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ABSTRACT

This study focuses on using the chemical compositions of plagioclase to further
investigate the petrogenesis of Chang’E-5 young mare basalts and constrain its parental
melt composition. Together with previously published data, our results show that the
plagioclase in mare basalts overall displays large variations in major and trace element
concentrations. Inversion of the plagioclase data indicates that the melt compositions
parental to Chang’E-5 basalts have high rare earth elements (REE) concentrations similar
to the high-K KREEP rocks (potassium, rare earth elements, and phosphorus). Such a
signature is unlikely to result from the assimilation of KREEP components, because the
estimated melt Sr shows positive correlations with other trace elements (e.g., Ba, La),
which are far from the KREEP endmembers. Instead, the nearly parallel REE
distributions and a high degree of trace element enrichment in plagioclase indicate an
extensive fractional crystallization process. Furthermore, the estimated melt REE
concentrations from plagioclase are slightly higher than those from clinopyroxene,
consistent with its relatively later crystallization. Using the Ti partition coefficient
between plagioclase and melt, we estimated the parental melt TiO, content from the
earliest crystallized plagioclase to be ~3.3 wt.%, thus providing robust evidence for a
low-Ti and non-KREEP origin for the Chang’E-5 young basalts in the Procellarum

KREEP terrane.

Keywords: Plagioclase, clinopyroxene, basalt, low-Ti, rare earth element, KREEP
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INTRODUCTION

Lunar basaltic volcanism is the product of partial melting that took place in the lunar
mantle and thus provides a window into the thermal and compositional evolution of the
Moon’s interior (Shearer et al. 2006; Wieczorek et al. 2006). Studies of the lunar samples
returned by the Apollo and Luna missions have revealed a large number of clues on the
early evolution of the Moon, but less is known about the late Moon. Recently, China’s
Chang’E-5 mission returned new lunar soils from Oceanus Procellarum that were dated at
ca. 2.0 Ga and younger than any Apollo and Luna samples (Che et al. 2021; Li et al.
2021), shedding new light on the late-stage evolution of the Moon. Several studies have
reported the petrology, geochemistry and volatile contents of the Chang’E-5 basalts (Che
etal. 2021, 2022; Hu et al. 2021; Li et al. 2021; Tian et al. 2021; He et al., 2022; Zhang et
al. 2022), as well as the bulk compositions of lunar soils (Li et al., 2022; Zong et al.,
2022), suggesting that this basalt represents a new type of rock characterized by a higher
FeO (> 22 wt.%) content and a lower Mg# (< 34; =100 x Mg/[Mg + Fe]) compared to the
Apollo and Luna samples. The olivine and clinopyroxene crystals in the Chang’E-5
basalts also show lower Mg# than the low-Ti basalts from Apollo 12 and 15 missions. In
addition, based on the trace elements in augite, the parental melt compositions estimated
by Tian et al. (2021) show high abundances of rare earth elements and incompatible
elements (e.g., Zr, Th), similar to KREEP-rich rocks reported in previous studies (e.g.,
Warren and Wasson 1979; Neal and Kramer 2003; Lin et al., 2012). However,
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considering the Sr and Nd isotopes, the aforementioned features were unlikely caused by
the involvement of a KREEP layer that was formed within the last residual liquid of the
postulated Lunar Magma Ocean, but they indicate a depleted mantle source followed by
slight partial melting and extensive fractional crystallization (Tian et al. 2021). To date,
whether these basalts originate from a low-Ti or high-Ti (i.e., TiO; <1 wt.% = very
low-Ti; 1-6 wt.% = low-Ti; >6 wt.% = high-Ti; Neal and Taylor 1992) magma source is
still debatable. For example, both Tian et al. (2021) and Li et al. (2022) showed that this
basalt likely belonged to a low-Ti type by utilizing a more representative sample set and a
small fraction of lunar soil, respectively. On the contrary, based on the high-resolution
X-ray tomographic microscopy, Jiang et al. (2022) reported a high-Ti composition for a
Chang’E-5 basaltic clast that has extremely high ilmenite modal abundance (17.8 vol.%).
These different interpretations would have different implications on lunar mantle
dynamic processes.

These controversies likely resulted from the commonly small sizes of basaltic
fragments (less than < 3mm; Tian et al. 2021; Li et al. 2022), making it difficult to obtain
representative whole-rock data. For example, sixteen basaltic clasts investigated by Tian
et al. (2021) show a wide range of whole-rock TiO, contents varying from 3.0 to 14.3
wt.%. By contrast, plagioclase as a common mineral in lunar rocks could be an effective
recorder of the parental melt and crystallization history (e.g., Papike et al. 1994, 1996;
Hui et al. 2011; Xu et al. 2020). To further investigate the origin of Chang’E-5 basalts,
here we focus on analyzing the major and trace elements in plagioclase and then
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83  “inverting” the data based on the mineral/melt partition coefficients to estimate the
84  compositions of the parental melts from which they formed. This approach can overcome
85  the need for representative whole-rock analyses and reflect the magmatic evolution, and it
86  has been widely used to decipher the petrogenesis of Mg-suite rocks in lunar highlands
87  (e.g., Papike et al. 1994, 1996; Shervais and McGee 1998, 1999; Shearer and Papike
88  2005; Togashi et al. 2022), ferroan anorthosites (e.g., Papike et al. 1997; Floss et al. 1998;
89  Pernet-Fisher et al. 2019; Xu et al. 2020) and basalts/basaltic breccias (e.g., Hui et al.
90 2011; Xue et al. 2019). In addition, the inverted melt compositions obtained from
91 plagioclase and clinopyroxene can be compared to see if both data inversions produce
92  concordant melt compositions.

93 In this work, we obtained major elements of plagioclase from eight Chang’E-5
94  basaltic clasts that have not been studied before, and trace elements of clinopyroxene and
95 plagioclase from seven of them, as well as one previously studied basaltic clast
96  (406-027,001; Tian et al. 2021). Combing the major and trace element data of plagioclase
97 and pyroxene in previous works and our new data, we estimated the concentrations of
98 REE, Sr, Ba, and Ti, and then discussed the magma evolution and whether the basalt

99  belongs to a low-Ti or high-Ti type.

100
101 ANALYTICAL METHODS
102 We acquired eight new basaltic clasts from a ~2.0 g scooped soil sample

103  (CE5C0400YJFMO00406) allocated by the China National Space Administration. These
5

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



This is the peer-reviewed, final accepted version for American Mineralogist, published by the Mineralogical Society of America.
The published version is subject to change. Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2022-8570. http://www.minsocam.org/

104  basaltic fragments have sizes between 0.5 x 0.6 mm and 1.1 X 1.4 mm, and they were
105  first embedded in epoxy mounts and then polished using a grinder. Then, we performed
106 the EPMA, LA-ICP-MS, and Raman analyses on plagioclase, K-feldspar, and
107  clinopyroxene. In addition, the clinopyroxene and plagioclase grains from samples
108  studied by Tian et al. (2021) were also analyzed by the Raman spectrometer to examine
109  whether their chemical compositions had been affected by impact processes.

110 Backscattered electron images (BSE) were obtained by a Thermo scientific Apreo S
111  scanning electron microscope (SEM) housed at the Institute of Geology and Geophysics,
112 Chinese Academy of Sciences (IGGCAS). The epoxy mounts were coated with carbon
113 that has a thickness of ~20 nm. To acquire high-quality images, the CBS detector was
114  used and the operating conditions of the instrument were set as 15.0 kV and 6.4 nA. After
115  the SEM analysis, major and minor element concentrations of plagioclase and K-feldspar
116  were acquired by a JEOL JXAS8100 electron probe at the IGGCAS. The operating
117  accelerating voltage was 15 kV and the beam current was 20 nA. Calibration of the data
118  was done by using a series of natural minerals and synthetic materials. Based on the
119  analysis of internal laboratory standards, the precision for major (> 1.0 wt.%) and minor
120 (< 1.0 wt.%) elements are better than 1.5% and 5.0%, respectively. Plagioclase from eight
121 samples was randomly selected and analyzed. The EPMA data for plagioclase and
122 K-feldspar are provided in Online Materials' Table OMI1.

123 Trace element abundances of clinopyroxene and plagioclase were measured by
124  LA-ICP-MS employing an Element XR HR-ICP-MS instrument (Thermo Fisher
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125  Scientific, USA) coupled to a 193 nm ArF excimer laser system (Geolas HD, Lambda
126  Physik, Gottingen, Germany) at the IGGCAS, following the procedures reported in a
127  previous study (Wu et al. 2018). The laser diameter was ~32 pm with a repetition rate of
128 3 Hz. The laser energy density was ~3.0 J/cm”. The analytical spots were in the cores of
129  relatively large euhedral plagioclase grains. The Element XR is equipped with a
130  high-capacity interface pump (OnTool Booster 150, Asslar, Germany) in combination
131 with a Jet sample and normal H-skimmer cones to achieve a detection efficiency in the
132 range of 1.5%. The NIST SRM 610 (Jochum et al. 2011) and ARM-1 (Wu et al. 2019)
133 reference materials were used for external calibration. The analytical uncertainties for
134  most trace elements (> 0.05 ppm) are better than 10% (relative standard deviation). In
135  addition, this LA-ICP-MS technique can simultaneously obtain the major element
136  contents for the same spots, and the precision and accuracy for major elements are better
137  than 5% (relative deviation). These major element data were used to calculate the
138  anorthite contents. During our analysis, two international glass standards were analyzed
139  (BCR-2G and GOR132-G) and the results agree with the recommended values (Online
140  Materials' Table OM2).

141 We carried out Raman spectroscopic analysis to investigate whether plagioclase and
142 clinopyroxene were affected by impact processes. Raman spectrum was collected with a
143 Confocal Raman Microscope alpha 300R made by WITec GmbH (Ulm, Germany) at the
144  IGGCAS. This system is equipped with a solid-state continuous-wave laser emitting at
145 532 nm, which is fiber coupled to the instrument (Gao et al. 2020). Single-crystal silicon
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146 was used to correct the wavenumbers of the shifts. A 50X ZEISS objective was selected
147  for excitation and detection. The laser energy was set to 7 mW, and the acquisition time

148  was 2s with an accumulation of 3.

149
150 RESULTS
151 The major chemical compositions of plagioclase and K-feldspar from Chang’E-5

152 basaltic clasts obtained by EPMA are reported in Online Materials' Table OM1. The
153  major and trace elemental concentrations of clinopyroxene and plagioclase obtained by
154  LA-ICP-MS are given in Online Materials' Tables OM3 and OM4. In addition, the
155 location of analytical spots and traverses are shown in the BSE images (Online Materials'
156  Figs. OM1 and OM2). In terms of the textures, the eight new samples include two
157  subophitic, one poikilitic, one porphyritic and four coarse-grained fragments (Online
158  Materials' Figs. OMI and OM2). Similar to previous studies, these basalts are mainly
159  composed of clinopyroxene, plagioclase, olivine and ilmenite, with minor spinel, silica
160  and sulfides (Online Materials' Figs. OMI1 and OM2). The plagioclases exhibit a large
161  variation in anorthite composition from Ansg to Angg3 (Ca/[Ca + Na +K], mole percent)
162  based on the EPMA analysis (Figure 1). The K-feldspar grains are commonly anhedral
163  and occur in the interstitial mesostasis. These samples have K,O contents ranging from
164 0.04 to 7.63 wt.% and low TiO, contents from 0.03 to 0.84 wt.% (Online Materials' Table
165  OMI). Several measured TiO, contents were below the EPMA detection limits (~90 ppm
166  for Ti) and thus excluded in the following discussion. The new data obtained in this study,
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167  combined with the available data of Chang’E-5 samples (Che et al. 2021; Hu et al. 2021;
168  Tian et al. 2021), exhibit a negative correlation between K,O and An contents (Figure 1b),
169  but no correlation between TiO, and An contents (Figure Ic). These geochemical
170  characteristics show a high degree of similarity to those of the Apollo low-Ti basalts
171 (Figure 1).

172 In the chondrite-normalized element diagrams, all plagioclase grains analyzed by
173 LA-ICP-MS are rich in light rare earth elements (LREE) relative to the heavy rare earth
174  elements (HREE), with La ~2x to ~30x chondrite, the HREE ~0.1x to ~1x chondrite and
175 also have clear positive Eu anomalies (Figure 2). No appreciable trace elemental
176  differences were found in the plagioclases for different textural fragments. Additionally,
177  the analyzed plagioclase grains also have high abundances of Sr (574-1990 ppm) and Ba
178  (73-1208 ppm), and the measured concentrations of La, Ba, Eu and Sr gradually increase
179  with a decreasing An content acquired by LA-ICP-MS (Figure 3). As expected,
180  clinopyroxene is LREE-depleted with a deep negative Eu anomaly, which overlaps with
181  that of the other fragments reported in Tian et al. (2021) (Figure 2e). Similar to
182  plagioclase, clinopyroxene also shows highly variable and parallel REE patterns (Figure
183  2e), indicating their compositional variations were likely controlled by the same process.
184 The Raman results show that the pyroxene and plagioclase, including those that have
185  been analyzed for trace elements in Tian et al. (2021) and this work, preserve their typical
186  shape and peak positions (663-673 and 998-1012 cm™ for pyroxene, and 483-489 and
187  ~508 cm™ for plagioclase; Figure 4 and Online Materials' Fig. OM3).
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188

189 DISCUSSION

190  Evaluation of post-magmatic processes

191 Before we invert the measured data to estimate the parental melt compositions, we
192 should carefully evaluate the effects of magmatic and post-magmatic processes on the
193  compositions of plagioclase. A previous study by Papike et al. (1996) reported small
194  differences in REE distributions between the melts estimated from pigeonite and
195  plagioclase in Mg-suite norites, which might have resulted from re-equilibration with
196 LREE diffusing into plagioclase and HREE diffusing into pigeonite during slow
197  subsolidus cooling. This re-equilibrium process in fact did not have a significant
198 influence on the results of the estimated melt compositions (e.g., Papike et al. 1996;
199  Shervais and McGee 1999). Compared to these intrusive rocks, the Chang’E-5 basalts are
200  extrusive products and they are expected to cool down quickly on the lunar surface. In the
201  diagram of the pyroxene thermometer, the pyroxene cores recorded an equilibrium
202 temperature of ~1,000-1,200 °C (Fig. 2¢ in Tian et al. 2021), while the rims reflected
203  much lower temperatures of less than 800 °C. The large temperature changes from the
204  core to the rims imply a rapid cooling process. In addition, the diffusion of Sr, Ba and Ti
205  in plagioclase is also very slow due to their high charge and large ionic radius (Cherniak
206  and Watson 1994; Cherniak 2002; Druitt et al. 2012). For example, Togashi et al. (2017)
207  suggested that plagioclase in ferroan anorthosites retains near-primary concentrations of
208  Sr and Ti, in contrast to Mg, which appears to be partially re-equilibrated by diffusion
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209  during magmatic processes. On the other hand, the lunar surface has been subjected to
210  periods of meteoroid impacts over geological time (e.g., Stoffler et al. 2006; Norman
211 2009). Strong chemical modification can occur as the result of localized diffusional
212 mechanics during shock-induced thermal metamorphism (Phinney 1991). Pernet-Fisher et
213 al. (2017) used Fourier transform infrared spectroscopy approach to estimate the impacts
214  on the influence of trace-element systematics of plagioclase in ferroan anorthosites. The
215  authors found weak correlations between plagioclase shock state and trace elemental
216  ratios (e.g., La/Y, Sm/Nd), implying that shocks could redistribute some trace elements.
217 The shock-melt zones and maskelynite phase were found in Chang’E-5 basalts (Che et al.
218 2021), suggesting that the basaltic clasts were influenced by shocks. In this study, basaltic
219  fragments that have no obvious shock-induced regions were chosen for chemical analyses.
220 Our Raman results show that the plagioclase and clinopyroxene analyzed for trace
221  elements in both our earlier work (Tian et al. 2021) and this work were not modified by
222 shocks (Figure 4; Online Materials' Fig. OM3). According to these pieces of evidence,
223 we conclude that the plagioclase cores could provide reliable estimates of parental melt
224  compositions (e.g., Papike et al. 1996; Shervais and McGee 1999; Togashi et al. 2022).
225

226  Calculation of equilibrium parental magma

227 The trace element partitioning between plagioclase and silicate melts has been
228  investigated previously in a wide range of experimental conditions (e.g., Mckay 1982;
229  Phinney and Morrison 1990; Blundy and Wood 1991; Bindeman et al. 1998; Bindeman
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230 and Davis 2000; Aigner-Torres et al. 2007; Sun et al. 2017), where they found that the
231  partition coefficients (D) are related to the An content and temperature (e.g., Blundy and
232 Wood 1991; Sun et al. 2017). In this work, we used the lattice strain models described in
233 Sun et al. (2017) instead of the empirical equations (e.g., Blundy and Wood 1991;

234  Bindeman et al. 1998) to estimate the parental melt compositions:

—4EN 2 1 3
235 Dj = Dyexp[——2 (2 (ro —13)" =3 (o = 1;) )] (1)

236 where Dg is the strain-free partition coefficient; r; is the ionic radius; rg is the ionic radius
237  of the strain-free lattice site; E is the effective Young’s modulus; and Np is the Avogadro
238  constant. The three lattice strain parameters (Do, ro, and E) as a function of temperature,
239  pressure and composition can be obtained using the following expressions that are
240  determined for trivalent element (REE+Y) in plagioclase:

19.45(+1.78)+1.17(+0.14) P2

241 InD§* = 16.05(£1.57) — X 10* — 5.17(£0.37)(Xca)? (2)

RT
242 et (A) = 1.179(10.027) (3)
243 E3*(GPa) = 196(+51) (4)

244  where Xcj is the Ca content in plagioclase per eight-oxygen; P is pressure in GPa; and
245  numbers in parentheses refer to 2c uncertainties. Similarly, the lattice strain model was
246  also chosen to predict the trace element concentrations of melt equilibrium with pyroxene.
247  Because most of the analyzed pyroxene grains in this work and Tian et al. (2021) belong
248 to high-Ca pyroxene (Wo > 25; Online Materials' Table OM3), the expressions suitable
249  for Fe-rich high-Ca pyroxene were used to obtain lattice strain parameters (Do, ro, and E)
250  (see Dygert et al. 2014 for more details).
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251 The calculated partition coefficients for plagioclases and high-Ca pyroxene are listed
252 in Table 1. Figure 5 shows the calculated, chondrite-normalized REE concentrations of
253 parental melts estimated from both the high-Ca pyroxene and plagioclase. We find that
254  the melts estimated from plagioclase largely overlap the field of the melts estimated from
255  high-Ca pyroxene, both of which are higher than those of the Apollo 12 and 15 low-Ti
256  samples. These two fields also cover the range of the A15 KREEP-rich basalts,
257  suggesting that the melts parental to the Chang’E-5 basalts are highly enriched in
258  incompatible elements. Despite of the large overlap, the average REE concentrations of
259  the estimated melt from plagioclase are about 1-2 times higher than those of the melt
260  estimated from high-Ca pyroxene (Figure 5). The different parental melt compositions
261  recorded by pyroxene and plagioclase may have resulted from fractional crystallization.
262  The REEs mostly behave as incompatible elements during basaltic magma differentiation,
263  and the residual melt would be expected to have higher REE concentrations with
264  increasing magmatic differentiation. Using the PETROLOG software, Zhang et al. (2022)
265 modelled the fractional crystallization scenario and showed that plagioclase became a
266  liquidus phase slightly later than pyroxene regardless of a low-Ti or high-Ti magma
267  source. In addition, we note that the REE concentrations of Chang’E-5 lunar soils (Li et
268  al. 2022; Zong et al. 2022) and impact glass beads (Yang et al. 2022) fall on the lower end
269  of the calculated parent melts from both high-Ca pyroxene and plagioclase (Figure 5),
270  although the coefficients derived from lattice strain model is relatively accurate. The
271  discrepancy suggests that we may overestimate the concentrations of REE in the parental
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272 melt, which may derive from the uncertainties in the REE partitioning model,
273 temperature, pressure and chemical compositions used in the calculation. As such, care
274  should be taken when we chose appropriate model and parameters. Nevertheless, this
275  result still suggests that most of the crystallized plagioclases would record a more
276  evolved melt composition, consistent with its higher REE concentrations compared to the
277  melt estimated from pyroxene (Figure 5).

278 The enrichment of incompatible elements has been found in both lunar samples and
279  meteorites, such as lunar meteorite NWA 773 (Borg et al. 2004), 15386 KREEP basalt
280  (Neal and Kramer 2003) and A14/A15 Mg-suite rocks (Papike et al. 1994, 1996). These
281  geochemical characteristics are generally considered to be to the KREEP component that
282  may has been added to the magmas by assimilation during magma ascent or mixing into
283  the mantle source (e.g., Papike et al. 1994; Shearer and Papike 2005; Neal and Kramer
284  2006). However, several observations suggest that the enrichment of incompatible
285 elements in Chang’E-5 basalts was likely formed through a large degree of fractional
286  crystallization from a liquid that represented a small degree of partial melting of the
287  original source, rather than by assimilating KREEP-rich components. First, both the
288  high-Ca pyroxene and plagioclase phases from different textured basalts show large
289  chemical variations but parallel REE distributions (Figure 2), consistent with products of
290 fractional crystallization. Second, based on the comparison between An contents and
291  some trace elements (e.g., Sr, Ba, La and Eu), the negative non-linear correlations and the
292 10 times increase of trace element concentrations imply that the plagioclase recorded a
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293 gradual enrichment of incompatible elements in the parental melt (Figure 3). Third, the
294  estimated melts from plagioclase exhibit much higher Sr concentrations (338-1221 ppm)
295  than the KREEP (~200 ppm; Warren, 1989) and lunar crust (~143-234 ppm; represented
296 by Apollo 16 Iunar anorthosites; Pernet-Fisher et al. 2019) (Figure 6). The Sr
297  concentrations of parental melts are positively correlated with Ba, La and Eu
298  concentrations, which are far from the KREEP endmember (Figure 6). Finally, it should
299  be noted that young lunar basaltic meteorites, such as NWA 4734, 032 and LAP 02205
300  with an age of ~3.0 Ga, were also thought to be unrelated to the KREEP materials (Elardo
301 et al. 2014, and references therein). Therefore, we conclude that KREEP is not a
302  prerequisite for most partial melting within the lunar interior.

303 The Rima Sharp, the longest lunar sinuous rille on the Moon, may have fed lava
304  flows to the Chang’E-5 landing site, and the volcanic vent is at least 100 km far from the
305 landing site (Qian et al. 2021). The lava flows, which had open channels connecting the
306 vents to the flow fronts after their emplacement on the lunar surface, could have
307 potentially eroded the underlying regolith during the movement and then incorporated
308 them into the lave flows, as previously documented in Apollo 12 and 14 basalt samples
309 (e.g., Dungan and Brown 1977; Hui et al. 2011). The samples investigated here, however,
310  do not show obvious evidence for the presence of assimilation because most data follow
311 the fractional crystallization trajectory. Future studies on more diverse lunar samples are
312 needed to better understand whether the underlying regoliths were involved in lava flows,
313 which could also provide insights into the chemical compositions of the underlying rocks.
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314

315  Estimated TiO; contents for the parental melt

316 The TiO; contents of plagioclase are also critical to determining whether the basalt
317 originated from a low-Ti or high-Ti magma source. Unlike the inverted-V shape
318  distribution of Ti concentrations with Fo values shown by olivine grains (Fig. 4 in Zhang
319  etal. 2022), the TiO, concentrations in our studied plagioclase acquired by EPMA do not
320 show an apparent correlation with An (Figure 1¢), which were possibly due to the lack of
321  plagioclase with An contents between ~20 and ~70. These plagioclase data from different
322 textured clasts overlap with each other significantly, similar to the plagioclase from
323  Apollo 12 and 15 low-Ti basalts (Figure 1c). To accurately calculate the magma TiO,
324  contents, the choice of the proper partition coefficient between plagioclase and melt is
325  important for the modelling. Similar to other elements mentioned above, previous studies
326  have also shown that Ti partitioning between plagioclase and melt has a strong
327  dependence on An fraction and temperature (e.g., Bindeman et al. 1998; Bindeman and
328  Davis 2000; Aigner-Torres et al. 2007; Tepley et al. 2010; Nielson et al. 2017). To
329  minimize the effect of temperature and melt composition on Dri_plag/meis, We used basaltic
330 to basaltic-andesitic melts to calculate the Dri.plagimerr Values because their compositions
331 are similar to our samples with a weighted mean SiO; content of about 42.1 wt.% (Tian et
332 al. 2021). Togashi et al. (2022) recently summarized the experimental data and obtained
333 two exponential equations for Ti partitioning: InDriplag/mett = -2.93 % Xan -1.12 (averaged
334  model) and InDriplagimeit = -4.47 * Xan -0.312 (low model). Using these calculated
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335  partition coefficients, they estimated the compositions of the host magma of Apollo 12
336 and 14 plutonic rocks. In this study, we applied the first equation to calculate the partition
337  coefficient, given that the second equation was derived by the comparison of plagioclase
338  data and whole-rock data from the same sample.

339 The estimated TiO, concentrations for each data point are shown in Figure 7a, and
340 the melts overall have TiO, contents similar to those of the Apollo low-Ti basalts but
341 lower than the melts estimated from Apollo high-Ti basalts. Since the different
342 Chang’E-5 basaltic clasts were expected to share a common source (Li et al. 2021; Tian
343 et al. 2021; Zhang et al. 2022), we calculated average TiO, contents for AAn = 1 to
344  represent the average parental melt compositions. We have found that the TiO, content of
345  parental melt inverted from the most primitive plagioclase (An =~ 90) is about 3.3 + 0.4
346 wt.% (1SD; Figure 7b), which falls into the low-Ti range (Neal and Taylor 1992). This
347  estimated TiO, content is slightly lower than the estimated TiO, value from olivine (~4.4
348  wt.%). One possible explanation for this discrepancy could be that the Ti partition
349  coefficient between olivine and melt used in Zhang et al. (2022) was underestimated,
350 which was also noted in their work. With the decrease of An, TiO, contents increase a
351 little from ~3.3 £ 0.4 wt.% at An = 90 to ~5.7 £ 5.1 wt.% at An = ~82, implying the
352 presence of continuous crystallization of mafic minerals rather than ilmenite during this
353  stage. This inference is consistent with the texture that ilmenite represents a late-stage
354  crystallization phase since they commonly cut the matrix plagioclase and pyroxene (Tian
355 et al. 2021). From this perspective, the late crystallization of ilmenite also supports a
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356 low-Ti origin because ilmenite would be an early crystallized mineral in high-Ti magma
357  (Neal et al. 1990; Simon and Sutton 2018). These observations thus indicate
358  differentiation of a low-Ti magma source rather than a high-Ti magma source.
359  Collectively, compared to the large variation of whole-rock TiO, contents (3.0-14.3 wt.%;
360 Che et al. 2021; Tian et al. 2021), the relatively consistent/less variable plagioclase
361  composition provides more convincing evidence of the magma source nature and records

362 their igneous crystallization history.

363
364 IMPLICATIONS
365 Even though the studied basaltic fragments experienced meteoroid impacts and solar

366  wind radiation since ~2.0 Ga (Che et al. 2021; Li et al. 2021), the cores of plagioclase and
367  pyroxene still retain reliable trace element records of their igneous crystallization history
368  and source compositions. The chemical compositions of minerals can not only provide
369  important constraints on the average compositions of the bulk rock, but also record the
370 magmatic evolutionary pathways from which they formed. The data presented here
371  suggest that the average melt REE concentrations, calculated by the inversion of both the
372 clinopyroxene and plagioclase data, are similar to the high-K KREEP, and they are likely
373  to form by a high degree of fractional crystallization rather than assimilation of KREEP
374  materials. Our study on trace elements in plagioclase and the previous study on the
375  Chang’E-5 olivine (Zhang et al. 2022) have confirmed and demonstrated that the
376  Chang’E-5 basalts originated from a low-Ti magma source. This conclusion implies that
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377  the high-Ti basalts reported in Chang’E-5 soils may represent the sampling bias because
378  of their small size. Nevertheless, we cannot rule out the possibility that the high-Ti

379  basaltic fragments were the ejected materials from other craters (Xie et al. 2020; Liu et al.

380  2021).
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602 FIGURE CAPTIONS

603

604 FIGURE 1. Anorthite fraction variation diagrams for EPMA data of plagioclase grains
605  from Chang’E-5 samples. (a) Histogram of the anorthite content (mol%). (b) K,O (wt.%)
606  versus anorthite content (mol%) for EPMA data. (¢) TiO, (wt.%) versus anorthite content
607  (mol%). The previously reported data for Chang’E-5 samples are from Che et al. (2021),
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608 Huetal. (2021) and Tian et al. (2021). The Apollo low-Ti basalts (12 and 15) and high-Ti

609  basalts (11 and 17) are from MoonDB Research (http://search.moondb.org/). The dashed

610  grey line in plot (c) represents the detection limit for EPMA analysis. The measured data
611  are provided in Online Materials' Table OM1.

612

613  FIGURE 2. Chondrite-normalized rare earth element (REE) distribution patterns for
614  LA-ICP-MS data for plagioclase and pyroxene grains in Chang’E-5 basaltic clasts. The
615 normalization data are from Anders and Grevesse (1989). The data of pyroxene and
616  plagioclase reported in Tian et al. (2021) are shown for comparison. Two plagioclases in
617  panel (b) highlighted by an ellipse show Sm anomalies (much lower Sm concentration).
618  This may be caused by random analytical error because these two plagioclases do not
619  show obvious differences in terms of other trace elements. The measured data are
620 provided in Online Materials' Tables OM3 and OM4.

621

622 FIGURE 3. The variation diagrams of trace elements versus anorthite content in
623  plagioclase analyzed by LA-ICP-MS. The symbols filled with grey are from Tian et al.
624  (2021). Error bars represent 2SE and some errors are smaller than symbols.

625

626  FIGURE 4. Results of Raman analysis for pyroxene and plagioclase from Chang’E-5
627  basalts separated from Iunar soil CE5C0400YJFMO00406. The analyzed spots are
628  provided in Online Materials' Figs. OM1 and OM2.
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629

630 FIGURE 5. Chondrite-normalized REE concentrations for the calculated equilibrium
631  parental melts from the plagioclase and pyroxene compositions (Table 1). The areas filled
632  with light blue and light red represent the ranges of chondrite-normalized melts estimated
633  from plagioclase and high-Ca augite, respectively. The Chang’E-5 moderate-Ti glass
634  beads from Yang et al. (2022) and the Apollo 15 KREEP basalts from supplemental
635 material to New Views of the Moon (2006) are shown for comparison. The bulk
636  compositions of Chang’E-5 lunar soils are from Li et al. (2022) and Zong et al. (2022).
637  The normalization data are from Anders and Grevesse (1989).

638

639 FIGURE 6. Trace element concentrations of the parental melts estimated from
640  Chang’E-5 plagioclase. Chemical compositions of the lunar crust represented by
641  anorthosites are deduced from Pernet-Fisher et al. (2019). The KREEP endmember is
642  from Warren (1989). The data source for the Apollo 15 KREEP basalts is the same as in
643  Figure 5. Error bars represent 2SE and some errors are smaller than symbols. The data are
644  presented in Online Materials' Table OMS5.

645

646 FIGURE 7. (a) The TiO, contents of parental melt estimated from EPMA data of
647  plagioclase shown in Figure 1c. The Ti partition coefficient between plagioclase and melt
648  and the measured TiO, contents are used to back-calculate the parental melt TiO, contents.
649  The literature data for Chang’E-5 samples are from Che et al. (2021), Hu et al. (2021) and
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650  Tian et al. (2021). The Apollo low-Ti basalts (12 and 15) and high-Ti basalts (11 and 17)

651 are from MoonDB Research (http://search.moondb.org/). (b) The average results of the

652  Chang’E-5 data shown in plot (a). Each symbol represents an average TiO, content
653  calculated for AAn =1 interval and the error bar denotes 1 SD (standard deviation). The

654  data source for Apollo samples is the same as plot (a).

655
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Table 1. The partition coefficients and the estimated trace element compositions of the
Chang’E-5 basalts

Element High-Ca Plagioclase” Estimated parental melt Estimated parental
augite” (An;;-Angg) from augite® melt from
plagioclase®

La 0.0290 0.0055-0.0267 62.6 140.2
Ce 0.0434 0.0051-0.0249 186.9 324.8
Nd 0.0839 0.0039-0.0191 130.1 184.1
Sm 0.1279 0.0027-0.0133 384 56.0

Eu 0.1469 1.2 2.7 4.4

Gd 0.1643 0.0018-0.0089 42.7 70.3

Tb 0.1791 0.0014-0.0070 6.8 11.3

Dy 0.1905 0.0011-0.0054 45.1 75.3

Er 0.2002 0.0007-0.0033 24.6 534

Yb 0.1973 0.0004-0.0021 22.0 74.1

Sr 1.6287

Ba 0.1141

* The partition coefficients for high-Ca augite are calculated using equations (1), (2), (3)
and (4) (lattice strain model) presented in Dygert et al. (2014).

® The partition coefficients of REE (except for Eu) are calculated using equations (3), (6a),
(6b) and (6¢) (lattice strain model) presented in Sun et al. (2017). The Ba and Sr partition
coefficients are also calculated using the equations (3), (7a), (7b) and (7c) (lattice strain
model) presented in Sun et al. (2017). The augite and plagioclase studied here have
different compositions, reflecting a wide range of crystallization temperatures. For
simplicity, an average temperature of 1373 K was assumed for both high-Ca augite and
plagioclase. Eight-fold coordinated ionic radii from Shannon (1976) are used in the lattice
strain model for both high-Ca augite and plagioclase. The Eu partition coefficient is from
Phinney and Morrison (1990).

¢ The parental REE concentrations are estimated using the average values of all measured
augites in Tian et al. (2021) and this work (a total of 82 analyses), and the corresponding
partition coefficients are listed in the first column.

4 We first calculated the equilibrium melt composition for each sample based on the
measured REE concentrations (this study and Tian et al., 2021) and the corresponding
partition coefficients in the second column. Then, we took the average values for the
parental melts (a total of 31 analyses).
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