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Introduction: A critical issue in lunar science is to 

investigate the timing and duration of mare magmatism, 

which could shed light on the constitution of the lunar 

interior and its thermal evolution. Remote-sensing 

surveys of the Moon indicated that mare regions span a 

wide temporal range from 1 to 4 Ga [1]. However, the 

temporal sequences, determined from the radiometric 

ages of Apollo and Luna return samples as well as lunar 

meteorites, cluster in a much narrower range, with 

typically 3.0 – 3.9 Ga [2]. Lunar samples younger than 

2.8 Ga have been essentially missing until in December 

2020 the Chinese Chang’E-5 mission successfully 

returned 1731 g lunar samples from the northern 

Oceanus Procellarum. The landing site of Chang’E-5 is 

located within a young flat mare plain associated with 

Rima Sharp, at a great distance from those of Apollo and 

Luna missions. Remote-sensing observations indicate 

this region is enriched in elements Th and Ti with a 

crater-counted age of ~ 1.53 Ga [3]. 

This work focuses on the mineralogy and petrology 

of a CE-5 mare basalt chip (CE5C0000YJYX065, 8.7 

mg), in an attempt to set the ground truth for the remote 

sensing survey. 

 

Analytical Methods: The chip was scanned using a 

high-resolution X-ray tomographic microscopy (HR-

XTM) (Zeiss Xradia 520 Versa) at the Nanjing Institute 

of Geology and Palaeontology, CAS (Fig. 1). It was set 

up to 50 kV voltage and 4 W power. A total of 3000 

projections over a 360° rotation were obtained at a voxel 

size of 1.3 μm, and then processed using VGSTUDIO 

MAX software to reconstruct the 3D minerology and 

calculate modal abundances of major minerals in the 

sample. 

A tiny sliver (~ 130 μm, Fig. 2) was made into a 

polished thick section. Detailed petrologic observations 

and elemental mapping (for both carbon-coated thick 

section and naked hand specimen) were carried out 

using a FE-SEM (Tescan Maia3) equipped with a large 

area EDS system (Oxford Ultim Max 170), operating at 

10 kV. Mineral chemistry was determined with a JEOL 

JXA-8230 electron microprobe at Purple Mountain 

Observatory, using a beam current of 20 nA, an 

accelerating voltage of 15 kV, a focused electron beam 

and 20 s counting times for all elements. 

 

 
 

Fig. 1 X-ray tomographic slices of a CE-5 basalt sample 

(CE5C0000YJYX065) from different perspectives and 

depth. Ol: olivine; Px: pyroxene; Pl: plagioclase; Ilm: 

ilmenite. 

 

Results: According to scanning results by HR-XTM, 

the CE-5 chip in this work is a fine-grained subophitic 

basalt (Fig. 1), consisting of sparse olivine phenocryst 

(1.3 vol%) and groundmass of pyroxene (54.5 vol%), 

plagioclase (25.4 vol%) and ilmenite (17.8 vol%), with 

trace amounts of Ca-phosphate, chromite, troilite, silica 

and K-feldspar phases.  

Olivine is ferrous in composition (Fa80.7). Pyroxene is 

the most dominant phase (80–200 μm), and occurs 

either interstitial to, or as intergrowths with plagioclase. 

It shows a substantial chemical variation from sub-

calcic augite to Fe-rich pigeonite (En14.6–36.2Fs26.7–

72.5Wo9.1–41.3) (Fig. 3). Plagioclase occurs as subhedral 

laths or blocky crystals 10–70 μm in width and 200–500 

μm in length. It is relatively calcic (An76.1–84.7Ab13.8–

20.5Or1.5–3.5) and has a high FeO content (0.82–1.48 wt%). 
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Discussions: The 3D distribution of mineral phases 

by HR-XTM reveal an exceptionally high modal 

abundance of ilmenite (~ 17.8 vol%), which is fairly 

consistent with Apollo 11 and 17 high-Ti basalts (10–

18 vol%) [4]. According to modal abundances of 

minerals and their respective chemical compositions, 

we estimated the TiO2 abundance of whole rock to be 

9.6–12.7 wt%. The TiO2 content of its parent magma 

could be estimated from the chemical compositions of 

the earliest formed (e.g., the most magnesian) pyroxene 

using mineral/melt partition coefficients [5]. Applying 

composition of the most magnesian pyroxenes (Mg# = 

0.50–0.55) determined in this work, the calculated TiO2 

content in the parent basalt magma ranges from 14.6 wt% 

to 18.2 wt%, with an average of 16.2 wt%. The 

compositional trend as well as Ti# (molar Ti/(Ti + Cr)) 

vs. Fe# (molar Fe/(Fe + Mg)) of pyroxene largely 

overlaps with that of high-Ti mare basalts (Fig. 3) [4-5].  

 

Fig. 2 The SEM image (a) and elemental maps 

integrated with SE image (b) of a basalt sliver from the 

CE-5 basalt sample. Numbers in circles indicate the 

chemical variation of pyroxenes from Ca-rich to Fe-rich.  

 

It is now clear that the CE-5 basalt sample 

(CE5C0000YJYX065) is a high-Ti mare basalt [6]. It 

fits well into the fields of Apollo 11 and 17 high-Ti 

basalts on both the modal abundances and mineral 

chemistry. In addition, based on the width of the largest 

plagioclase crystals, the estimated cooling rate is ~ 

1.7 °C/h, corresponding a burial depth of ~ 0.8 m.  

Remote-sensing data reveal that the CE-5 landing 

site is mainly covered by intermediate to high Ti mare 

basalts (TiO2 abundance 5–8 wt%) [7]. This work 

provides a rigid ground-truth for the geological context 

at the CE-5 landing site and conforms the conclusion of 

Che et al. [8].  Li et al. [9] reported that the CE-5 basalt 

contain an exceptionally high Th content (~ 4.72 ppm) 

relative to Apollo mare basalts. We suggest that the 

parent magma of CE-5 high-Ti mare basalt is most 

likely to have derived from a convectively mixed 

ilmenite-rich cumulate layer followed by a prolonged 

radioactive heating in the lunar interior. 
 

 
Fig. 3 (a) Ca-Fe-Mg variations of pyroxenes compared 

to the HT field defined by Apollo 11 and 17 HT basalts 

[4]. (b) The molar Fe/(Fe+Mg) versus Ti/(Ti+Cr) plot of 

pyroxenes. Fields [5] of high-titanium (HT), low-

titanium (LT), and very-low-titanium (VLT) are shown 

for comparison. 
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