (Neal and Kramer, 2006).

Table 4
Parental melt compositions (in ppm) used in the modeling of each basalt group and the impact melts.

Group Aa Group Ba Group Ca Basalt 14072 Impact melt

Sr 56 85 56.5 92.4 165
Y 20.1 62.5 28.3 36 174
Ba 30.6 120 54 103 515
La 2.62 17 5.4 6.8 56
Ce 7.31 46 15.1 19.2 143
Sm 1.6 8.74 3.28 4.05 21
Eu 0.52 1.11 0.52 0.92 1.9

a Parental melt compositions of Groups A, B, and C basalts determined by Neal and Kramer (2006).

Table 5
Partition coefficients of trace elements used to calculate equilibrium melt compositions.

aa ba Range of valuesb Literature valuec

Ga – – 0.94 –
Sr �274.25 26509 1.010–1.536 1.61
Y �932.31 18998 0.003–0.013 0.027
Ba �386.05 10058 0.110–0.198 0.686
La �791.39 27736 0.019–0.064 0.042
Ce �657.19 14606 0.019–0.052 0.047
Sm �908.66 29062 0.009–0.034 0.017
Nd �775.84 22492 0.014–0.046 –
Eu – – 0.698 1.2
Er �1611.8 72825 0.0012–0.014 –
Yb �3416.6 219566 0.0001–0.025 0.007

a a and b are fitting parameters of Eq. (4) for each element. The regressions are shown in Fig. 6.
b The ranges of partition coefficients used to calculate equilibrium melt compositions. These values were calculated using Eq. (4) with the

parameters in left two columns at 1473 K. See text for discussion of partition coefficients of Eu and Ga.
c The partition coefficients used for modeling mare basalt petrogenesis in Snyder et al. (1992) and Neal and Kramer (2006).
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between plagioclase and melt under different conditions (see
Bédard, 2006, and references therein). The dependence of
Dplag

i on anorthite content of plagioclase has been experi-
mentally verified as (e.g., Blundy and Wood, 1991;
Bindeman et al., 1998; Bédard, 2006; Tepley et al., 2010):

RT ln Dplag
i ¼ aiX An þ bi; ð4Þ

where XAn is the anorthite mole percentage in plagioclase,
R is the gas constant, T is temperature in K, ai and bi are
fitting parameters for element i. Furthermore, the trace-
element concentrations in the melt can also affect their par-
tition coefficients (Bindeman et al., 1998; Bindeman and
Davis, 2000), which makes it problematic to use partition
coefficients determined from doped experimental charges
in modeling magmatic processes.

Partition coefficients for Sr, Y, Ba, La, Ce, Nd, Sm, Er,
and Yb for plagioclases in the current study (XAn = 77–96,
see EA-1) were calculated using Eq. (4) with parameters a

and b listed in Table 5. The values of a and b for these ele-
ments were achieved by fitting Eq. (4) to literature data



Fig. 6. RTln Dplag
i (i = Sr, Y, Ba, La, Ce, Nd, Sm, Er and Yb) plotted against plagioclase anorthite content. The data sources: Te10 (Tepley

et al., 2010), BD00 (Bindeman and Davis, 2000), AT07 (Aigner-Torres et al., 2007), Bi98 (Bindeman et al., 1998), and Bl97 (Blundy, 1997).
The solid line is the regression of Eq. (4) and the fitting results are listed in Table 5.
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(Blundy, 1997; Bindeman et al., 1998; Bindeman and Davis,
2000; Aigner-Torres et al., 2007; Tepley et al., 2010)
(Fig. 6). The data selection criteria are: (1) The trace-ele-
ment concentrations in sample charges should be at the nat-
ural level (i.e., not doped with excess levels of the trace
element); (2) Only the data from the experiments carried
out under 1 bar pressure with nominally anhydrous samples
are included as we assume near or at the surface crystalliza-
tion for these basalts; (3) The trace-element concentrations
of the melts and plagioclase crystals in the experimental
charges were measured by SIMS or LA-ICP-MS; (4) The
data in a synthetic albite-anorthite-diopside system (Bind-
eman et al., 1998) are inconsistent with those from natural
systems and are excluded.

Europium plagioclase/melt partition coefficient exhibits
strong dependence on oxygen fugacity (e.g., Weill and
McKay, 1975; Aigner-Torres et al., 2007). The oxygen
fugacity during lunar basalt crystallization is generally at
or below IW buffer (e.g., Sato et al., 1973; Haggerty,
1978; Papike and Bence, 1978; Anand et al., 2006), which
is different from the terrestrial atmospheric condition at
which most partition experiments were carried out (e.g.,
Bindeman et al., 1998). Only a few studies were conducted
at IW buffer or below (Weill and McKay, 1975; McKay and
Weill, 1977; Aigner-Torres et al., 2007). The experimental
charges in Weill and McKay (1975) and McKay and Weill
(1977) were doped with high-concentrations of REE. Hence
only the data in Aigner-Torres et al. (2007) fall in the selec-
tion criteria. An average value (DEu

plag = 0.698) of three
data points at 1473 ± 20 K and IW buffer in Aigner-Torres
et al. (2007) was used in modeling petrogenesis of the Apol-
lo 14 high-Al basaltic melts. No experimental data are
available for partition coefficient of Ga with our selection
criteria. Hence an average value (DGa

plag = 0.94) of the par-
tition coefficients deduced from natural terrestrial plagio-
clase crystals An75–92 (Goodman, 1972) was used in our
modeling. These Ga partition coefficients obtained from
natural samples have also been used in other lunar studies
(e.g., Warren and Kallemeyn, 1984), but should be viewed
with caution.

Fig. 7 shows comparisons of calculated trace-element
concentrations in melts equilibrated with plagioclase crys-
tals using the Dplag

i (Table 5) and whole-rock compositions
from Neal and Kramer (2006). In general, the residual
melts became enriched in incompatible trace elements as
melt crystallization continued (Fig. 7). But assimilation of



Fig. 7. Calculated trace-element profiles of melts equilibrated with plagioclase grains in (a) Group A, (b) Group B, and (c) Group C basalt,
(d) basalt 14072 and (e) the impact melts. Whole-rock profiles from Neal and Kramer (2006) are also included (dashed lines). The calculated
high values of Yb in equilibrium melts highlighted by an ellipse may be caused by underestimated partition coefficients using Eq. (4) due to
lack of experimental constraints (Fig. 6). EM: composition of melt equilibrated with plagioclase, WR: whole-rock composition.
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an incompatible-trace-element-rich component can bolster
this enrichment in the residual melts (see Section 4.3).
Strontium and Eu show negative anomalies in the residual
melts (Fig. 7) mostly because Sr and Eu are less incompat-
ible than other trace elements in plagioclase (Table 5). The
composition of the assimilant also contributes to these
anomalies.

Bulk partition coefficients of trace elements between so-
lid phase and the residual melt are important parameters in
calculating FC and AFC trajectories (e.g., Neal and
Kramer, 2006). During magma evolution, bulk partition
coefficients depend on not only the modal abundances of
the crystallizing phases, but also the chemical compositions
of the individual phases (such as plagioclase) and the resid-
ual melt, which control the trace-element partition coeffi-
cients between the individual phases and the residual
melt. To simplify our calculations, we considered the effect
of modal abundances of the crystallized phases and plagio-
clase chemical composition in each stage on bulk partition
coefficients, the same as the approach in the previous stud-
ies (e.g., Hagerty et al., 2005; Neal and Kramer, 2006). The
partition coefficients between other mineral phases and the



Fig. 8. Ba, La, and Y plotted against Sr for Group A basalts. Also
shown are the FC and AFC with an r-value (r = mass assimilated/
mass crystallized; DePaolo, 1981) trajectories from the parent
(Neal and Kramer, 2006) to 99% total crystallization, and whole-
rock (WR) data (Neal and Kramer, 2006). Modeling parameters
are given in Tables 3–6.
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melt used in FC and AFC calculations were: apatite, the
experimental values in Prowatke and Klemme (2006); oliv-
ine, spinel, orthopyroxene, pigeonite and augite, the litera-
ture data used in Neal and Kramer (2006). In all modeling
presented below, FC and AFC trends were calculated to
99% crystallization.
4.2.3. Petrogenetic modeling of Group A basalts

Whole-rock trace-element data suggested that the
Group A basalts were produced by 30–40% closed-system
FC (Neal and Kramer, 2006). The equilibrium-melt condi-
tions recorded by the plagioclase crystals suggest otherwise.
The parental melt composition for Group A basalts (Ta-
ble 4) from Neal and Kramer (2006) was used. Unlike the
whole-rock data, the trace-element composition in equilib-
rium melts indicates that small amounts of assimilation also
occurred at the end of melt evolution. As such, the assimi-
lation is not indicated in the whole-rock trace-element data
(Neal and Kramer, 2006). The solid lines in Fig. 8 represent
the model of AFC with an r-value (r = mass assimilated/
mass crystallized; DePaolo, 1981) of 0.2 and a mixed
KREEP-granite assimilant composition defined in Table 3.

4.2.4. Petrogenetic modeling of Group B basalts

The petrogenesis of Group B basalts was modeled based
on the parental composition (Table 4) and seven-stage crys-
tallization sequence (Table 6) established in Neal and
Kramer (2006). Modeling of the Group B basalts used a
mixed KREEP-granite assimilant (Table 3), Dplag

i (Table 5)
and a variable r-value to best fit the plagioclase-equilib-
rium-melt compositional arrays (Fig. 9).

Most plagioclase equilibrium melt compositions fall be-
tween the FC trajectory and the AFC trajectory with an r-
value of 0.5 (Fig. 9). If the r-value fluctuated during the
petrogenesis of the Group B basalts and diffusion did not
homogenize the trace element distribution in the melt, then
the equilibrium melt compositions calculated from different
locations on plagioclase crystals would not fall on a single
AFC trajectory (Fig. 9); whole-rock trace-element composi-
tions, on the other hand, would suggest an AFC trajectory
with an r-value representing the weighted average of all r-
values experienced during petrogenesis. This discrepancy
is seen in Fig. 9, where the bulk of the equilibrium melt
compositions fall in the region outlined by the AFC trajec-
tory (r = 0.5) and the FC trajectory. It is also possible that
the assimilant composition was not constant during the ba-
salt crystallization and diffusion in the magma was not fast
enough to homogenize the trace element distributions in the
residual melt (Table 3), which would also cause disparities
between the whole-rock model of Neal and Kramer
(2006) and that developed here.

4.2.5. Petrogenetic modeling of Group C basalts

The petrogenesis of Group C basalts was modeled using
the parental melt composition (Table 4) and crystallization
sequence (Table 6) established in Neal and Kramer (2006).
A mixed KREEP-granite assimilant was used, but one of
different composition to that for the Group B modeling
(Table 3). Partition coefficients used were deduced from
the rationale outlined in Section 4.2.2 (Table 5), and the
r-value was varied so that the data were encompassed by
model pathways as shown in Fig. 10, which shows the FC
and AFC trajectories compared to the equilibrium-melt
concentrations on trace-element plots for the Group C bas-
alts. Most of the plagioclase-equilibrium-melt compositions
fall in the region between the AFC trajectory (with an r-va-
lue of 0.5) and the FC trajectory (Fig. 10). The fact that all



Table 6
Crystallization sequence of Groups A, B and C basalt, 14072 and the impact melts.

Group Aa Stage 1 2 3 4 5 6 7 8 Projection 1 Projection 2
Total cryst. 1% 5% 10% 14% 24% 28% 32% 44% 75% 99%

Olivine (%) 92 95 82 30 30
Spinel (%) 8 5 3
Plagioclase (%) 10 10 10 25 45
Orthopyroxene (%) 15 40 36
Augite (%) 32 65 65 65 55
Pigeonite (%) 30 34 58 25 25 10
Apatite (%) 5

Group Ba Stage 1 2 3 4 5 6 7 Projection 1 Projection 2 Projection 3
Total cryst. 1% 5% 10% 15% 20% 25% 37% 57% 77% 99%

Olivine (%) 95 50 82 30 30
Spinel (%) 5 4 3
Plagioclase (%) 10 10 20 25 30
Orthopyroxene (%) 46 15 40 36
Augite (%) 32 65 60 55 50
Pigeonite (%) 30 34 58 25 20 20 20

Group Ca Stage 1 2 3 4 5 6 7 Projection 1 Projection 2 Projection 3
Total cryst. 1% 4% 9% 13% 17% 22% 32% 46% 66% 99%

Olivine (%) 90 95.6 86.5 60 30
Spinel (%) 10 4.4 3.5
Plagioclase (%) 20 25 15
Orthopyroxene (%) 10 40 36
Augite (%) 32 65 60 50 60
Pigeonite (%) 34 68 35 20 25 25

Basalt 14072b Stage 1 2 3 4 5 6 7 Projection 1 Projection 2 Projection 3
Total cryst. 1% 4% 9% 13% 17% 22% 32% 46% 66% 99%

Olivine (%) 55 60 30 20 10
Spinel (%) 45 40 40
Plagioclase (%) 10 20 30 55 45
Orthopyroxene (%) 30 40 35 20 10
Augite (%) 30 40 50 40 55
Pigeonite (%) 40 55 40 30 20 5

Impact meltb Stage 1 2 3 4 5 6 7 8 Projection 1 Projection 2
Total cryst. 1% 5% 10% 14% 24% 28% 32% 44% 75% 99%

Olivine (%) 50
Spinel (%) 40 20 10
Plagioclase (%) 10 10 20 20 20 20 30 60 70 75
Orthopyroxene (%) 70 60 60 40 40 30
Augite (%) 10 20 30 30 30 10 8
Pigeonite (%) 10 10 20 10 10 10 19 15
Apatite (%) 1 2

a Stages for Groups A (1–8), B (1–7), and C (1–7) determined by Neal and Kramer (2006).
b Stages for 14072 and the impact melts determined with petrographic observations and MELTS simulation (Ghiorso and Sack, 1995).
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equilibrium-melt compositions do not fall on a single FC or
AFC trajectory suggests that, as with the Group B basalts,
the either r-value fluctuated during crystallization and diffu-
sion in the melt did not homogenize the trace element dis-
tributions, and/or the assimilant composition was not
constant.

4.2.6. Petrogenetic modeling of basalt 14072

Basalt 14072 is a pristine, but ungrouped basalt (Neal
and Kramer, 2006). The crystallization of 14072 was mod-
eled using its whole-rock composition (Helmke et al., 1972;
Taylor et al., 1972; Neal and Kramer, 2006) and calculated
plagioclase-equilibrium-melt compositions (Fig. 7). The
parental melt and assimilant compositions in the model
are listed in Tables 4 and 3, respectively. As with the
Groups A, B, and C basalts, the plagioclase-equilibrium-li-
quid compositions of basalt 14072 cannot be explained by
just closed-system fractional crystallization process or an
AFC trajectory of a constant r value. As with the other ba-
salt groups, the petrogenetic model (Table 6, Fig. 11) sug-
gests that 14072 evolved through an AFC process with a
fluctuating r-value. Similarly, the assimilant composition
may also have varied between components of KREEP
and granite as the 14072 melt crystallized.



Fig. 9. Ba, La, and Y plotted against Sr for Group B basalts. Also
shown are the FC and AFC trajectories from the parent (Neal and
Kramer, 2006) to 99% total crystallization, and whole-rock (WR)
data (Neal and Kramer, 2006). Modeling parameters are given in
Tables 3–6.

Fig. 10. Ba, La, and Y plotted against Sr for Group C basalts. Also
shown are the FC and AFC trajectories from the parent (Neal and
Kramer, 2006) to 99% total crystallization, and whole-rock (WR)
data (Neal and Kramer, 2006). Modeling parameters are given in
Tables 3–6.
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4.2.7. Petrogenetic modeling of impact melts

The petrogenesis of impact melts 14073, 14276 and
14310 was modeled using a parental melt composition
and crystallization sequence given in Tables 4 and 6, respec-
tively. In contrast to the pristine basalts, the calculated pla-
gioclase-equilibrium-melt compositions in the impact melts
can be explained by closed-system fractional crystallization
(Fig. 12). This is consistent with the previous petrological
studies (e.g., Ridley et al., 1972). The whole-rock data of
the impact melts 14310 (Brunfelt et al., 1972; Helmke
et al., 1972; Hubbard et al., 1972; Masuda et al., 1972;
Philpotts et al., 1972; Rose et al., 1972; Taylor et al.,
1972; Willis et al., 1972; Neal and Kramer, 2006) and
14276 (Brunfelt et al., 1972; Rose et al., 1972) also fall on
the trajectory of fractional crystallization (Fig. 12).



Fig. 11. Ba, La, and Y plotted against Sr for high-Al mare basalt
14072. Also shown are the FC and AFC trajectories from the
parent to 99% total crystallization, and whole-rock (WR) compo-
sition (Helmke et al., 1972; Taylor et al., 1972; Neal and Kramer,
2006). Modeling parameters are given in Tables 3–6.

Fig. 12. Ba, La, and Y plotted against Sr for aluminous impact
melts 14073 and 14276. Also shown is the FC trajectory from the
parent to 99% total crystallization. The whole-rock data of 14276
and 14310 (see the text for the data source) are also plotted.
Modeling parameters are given in Tables 4–6.
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4.3. Geologic setting: pristine basalts versus impact melts

The compositional micro-heterogeneity in the pristine
Apollo 14 high-Al basalts observed in this study suggests
that these melts continued to evolve through open-system
processes, possibly as they flowed across the lunar surface.
The crystal stratigraphy derived from plagioclase crystals
records open-system evolution in all basalt groups,
including 14072. In looking at the modeling trajectories
for the Groups A, B, and C basalts (Figs. 8–10), some of
the plagioclase-equilibrium-melt compositions can be mod-
eled by fractional crystallization, with some crystals requir-
ing AFC with variable r values. We suggest that one way
these variations resulted from assimilation and crystalliza-
tion while the lava flowed across the lunar surface (e.g.,



Fig. 13. Cartoons of geologic settings of basaltic melts: (a) basaltic
lava erupted and flowing across the lunar surface (gradient is
exaggerated) and how regolith material could have been incorpo-
rated and assimilated into the flow front; and (b) melts formed and
ponding within the impact crater that do not flow, thus facilitating
a slower cooling rate.
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Crisp and Baloga, 1994; Keszthelyi and Self, 1998; Grif-
fiths, 2000) as it incorporated low melting point compo-
nents from the Procellarum KREEP Terrane (PKT). This
has been observed on both Earth (e.g., Lesher and Camp-
bell, 1993; Kauahikaua et al., 1998) and the Moon (e.g.,
Hulme, 1982). We propose that the pristine high-Al basalts
crystallized in lava flows that had open channels connecting
the vents to the flow fronts after their emplacement on the
lunar surface (Fig. 13a). As the lava flowed across the sur-
face, thermal erosion of the underlying regolith could occur
with low-melting-point components, such as KREEP-rich
and granite clasts, being preferentially assimilated
(Fig. 13a). Heterogeneous distribution of these KREEP-
and granite-rich materials would have promoted the fluctu-
ating “r-values” we see from the modeling. Our modeling
also suggests that assimilation did not occur at the onset
of crystallization, but towards the end. Therefore, r-values
of 0.5 would not dramatically affect the major element com-
position of the whole rock. It is assumed that the regolith at
the time of lava effusion in the PKT was enriched in
KREEP/granite-rich clasts. As this would be heteroge-
neously distributed in the surface regolith, the assimilant
would have changed in terms of both composition (propor-
tion of KREEP versus granite) and mass assimilated (r-va-
lue) throughout magma crystallization and within
individual flows. Furthermore, trace elements in assimilated
regolith were not in equilibrium with the melt composition
completely. The re-equilibration process through diffusion
would have been at least partially controlled by melt cool-
ing rate. If the late crystallization stages of the Apollo 14
high-Al lavas were dominated by disequilibrium processes,
this could explain data that plot beyond the 99% crystalli-
zation model curves (e.g., Fig. 9). However, a weighted
average of all the assimilants for each group of high-Al bas-
alts are the same as that obtained from whole-rock trace-
element data (Table 3; Neal and Kramer, 2006). The much
lower viscosity of lunar basaltic melts compared to terres-
trial basalts (Murase and McBirney, 1970) can enhance both
lava flow distance and entrainment rates of the material into
the fluid center of the lava flow (e.g., Keszthelyi and Self,
1998). The assimilation of regolith by basaltic lava on the lu-
nar surface has also been suggested for the petrogenesis of
Apollo 12 ilmenite basalts where pleonaste spinels are sug-
gested to be refractory xenocrysts after incorporation of
the regolith as the lava flowed across the lunar surface
(e.g., Dungan and Brown, 1977). One potential drawback
for the surface assimilation model is the apparent lack of
refractory xenocrysts in the Apollo 14 pristine basalts. How-
ever, the small size of the clasts may preclude the inclusion of
any such xenocrysts in the thin section. Another potential
drawback is that assimilation of regolith can potentially ele-
vate the siderophile element contents of the magma, espe-
cially if the regolith contains remnant meteoritic metal.
Again, the small sample size of the 14321 clasts that we stud-
ied here has precluded determination of the highly sidero-
phile elements and while the nickel abundances of impact
melts are generally higher (�100–500 ppm) than in the pris-
tine basalts, the ranges of Ni abundances in the pristine bas-
alts (�10–120 ppm) overlap the lower end of the impact melt
range. Therefore, while it is certainly possible that meteoritic
material could have been incorporated into the pristine high-
Al basalts, we do not have any evidence in our samples that
this has occurred.

In contrast to the pristine basalts, the petrogenetic model-
ing of the Apollo 14 aluminous impact melts shows the pla-
gioclase formed through closed-system fractional
crystallization (Fig. 12). It could be that the impact melts
did not flow very far, thus reducing the opportunity of
entraining and assimilating regolith with distinct compo-
nents, that the pristine basalts were hotter than the impact-
generated melts, and/or that the Apollo 14 aluminous impact
melts were derived from an impact melt sheet that formed
within the impact crater with no opportunity to interact with
the low-melting-point evolved lithologies (Fig. 13b). The last
scenario proposed for the aluminous impact melts was
observed within an impact crater on Earth (e.g., O’Connell-
Cooper and Spray, 2011). If the impact melts ponded within
the crater, slower cooling (as shown by CSDs) of impact
melts (Fig. 3) would be facilitated and assimilation of low-
melting-point components as the melt flowed across the sur-
face would not have occurred. The geologic scenarios of the
Apollo 14 high-Al pristine melts inferred from plagioclase
crystal stratigraphy suggest that AFC processes may have
only occurred when the magma flowed across the surface.
This is an abrupt departure from the conclusions drawn from
the whole-rock modeling (e.g., Neal et al., 1988, 1989a; Neal
and Taylor, 1990; Neal and Kramer, 2006).

4.4. CSDs and trace-element distributions: two prongs of the

crystal stratigraphy approach

The crystal stratigraphy of plagioclase shows that
Apollo 14 pristine high-Al basalts (Groups A, B and C ba-
salt, and 14072) each exhibit a degree of assimilation during
magma evolution (Figs. 8–11). Whole-rock trace-element
data are consistent with this, except for Group A basalts
where they suggest closed-system crystal fractionation
(Neal and Kramer, 2006). The higher cooling rate of Group



Fig. 14. Correlation between CSD intercept/slope and ratio of
plagioclase-equilibrium-melt (EM) La/Sr and parental-melt (PM)
La/Sr. Parental-melt compositions are from Neal and Kramer
(2006).
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A basalts (Fig. 3), as indicated by their steeper CSDs, could
mean that assimilation of lunar regolith during lava flow
across the lunar surface was minor and only seen in the final
Fig. 15. Whole-rock incompatible-trace-element ratio versus CSD inter
efficient diffusion of assimilant throughout the remaining melt), and mo
whole-rock trace element compositions: Neal and Kramer, 2006 (all the s
basalts 14321, 9080, 14321, 9057, and 14321, 18; and Impact Melts 14073,
and 14321, 9057); Laul et al., 1972 (14073, 3); Vaniman and Papike, 198
crystallization of plagioclase. Such minor assimilation was
effectively diluted below detection when whole-rock data
are considered. Furthermore, faster cooling left less time
for assimilant composition to diffuse into the Group A lava.
Thus Group A basalts have a generally larger variation of
trace-element ratios as depicted by plagioclase equilibrium li-
quid compositions relative to those in the parental melt, com-
pared to other pristine high-Al basalt groups (Fig. 14). The
cooling rates of Group B and C basalts, and basalt 14072
were slower than that of Group A basalts. As such, trace ele-
ments from the assimilant(s) had more time to equilibrate in
the magma. The variations of trace-element ratios in these
basalts are smaller, but they are still larger than that of im-
pact melts (Fig. 14), which evolved though closed-system
fractional crystallization. Slower cooling of Group B and C
basalts could facilitate more assimilation relative to Group
A basalts, as evidenced by whole-rock trace-element model-
ing (Neal and Kramer, 2006).

The Apollo 14 high-Al basalts exhibit a general relation-
ship between the whole-rock trace-element data and the
associated CSDs (Fig. 15). There are two possibilities to ex-
plain this variation. One is that this occurred randomly,
with each group of basalts having its own ranges of trace
element ratios and different crystallization regimes. Another
cept/slope. Variations are caused by faster cooling rates (negating
re extensive assimilation. See text for discussion. Data sources for
amples in this study except: Group A basalt 14321, 1763; Group C
16 and 14276, 54); Dickinson et al., 1985 (14321, 1763, 14321, 9080
0 (14276).
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explanation is that this is due to inherent crystallization
dynamics linking cooling rate and the geochemical compo-
sition (e.g., Lange et al., 1994; Dunbar et al., 1995). Exam-
ination of other pristine lunar basalts using crystal
stratigraphy is necessary to further explore the correlations
depicted in Fig. 15.

4.5. Implications for the source regions of high-Al basaltic

melts

The origin of the “high alumina” nature of Apollo 14
high-Al basalts has been debated for years. Recent labora-
tory experiments indicate that anorthosite dissolution may
play an important role in the petrogenesis of the high-Al
basalts and the “high alumina” characteristics were from
lunar anorthosite (Morgan et al., 2006). However, Neal
and Kramer (2006) used incompatible-trace-element ratios
of the high-Al mare basalts to show that incorporation of
feldspathic lunar crustal material is not responsible for
the “high alumina” nature of the pristine Apollo 14 basalts.
Although feldspathic highland crust (anorthosite) may have
been present in the regolith across which the pristine high-
Al basalts flowed, it would be a minor component of the ac-
tual assimilant because anorthosite has a higher melting
temperature relative to KREEP and granite and such a
“selective” assimilation may occur during lava flow on the
lunar surface. This conclusion inferred from the melting
process is supported by the fact that such a component
would have a higher Sr concentration and smaller La/Sr ra-
tio (Sr = 210–560 ppm, La/Sr = 0.015–0.96, Warren et al.,
1983b, 1987; Lindstrom et al., 1984; Goodrich et al.,
1986) compared to the estimated assimilant compositions
(Table 3) that would produce the observed plagioclase-
equilibrium-melt compositions. We therefore support the
conclusion of Neal and Kramer (2006) that the “high alu-
mina” signature of the pristine Apollo 14 basalts is not gen-
erated by assimilation of anorthosite-rich lunar crustal
material. The “high alumina” nature must be inherited
from the mantle sources (e.g., partial melting of a hybrid
mantle, Hagerty et al., 2005), which controlled parental
melt compositions.

The impact melts studied here are also enriched in alu-
mina. The impact melts are typically the product of crystal-
lization of impact-melted lunar regolith and/or part of the
feldspathic lunar crust (e.g., Schonfeld and Meyer, 1972).
In contrast to the pristine basalts, the origin of the “high
alumina” signature of the impact melts is inherited from
the lunar anorthosite. This is consistent with the slightly
higher modal abundances of plagioclase in the impact melts
(Table 1; Fig. 5b and c), which produce plagioclase as one
of the first liquidus phases from the melts (Table 6, Gancarz
et al., 1972). This is also consistent with the compositional
differences between the pristine and impact high-Al melts
noted by Neal and Kramer (2006).

5. SUMMARY

Textural analyses of the Apollo 14 high-Al basaltic melts
support the idea that the basalt clasts from breccia 14321
and the basaltic hand specimen sample 14072 are distinct
from the impact melts and also comprise at least three un-
ique groups. The pristine basalts (14072, Groups A, B, C)
and the impact melts occupy different ranges of characteris-
tic lengths and plagioclase abundances (Fig. 5b), suggesting
that the melts of each group had unique cooling histories.
The CSD of basalt 14072 falls in the range of Group C.

Investigation of the petrogenesis of Apollo 14 high-Al
basaltic melts using a crystal stratigraphy approach has re-
vealed insights into how the basalts crystallized that were
not evident from whole-rock trace-element data. Petroge-
netic modeling of trace-element variations in plagioclase
crystals from Group A basalts reveals that crystallization
involved open-system AFC processes at the end of crystal-
lization, contrasting with the whole-rock studies that sug-
gested a closed-system magma evolution. Trace element
modeling of individual crystals from Group B and C basalts
also offers more insight into the respective petrogenesis than
the whole-rock data alone. In both of these groups the equi-
librium-melt compositions do not fall on a single AFC tra-
jectory, thus suggesting that r-values and/or assimilant
compositions fluctuated during magma evolution (Figs. 9
and 10). Petrogenetic modeling of basalt 14072 using pla-
gioclase compositions reveals that it also experienced an
assimilation and fractional crystallization process
(Fig. 11). In contrast to the pristine basalts, petrogenesis
of the impact melts can be explained by closed-system frac-
tional crystallization (Fig. 12). The petrogenetic modeling
suggests that the pristine basaltic melts continued to evolve
as they flowed across KREEP/granite-rich regolith on the
lunar surface in the Imbrium region, but impact melts crys-
tallized in a more static environment, such as thicker im-
pact-generated melt sheets that did not flow very far (i.e.,
were trapped within the impact crater). The geologic set-
tings are consistent with the cooling histories inferred from
their CSD analyses. The plagioclase data of the Apollo 14
basaltic melts from this study suggest that AFC processes
only occurred when the magma flowed across the lunar sur-
face. The petrogenetic modeling of the pristine Apollo 14
high-Al basalts supports that “high alumina” nature has
been imparted from their source regions.

This study demonstrates that whole-rock petrogenetic
modeling of Apollo 14 high-Al basalts gives a more general
idea of the basalt evolution, in that compositions are aver-
aged during the homogenization of the whole-rock sample.
This produces average values for assimilation-to-crystalli-
zation ratios and assimilant compositions that occurred
during magma evolution, or if assimilation was minor,
the whole-rock “average” composition may miss it alto-
gether. Therefore the use of compositional trends across
individual crystals reveals the complexities of magma evolu-
tion and gives more details regarding melt petrogenesis.
This study demonstrates that crystal stratigraphy yields
important insights into melt evolution that cannot be seen
using whole-rock data and is a novel approach in studying
petrogenesis of lunar basalts.
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