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Introduction:  We present a crystal size distribution 

(CSD) analysis of Apollo 11 (A-11) high-titanium (high-
Ti) lunar basalts in order to investigate the cooling re-
gimes of different magma groups. We compare these 
with textures of Apollo 17 (A-17) high-Ti basalts [1,2], 
with a focus on ilmenite. Previous studies have sug-
gested that ilmenite was an early and prolonged crys-
tallizing phase [3-5] in high-Ti basalts. CSDs can pro-
vide valuable information in crystallization histories of 
these magmas. In this study, 5 thin sections of different 
A-11 high-Ti basalts representing 4 different geochemi-
cal groups (A, B1, B2, and B3 [6]) (Fig. 1) were ana-
lysed: 10003,185 (Group B2), 10092,10 (Group B3), 
10057,33 (Group A), 10044,41 (Group B1), and 
10058,253 (Group B1). Preliminary CSD analysis of 
plagiocalse from these five highlighted the variability of 
textures and thus cooling rates among different A-11 
high-Ti basalts [7]. 

Method:  The method and principle of CSDs are 

described in detail in [8]. To summarize, each thin sec-
tion was photographed using a 4x objective in reflected 
light, and these images were stitched together using 
Microsoft Image Composite Editor to create a digital 
photomosaic (Fig. 1).. Then using Corel Paintshop Pro, 

ilmenite and the sample were traced and filled in and 
exported as individual files. Crystals touching the edge 
of the section were not included in the CSD analysis as 
they may have not been whole crystals In cases where 
crystals are overlapping each other, multiple traceing 
layers are necessary, as a single layer would errone-
ously record these crystals as one.  

The filled in layers (for crystals and the sample) 
were then imported into ImageJ. ImageJ does a pixel 
analysis to the imported layers, and applies a bestfit 
ellipse to each crystal  determining the major and minor 
axis, roundness, and precise area of each crystal, 
(andsample) from whicha modal percentage of ilmenite 
can be determind. Crystals with minor axes <0.03 mm 
were not included in the final analysis; they are more 
likely to be a projection of the crystal due to the thick-
ness of the section [8,9]. Major and minor axes of the 
remaining crystals are then exported to CSDSlice [10] 
and all data to CSDCorrections [11]. The former deter-
mines the approximate shape of the 2D traced crystals 
in three dimensions, and the latter sorts the crystals 
based on the length of the major axes and plots these 
in size bins (5 bins per decade) based on the number 
of crystals present versus the natural log (ln) of the 
population density. The ilmenite CSDs for 5 A-11 high-
Ti basalts are plotted in Fig. 2. 

Results:  The total number of ilmenite crystals 

traced per thin section (154-3735 crystals) varied by 
thin section size, ilmenite size, and volumetric abun-
dance (Fig. 1). In most CSDs from each phase there 
was a downturn in the CSD profile at small (<0.1 mm 
for 10057,33, 10044,41, and 10003,185; <0.17 mm for 

10058,253; while <0.25 mm for 10092,10) crystal size 
bins because of lower resolution limit of artificial tracing 
process. The slopes and intercepts of CSD profiles 
were calculated using size bins for which population 
density increased with decreasing size (Figs. 2,3). 

 

 

 

Figure 1. Stitched photomicrographs of A-11 high-Ti basalts in 
reflected light, a to e are 10044,41, 10057,33, 10058,253, 
10092,10, and 10003,185, respectively. 
 

Ilmenite CSD profiles exhibit a range in slope and 
maximum extent (0.40-4.26 mm) (Fig. 2). 10057,33, 
10003,185 and 10092,10 are sub-linear, while the two 
Group B1s - 10058,253 and 10044,41 are concave 
upward. 10057,33 and 10092,10 had the highest popu-
lation densities of small crystals (<0.25 mm) and large 
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Figure 2. Ilmenite CSDs A-11 high-Ti basalts, errors are 
calculated from CSDCorrections [11]. If error bars are not 
visible, they are within the size of the symbol. 
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ones (>0.25 mm), respectively (Fig. 2). For the three 
sub-linear profiles, 10057,33 (Group A) shows the 
steepest slope of -22.5, while 10092,10 (B3) has the 
smallest slope of -4.4, 10003,33 (B2) is intermediate. 
For the two concave-upward CSDs, they can be divid-
ed into “large” and “small” populations at 0.68 mm for 
10058,253 and 0.41 mm for 10044,41, and thus two 
different slopes and intecepts are calculated for each 
CSD profile. 10044,41 has slopes of -14.55 and -4.21 
for small and large size bins, respectively, and 
10058,253 has -8.4 and -2.08, respectively. The last 
two size bins of these two concave CSD profiles are 
excluded for slope calculation because of their relative-
ly large errors. 

 

 
Figure 3. a - CSD Intercept against CSD Slope for ilmenites in 
A-11 and A-17 [4]. b - CSD slopes for ilmenites against slopes 
for plagioclases of A-11 [7] and A-17 [1,2]. Those concave 
ilmenite CSDs with two gradients are linked by line. 

The slope and intercept of each ilmenite CSD in Fig. 
3a have been plotted with ilmenite CSDs previously 
made from A-17 high-Ti basalts [1,2]. 10057,33 and 
10003,185 have larger ilmenite CSD slopes and inter-
cepts than A-17 [1,2], indicating smaller grain sizes (Fig. 
1). Ilmenite slope of 10092,10 is well within the range of 
the A-17 basalts, but the intercept is slightly larger (Fig. 
3a). The two B1 A-11 samples with concave ilmenite 
CSDs show similarities to the A-17 concave-upward 
ilmenite CSDs [1,2] for the larger size bins, but have 
higher slopes than ilmenite in A-17 for the smaller size 
bins (Fig. 3a.b). CSD slopes for ilmenites vs slopes for 
congenetic plagioclase [7] of A-11 basalts are plotted in 
Fig. 3b in comparision with A-17 basalt data [1,2]. Here, 

two trends appear to be present - one where the plagi-
oclase slopes are much steeper than congenetic 
ilmenite (the lower trend in Fig. 3b) and one where the 
opposite occurs (the upper trend). The two B1 A-11 
basalts with concave upward ilmenite profiles have one 
slope in either trend (Fig. 3b). The A-11 Group A sam-
ple has a much gentler plagioclase slope than that for 
ilmenite (the upper trend in Fig. 3b), but for the Groups 
B2 and B3 A-11 basalts, the oppositie is seen (the low-
er trend). CSDs for Groups A, B2, and B3 A-11 basalts 
are distinct because they all show higher plagioclase 
and/or ilmenite slopes than A-17. The concave ilmenite 
CSDs seen in the two A-11 Group B1 basalts 
(10058,253; 10044,41) contain plagioclase that defines 
CSDs with a linear slope [7] (Fig. 3b). Generally, the 
diversity of CSD data for different A-11 basalts exceeds 
that for A-17, including the distinction of slopes be-
tween two size bins for concave ilmenite CSDs (Fig. 3), 
despite the smaller number of A-11 basalts analyzed. 

Discussion:  Different CSD profiles among the five 

thin-sections reflect the variety of textures and pro-
cesses experienced by different A-11 basalt groups. 
The sub-linear CSD profiles for ilmenite from Group A, 
B2, and B3 indicate relatively simple cooling history at 
a constant rate. However, when plagioclase CSDs are 
also considered for these samples, different cooling 
conditions are reflected (the two trends in Fig. 3b): pla-
gioclase was on the liquidus longer relative to ilmenite 
for Group A basalt 10057,33, but this is reversed for 
Group B2 and B3 basalts (10003,185 and 10092,10, 
respectively). The average whole rock values for TiO2 
and Al2O3 for each A-11 basalt group [6] do not show 
higher Al2O3 in Group A relative to Groups B2 and B3, 
or that Groups B2 and B3 have higher TiO2 contents 
than Group A. However, the whole rock Al/Ti ratio is 
much higher in Group A (1.71) than Groups B2 and B3 
(0.99 and 1.39, respectively). Examing plagioclase and 
ilmenite CSDs in A-11 high-Ti basalts in conjunction 
with the Al/Ti ratio in the whole-rock is important in un-
derstanding the cooling regime and crystallization se-
quences. 

The two A-11 Group B1 samples with concave 
ilmenite CSDs have ilmenite slopes that plot in two 
trends (Fig. 3b). This could be due to magma mixing, 
accumulation, textural coarsening, etc. [8]. The gradual 
change of gradients of both CSDs (Fig. 2) suggest tex-
tural coarsening. The fact that plagioclase always has 
linear CSD slopes regardless of concave congenetic 
ilmenite CSDs suggests that plagioclase is less affect-
ed by textural coarsening. However, it is unclear why 
textureal coarsening would only affect ilmenite and not 
plagioclase. 
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