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Introduction:  Crystal size distributions (CSDs) are 

a quantitatively textural analysis that can provide valu-
able information about cooling regimes and crystalliza-
tion histories of magmas. Previous studies have sug-
gested that CSDs of olivine and plagioclase, can be 
used to determine if a sample is an impact melt or pris-
tine mare basalt [1-3]. In addition, when combined with 
mineral and whole rock compositions, CSDs also ap-
pear to distinguish among different basalt types [2-5]. 

Apollo 15 (A-15) low-Ti mare basalts have tradition-
ally been subdivided into olivine- and quartz-normative 
basalt types, based on their different whole-rock com-
positions [6]. The A-15 olivine-normative basalts have 
abundant olivine crystals to be texturally analysed. In 
this study, 18 olivine-normative basalts (Fig. 1) from A-
15 were chosen for CSD analyses of olivine, in order to 
compare their cooling histories. These samples span 
the whole compositional range of A-15 olivine-
normative basalts [7], and are texturally diverse (Fig. 1). 

Method:  The method and principle of CSDs are 
described in detail in [1]. To summarize, each thin sec-
tion was photographed using a 4x objective in both 
plain-polarized and cross-polarized light, and these 
images were stitched together using Microsoft Image 
Composite Editor to create a digital photomosaic (Fig. 
1). Then using Corel Paintshop Pro, olivine and the 
whole sample were traced and filled in and exported as 
individual files. X-ray element mapping images were 
also used for some samples in order to identify olivine. 
Crystals touching the edge of the section were not in-
cluded 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 erroneously record these crystals as 
one. In order to get statistically reliable CSDs, at least 
75 olivines are needed to be traced in each section [8]. 

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 best-fit 
ellipse to each crystal determining the major and minor 
axis, roundness, and precise area of each crystal (and 
the whole sample), from which modal percentages of 
crystals 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 thickness of the section [8,9]. Major and minor axes 
of the remaining crystals are then exported to CSDSlice 
[8] and all data to CSDCorrections [9]. The former de-
termines the approximate shape of the 2D traced crys-
tals in three dimensions, and the latter sorts the crys-
tals 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. Olivine CSDs for all A-15 oli-
vine-normative basalts are plotted in Fig. 2. 

Results:  Olivine basalts in this study are diverse in 
textures and grain sizes (Fig. 1). They range from me-

dium-grained (1-2 mm; Fig.1c) to very fine-grained 
(<0.2 mm; Fig. 1i), and most of them display large oli-
vine phenocrysts (up to 2 mm) with melt/crystal inclu-
sions (Figs. 1e-f,h). Small olivine and pyroxene crystals 
in the matrix are typically poikilitically enclosed by large 
plagioclase laths (up to 2 mm long; Figs.1b,e-f). 

    

     

  
Fig. 1. Stitched photomicrographs of representative A-15 oli-
vine-normative basalts in cross-polarized light, (a) 15119, (b) 
15529, (c) 15555, (d) 15556, (e) 15647, (f) 15674, (g) 15622, 
(h) 15535, and (i) 15676. 
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Fig. 2. Olivine CSDs from all A-15 olivine-normative basalts in 
this study. Errors are calculated from CSDCorrections [9]. 

The total number of crystals traced per thin section 
varied by thin section size, crystal size, and volumetric 
abundance (Fig. 1). 147 to 820 olivines are traced in all 
but one sample (58 crystals; 15607,6), which can ex-
plain the large error of CSD for this sample (Fig. 2). In 
all olivine CSDs, there were downturns at the smallest 
size bins (Fig. 2) 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). Larger size bins with large errors are also exclud-
ed for calculation. 

Though with a large range of slopes and maximum 
extents (0.8-2.5 mm; Fig. 2), CSD profiles of olivine 
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show general similarities: they all concave up or kinked 
and can be divided into “large” and “small” populations 
at about 0.25-0.4 mm (Fig. 2). According to Neal et al. 
[1], only size bins of ≤0.4 mm can be used to calculate 
and compare slopes and intercepts of olivine (Fig. 3). 

 

Fig. 3. CSD Slopes & Intercepts of olivine from all A-15 oli-
vine-normative basalts in this study compared with basalts and 
impact melts from other Apollo sites. Adapted from Neal et al. 
[1]. 

The slope and intercept of olivine are plotted in Fig. 
3, from which a large range of slopes and intercepts 
can be seen. Basalt 15676,12 (Fig.1i) has the largest 
olivine slope and intercept among all A-15 samples (Fig. 
3). Olivine data of basalts and impact melts from other 
Apollo sites [1] are also shown in Fig. 3 for comparison, 
from which a general linear relationship between inter-
cept and slope can be seen (Fig. 3). Most A-15 sam-
ples in this study are well in the region of endogenous 
basalts [1], but four of them (15676, 15119, 15598, and 
15557) plot in the impact melt region [1] (Fig. 3). The A-
15 basalts have larger olivine CSD slopes and inter-
cepts than basalts from other Apollo sites (Fig. 3), 
though some overlaps does exist. 

Discussion:  The general similarity of all A-15 
samples studied here - the concave upward/kinked 
olivine CSDs (Fig. 2), suggests their similar cooling 
histories. The concave feature of olivine CSDs is wide-
spread in other CSD studies of olivine basalts [1,2]. If 
crystal nucleation and growth continue uninterrupted, 
linear CSDs will be produced [10,11]. Nonlinear CSDs 
(Fig. 2) may be produced by a variety of dynamic and 
kinetic processes and are indicative of changes in crys-
tal nucleation and growth rates - such as crystal accu-
mulation, textural coarsening (i.e., growth of larger 
crystals at the expense of smaller ones), magma mix-
ing, or two size populations because of two different 
cooling rates of one magma (i.e., phenocrysts and ma-
trix) [1-4,10-12]. The concave olivine CSDs indicate 
some A-15 olivine-normative basalts studied here have 
experienced olivine accumulation and/or textural 
coarsening. The kinked CSDs suggest two separate 
cooling events and mineral analyses are underway to 

investigate if these cooling events occurred in the same 
or separate magmas. 

The intercept of the CSD represents nucleation 
density, and the slope is the function of the product of 
crystal growth rate and residence time. Therefore, 
through CSD slopes and intercepts, cooling conditions 
of magmas can be estimated [8-11]. The large range of 
slope-intercept in Fig. 3 suggests diverse cooling rates 
among these samples, which can be seen from the 
textures in Fig. 1. Basalt 15676,12 has the greatest 
CSD slope among all A-15 basalts in Fig. 3, indicating it 
has experienced fastest cooling rate (e.g., the surface 
of a lava flow), which is consistent with the finest-
grained texture in Fig. 1i. 

Most A-15 samples are well within the basalt region 
[1] in Fig. 3, confirming their endogenous origin. By 
contrast, the four in impact melt region [1], with higher 
slopes and/or intercepts (Fig. 3), may be of impact 
origin. However, whole rock siderophile element con-
tents [13] of these “anomalous” A-15 olivine-normative 
basalts plot with endogenous mare basalts (Fig. 4). It 
appears that cooling rate is the controlling of both im-
pact and endogenous lunar melts, rather than formation 
mechanism. More work is underway to test this.  

Future work:  Compositional analyses will be con-
ducted on both large and small olivine populations of 
each sample, then comined with textural analyses re-
ported here, the complete cooling histories of A-15 oli-
vine basalts can be uncovered. 
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Fig. 4: Ni - Co relationships between lunar impact melts 
and endogenous mare basalts. 
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