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The lunar basalt samples returned by the Chang’e-5 mission erupted about
2.0 billion years ago during the late period of the Moon’s secular cooling.
The conditions of mantle melting in the source region and the migration

of magmathrough the thick lithosphere that led to this relatively late lunar
volcanism remain open questions. Here we combine quantitative textural
analyses of Chang’e-5 basaltic clasts, diffusion chronometry, clinopyroxene
geothermobarometers and crystallization simulations to establish a
holistic picture of the dynamic magmatic-thermal evolution of these
young lunar basalts. We find that the Chang’e-5 basalts originated from
anolivine-bearing pyroxenite mantle source (10-13 kbar or 250 + 50 km;
1,350 £ 50 °C), similar to Apollo 12 low-Ti basalts. We propose these magmas
then ascended through the plumbing system and accumulated mainly at
the top of the lithospheric mantle (-2-5 kbar or 40-100 km, 1,150 + 50 °C),
where they stalled at least several hundred days and evolved via high-degree
fractional crystallization. Finally, the remaining evolved melts erupted
rapidly onto the surface over several days. Our magmatic-thermal evolution
model indicates abundant low-solidus pyroxenites in the mantle source
with aslightly enhanced inventory of radioactive elements can explain the
prolonged, but declining, lunar volcanism up to about 2 billion years ago

and beyond.

Volcanismis the primary endogenic process of the terrestrial planets,
reflecting their internal thermal state and evolution™ Volcanic activity
onthe Moonis the key record of its thermo-chemical evolution®. Lunar
mare basalts were erupted mainly in two major pulses of ~3.9-3.6 bil-
lionyears ago (Ga) and -3.4-3.1 Ga, significantly fewer were emplaced
between ~3.1and 2.0 Ga as the lunar mantle cooled, and the process
finally ceased at -1.2 Ga**®. Available data suggested that the majority of
the lunar mare basalts were erupted in the Procellarum KREEP Terrane

(PKT), aregionrich in potassium, rare-earth elements and phospho-
rus (KREEP)*’. These observations have led to the hypothesis that the
elevated KREEP in mare basalt mantle sources was the heat source for
prolonging lunar volcanism®’ and, presumably, asymmetric thermal
evolution of the Moon®.

China’s Chang’e-5 (CE-5) mission landed in northern Oceanus
Procellarum within the PKT and sampled the youngest (-2.0 Ga) lunar
basalts radiometrically dated so far™-'>. However, the mantle source
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of the CE-5 basalts had neither a high concentration of KREEP nor
abundant water™", inconsistent with the hypothesis that high KREEP
orvolatilesinthe source promoted melting. Therefore, afundamental
outstanding question is the identification of the mechanisms that
led to melting of the lunar mantle at such a late evolutionary stage.
Furthermore, the history of ascent, eruption and chemical evolution
of lunar basalts™'®, and the specific circumstances for the CE-5 basalts
inthe PKT, are of greatimportance for understanding late-stage lunar
evolution butare poorly understood.

Geochronology, geochemistry and geological data from the land-
ing site suggest that the returned CE-5 soil samples are dominated by
local basaltic materials (>95%) and represent a single volcanic-eruption
event*"”18, On average, basaltic fragments belong to intermediate-Ti
compositions (5-6 wt% Ti0,), consist of clinopyroxene (40-44%),
plagioclase (29-32%), olivine (5-7%) and ilmenite (4-5%) and display
diverse textures, including porphyritic, ophitic/subophitic, poikilitic
and equigranular with various sizes (0.01-2.00 mm) (refs, 2131920),
Clinopyroxene and olivine show compositional zonation with more
Fe-rich rims, especially clinopyroxene displaying extreme chemical
zonation (for example, Mg# (100 x molar Mg/(Mg + Fe)) = 62t01)"*"%%°,
Preliminary mineralogical and geochemical studies show that the CE-5
basalts are products of high-degree fractional crystallization of low-Ti
basaltic magmas within a large subsurface magma reservoir®'%*2,
Clinopyroxenes with various types of chemical zoning can provide
crucialinformation about the origin and storage conditions, crystalliza-
tion history, timescale and dynamic processes of magmareservoirs® .
Thus, the diversity of textural and mineral zoning in the CE-5 basaltic
fragments provides a unique opportunity to decipher the magmatic-
thermal evolution of young lunar volcanism.

Oneofthelatest advancesinterrestrial volcanology and petrology
is the combination of quantitative textural analysis, geothermoba-
rometers, diffusion chronology and thermodynamic simulations to
reconstruct the entire magmatic evolution history???°, Using such
multiple approaches, we elaborate the detailed composition-pres-
sure-temperature-time path for the origin, ascent, storage and erup-
tion of the young CE-5 basalts. This analysis also provides key insights
into the nature of lunar upper mantle and into the thermo-chemical
evolution of the lunar interior when compared with lunar basalts that
formed earlier.

Composition-pressure-temperature-time path
for CE-5 basalts

The diverse textures of the CE-5 basalts reflect their complex
crystallization history”. Crystal size distribution (CSD) is a quanti-
tative textural analytical method to obtain information about the
rate of crystal nucleation, residence time and magmatic processes™
(Methods). Duetothelow fraction of olivine, CSD analysis was applied
to the major mineral phases of plagioclase, clinopyroxene and ilmenite
in15 CE-5 basaltic fragments (Extended Data Fig. 1and Extended Data
Table1). Overall, the CSD patterns of all the samples collectively define
acurved trend: their y intercepts and slopes decrease gradually with
increasing crystal sizes (Fig. 1a,b). Minerals with variable intercepts
andslopesreflect their differentinitial nucleation density (n,) and resi-
dencetime (¢). Although different minerals have different shapes and
sizes, three distinct populations were classified according to the crystal
size, yintercepts and slope. Population 1 plagioclases with the small-
est sizes (<0.1 mm) show the highest y intercepts (17.00-18.95 mm™)
and steepest slopes; Population 2 minerals have intermediate sizes
(0.1-0.5 mm), y intercepts and slope values; Population 3 minerals
exhibit larger maximum crystal sizes (>0.5 mm) and lower yintercepts
(6.58-8.07 mm™) and slope values.

Microlites in anhydrous basaltic lava flow usually reflect magma
cooling rate and undercooling (AT) conditions in the lava channel,
whereas large phenocrysts may be antecrysts from a deep magma
reservoir®. In the chilled shallow channel, rapid quench and cooling

could cause high AT, which drives nucleation of abundant microlites
with very small sizes and high y intercepts™. In the deeper channel,
crystals would continue to grow due to slowly cooling, resulting in a
slightincreaseinsize and adecrease in nucleation density®>*. In deep
magmareservoirs, where the temperature was higher and AT lower, the
nucleationratewasreduced, and large crystals with lower yintercepts
tended to form***. Thus, we interpret the Population1and Population 2
microlites as the products of crystallization in shallow and somewhat
deeper channels, respectively, whereas the larger Population 3 miner-
als formed in the deeper magma reservoirs. Combined with data of
growth rates for plagioclase, clinopyroxene and ilmenite in basalts®,
CSDslopes were used to estimate the cooling or residence timescale of
minerals (Methods). Theresults show that Population1formed by rapid
cooling within ~3-8 days; Population 2 had residence times of ~-10-50
days; and Population 3 showed longer residence times of ~77-105 days
(Fig.1cand Extended Data Table 1).

Clinopyroxenes, ubiquitousin all the CE-5basaltic clasts, display a
large compositional range (En,_¢;Fs,; ssW0,,_44) (Extended DataFigs. 2a
and3a,b) and canbedividedinto three types according to textures and
chemicalzonation (Fig. 2). Most clinopyroxenes (Typel), occur as either
matrix microlites (I-a) or large phenocrysts (I-b) with simple core-rim
texture, consistently displaying low-Mg# (5-20) thin (1-20 pm) rims,
while their cores have Mg# of 30-40 or 50-60 (Fig. 2). Type Il clino-
pyroxenes display patchy zoning, and their Mg# varies from 55-62in
the cores to 30-40 in the rims. Type Il clinopyroxenes, typically with
larger sizes (usually >1 mm), exhibit complex core-mantle-rimtexture,
including stepped normal (Ill-a) and reverse (llI-b) zonation. The cores
of Type IlI-a show high Mg# (50-60), the mantles have intermediate
Mg# (32-42), and the thin rims display uniform low Mg# values (10-28)
(Fig.2and Extended DataFig. 2), implying amultistage crystallization
history. Type IlI-b shows low-Mg# (30) cores but high-Mg# (55-60)
mantles (Fig. 2), reflecting a new high-Mg# magma pulse recharging
the earlier batch of evolved magmas.

Diffusion chronometry based on Mg-Fe zonation in clinopyrox-
ene also can be used to estimate the pre-eruption residence time-
scale of crystals (Methods)**. Experiments demonstrated that the
outer thin rims of minerals in volcanic rocks are commonly related to
decompression- or cooling-induced growth™. Similarly, the outer thin
rims of most clinopyroxenes are growth zonation rather than diffusion
zonation. Thus, theinternal zonation of Types Iland Il clinopyroxenes
were used for Mg-Fe diffusion modelling. The results indicate that
these crystals experienced at least several hundred days of residence
times (Extended Data Table 2), which is comparable to the timescale
obtained by the CSD method (Fig. 1c,d).

Clinopyroxenes occur across a wide range of pressures and tem-
peratures (P-T) in basaltic magmas and thus can effectively record
the crystallization history*?*. Most clinopyroxene microlites and
phenocryst rims from CE-5 samples have low Al and Na contents and
high Ti/Al atomic ratios of 1/2, indicating final co-crystallization of
clinopyroxene and plagioclase®. However, afew grains display high Al
and Na contents with low Ti/Al ratios approaching 1/4 or1/8 (Fig. 3a-c).
This observation mightindicate either asingle-stage**® or a two-stage
crystallization history?***, which can be distinguished further by the
morphology and compositional characteristics of pyroxenes”?*, The
single-stage model suggests in situ crystallization near the surface
with delayed nucleation of plagioclase due to the kinetics processes
induced by rapid cooling. In this situation, clinopyroxenes may occur
long prismatic, skeletal, dendritic or microcrystalline, and sector
zoning and thin quenched rims can be developed on pre-existing phe-
nocrysts. Some skeletal clinopyroxenes fromthe Apollo 15 vitrophyric
pigeonite basalt 15499** and long-prismatic clinopyroxenes with sec-
tor zoning from the Apollo 12 ilmenite basalt 12063/65° may be the
crystallization products of very fast cooling of basalts, which would
suppress plagioclase saturation*® and result in the enrichment of Al
andNain clinopyroxenes (Fig. 3d). Some clinopyroxenes (041GP-001)"
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Fig.1| The CSD and diffusion results for the CE-5 basalts. a, The CSD patterns
for plagioclase, ilmenite and clinopyroxene from the CE-5 basaltic clasts. Three
distinct populations were classified according to the crystal size, nucleation
density (n,) and slope. b, CSD patterns for small-size Population 1and Population
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times were calculated by the slopes of CSD. d, Diffusion times estimated from
Mg-Fe exchange versus Mg# (100 x molar Mg/(Mg + Fe)) in clinopyroxene (Cpx).
The arrows represent deceasing Mg# from core to rim. See Extended Data Table 1
for details of the samples plottedinaandb.

with very low Mg# (3-6) but high Al and Na contents and Ti/Al ratios
(~1/8) (Fig. 3a—c) in their thin quenched rims could have formed by
this mechanism.

However, a surface model is not suitable to explain the composi-
tion of other clinopyroxenes from the CE-5 samples. High Al and Na
contents coupled with low Ti/Al ratios are observed mainly in larger
clinopyroxene phenocryst cores with high Mg# (50-60) (Fig. 3c) rather
than in long-prismatic or skeletal pyroxenes. With the decreasing
Mg#, their Al decreased rapidly, and Ti/Al ratios increased rapidly
from1/4 or 1/8 to 1/2 (Fig. 3¢), indicating that plagioclase had already
been saturated in the early evolution stage. Some Type Il and Type lll
clinopyroxene cores have resorption textures (Extended Data Fig. 2),
implying that the melt composition and physicochemical environ-
mentof crystal growth had changed. The diffusion results (Fig.1d) also
indicate that some larger clinopyroxenes had experienced a longer
residence in magma reservoirs. Experimental studies indicated that
the Al contents of clinopyroxene in basaltic magmas increase with
increasing pressure*. Therefore, we propose a two-stage model in
which thelarge clinopyroxene phenocrystsinitially began crystallizing
inamagmareservoir within the lunar interior, followed by precipitation
with plagioclase during the shallow eruption stage.

To quantitatively constrain the magma storage conditions
recorded by the ‘early’ clinopyroxenes with high Mg# (50-62), the clino-
pyroxene-liquid thermobarometers®** were used to estimate the P-T
results for the CE-5 basalts (Methods). For this purpose, high-quality
concentration data on clinopyroxenes in equilibrium with the host
basaltic melts are required (Methods). Only 78 out of 728 analysed
spots>*" provide reliable results (Supplementary Table 2), which
indicate that most high-Mg# clinopyroxenes crystallized at 2-5 kbar
and 1,140-1,200 °C, while some rare grains are likely to have been
entrained from deeper levels (7-12 kbarand 1,260-1,300 °C) (Fig.4a).

To further constrain the storage conditions of the CE-5 basalts,
pMELTS crystallization simulations were carried out over a range of
pressures (0-15 kbar) and temperatures (900-1,400 °C) at f,, = AIW
(Methods)*. An average composition of CE-5 basaltic fragments (CE-
5A)"and arelatively primitive fragment (042GP-002)" with higher Mg#
(47) were used as starting melt composition (Extended Data Table 3).
The pMELTS results also confirmthat Aland Na contents in clinopyrox-
eneincrease withincreasing pressure (Extended DataFig. 6e,f).Inthe
diagramrepresenting the Na versus Al composition of the clinopyrox-
ene (Fig. 3a), most crystals fall in the overlapping composition fields
thatcrystallized at 0-3 kbar and 4-7 kbar, but several grains plotinthe
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Fig.2|The backscattered electron (BSE) images and X-ray colour maps of

Fe content and the corresponding Mg# profiles show different types of
clinopyroxenes. Type I has normal core-rim textures with variable cores but thin
low-Mg# (5-20) rims. I-a, microlites; I-b, phenocrysts. Type Il with patchy zoning
shows Mg# of 55-62 to 30-40 from cores to rims. Type 11, typically larger sizes
(>1 mm), exhibits core-mantle-rim textures, including normal (Illl-a) and reverse
(1lI-b) zonations. Red lines on the BSE images represent the traverse profiles.

Theblack dots of profiles represent the Mg# components calculated from the
grey values of the BSE images; red lines represent diffusion model profiles. The
yellow marks (for example, 5.3 kbar, 1,175 °C) on clinopyroxene images represent
the estimated temperature and pressure results®*%. Inset circles display the
projected crystallographic and traverse orientation measured by electron
backscatter diffraction (EBSD).

areaof 8-12 kbar, which s consistent with the results calculated using
the clinopyroxene-liquid thermobarometer.

The key to an accurate determination of the CE-5 basalt’s mantle
source relies mainly oninformation on agood estimate of arepresenta-
tive primary magma composition. Chemical similarities suggested
that the CE-5 basalts probably evolved from low-Ti basalts, similar to
the Apollo 12 low-Tibasalts'>'*?2, Experiments that studied the chemi-
cal evolution trend of the little-fractionated low-Ti basaltic sample
12002%°** (Mg# = 55), and the relatively primitive basaltic fragment
(042GP-002)" and average CE-5 basaltic fragment (CE-5A)" and soil
(CE-5S)"®2° compositions all plot on the liquid line of descent of the
Apollo12low-Tibasalts*>** (Fig. 4b), further supporting the preceding
interpretation™"?2, Thus, the CE-5 basalt’s mantle source would be
very similar to the Apollo 12 low-Ti basalts, but with alower degree of
melting for the former. The pMELTS results also indicated that most
CE-5Sbasaltic fragments can be generated through high-degree (>30%)
fractional crystallization of the magma represented by clast 042GP-
002" (Fig. 4b).

The multiple-saturation pointin the phase diagramis very helpful
to constrain the residual minerals and estimate the minimum source
melting depth*’. The pMELTS simulations (Fig. 4a and Extended Data
Fig. 6a-d) indicate that the CE-5 basalt’s mantle source was saturated

predominantly with clinopyroxene with subordinate olivine. The
corresponding P-T result (10 kbar versus 1,320 °C) for the primitive
CE-5 sample 042GP-002 defines the lower-limit condition for the
origin of the CE-5 basalts. Recent models suggested very high pres-
sure-temperature conditions (22-27 kbar versus 1,470-1,500 °C) for
the deep source of CE-5 magma*‘; however, such conditions (similar
to those for yellow and red picritic glasses*) would be too high to
be reconciled with petrological and geochemical features of CE-5
basalts. Instead, we propose that the P-T conditions (13 kbar versus
1,380 °C) for the near-primary low-Ti basaltic sample 12002**** could
provide anupper bound. Thus, the CE-5basalts could have originated
from an olivine-pyroxenite source at 1,350 + 50 °C and 10-13 kbar
(250 + 50 km) (Fig. 4a), corresponding to the upper part of the
lunar mantle.

Architecture of magma plumbing system

Based onthe above evidence, anintegrated architecture and dynamic
model of the magma plumbing system for the generation, ascent and
eruption of the CE-5 basalts is proposed (Fig. 5). The pressure results
(Figs. 3a and 5a) suggest that multiple magma reservoirs could have
been distributed throughout the upper part of the lunar lithospheric
mantle, feeding magmas into shallower levels and ultimately to the
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surface. Overall, the CE-5 basalts experienced mainly a three-stage,
polybaric magmatic evolution history.

Partial melting of clinopyroxene-rich mantle cumulates at a
depth of ~250 km generated near-primary low-Ti basalts. However,
the mantle source temperature of CE-5 basalts would have been lower
by ~-50 °C or more compared with Apollo 12 low-Ti basalts (Fig. 4a),
resulting inlower degrees of melting. Partial melts from suchasource
were buoyant compared with the surrounding mantle (2.9-3.0 g cm™
versus 3.2 g cm3)*#¢ (Fig. 5b) and thus ascended due to the density
contrast*'°, Some high-Mg# olivine and clinopyroxene with minor
spinel may have crystallized during the initial ascent.

The ascending evolved melts did not erupt directly onto the sur-
face, but instead are interpreted to have stalled at peak pressures of
2-5kbar, corresponding to a depth of ~40-100 km (Fig. 5a,c), due to
the predicted rheological and density traps between the cooled and
thickened lithospheric mantle and the base of low-density crust™>'®
(Fig. 5b). Because the crustal thickness in the central PKT region has
been estimated to be ~30 km (ref. '), the ascending melts accumu-
lated and formed shallower magma reservoirs near the top of the
lithospheric mantle, where high-degree fractional crystallization
occurred. The continuous fractionation crystallization of Ti-poor
minerals (for example, olivine, clinopyroxene and plagioclase) in
the early stage resulted in the enrichment of Ti in the evolved melts

(Fig. 4a). limenite only was saturated at lower pressure (<5 kbar) as
the magma approached the solidus temperature near the surface
(Fig.4a). Abundantlarger plagioclase, ilmenite and clinopyroxene crys-
tallized in the main magmareservoirs with alonger residence time of at
least several hundred days (Figs. 1c,d and 5e). Type lll clinopyroxenes
with complex zonings imply that their host magmas had experienced
amultistage polybaric crystallization and magma recharge history.

When the accumulated magma reached a sufficient overpres-
sure to overcome the rheological and density barriers, the residual
magma rapidly erupted onto the lunar surface (Fig. 5c). A large frac-
tion of microlites also crystallized during the eruption. Population 2
crystals are likely to have crystallized in the deeper channel with a
residence time of ~-10-50 days, whereas Population 1 plagioclases
were products of rapid quench during final fast ascent and eruption
(several days) (Fig. 5f). Therapidly ascending magma entrained some
antecrysts fromdeep regions. The various types of clinopyroxene with
low-Mg# thin rims, regardless of their high-Mg# (30-40 or 50-60)
cores (Fig. 2), suggest that clinopyroxenes at different evolution-
ary stages directly erupted to the surface and led to the ubiquitous
thin rims. The rapid eruption of CE-5 magmas in northern Oceanus
Procellarum produced the Em4/P58 unit and formed Rima Sharp,
the most likely lava channel of CE-5 basalts, just ~15 km from the
landing site".
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Clinopyroxene-rich mantle and prolonged lunar
magmatism
Previous studies suggested that late lunar magmatism could be pro-
moted by the presence of aKREEP component in the mantle source®’.
Sr-Nd isotopes of the CE-5 basalts were interpreted to reflect a
non-KREEP mantle source™, and KREEP was proposed to be unnecessary
to promote late mantle melting™*®. However, aslightly higher pvalue
(%°°Pb/2°*Pb: 684)"> and KREEP-like trace elements of the CE-5 soils and
basaltic fragments™ reveal that asmall fraction (-1%) of KREEP compo-
nent was involved in the mantle source®, The KREEP-like materials
could bethe former trapped interstitial liquid in the lunar mantle cumu-
late*, and its specific fraction depends on the clinopyroxene propor-
tionthat balances KREEP to explain the Sr-Nd isotopic compositions of
the CE-5basalt’s mantle source'®. Minor KREEP-bearing materialin the
mantle source, long-termradioactive decay and heat accumulation may
facilitate melting. Moreover, as demonstrated above, the CE-5 basalt’s
mantle source is composed of olivine-bearing pyroxenites'®**, which
are susceptible to melting given their low-solidus temperature* ",
The multiple saturation points of lunar picritic glasses and basalts
have constrained the minimum P-T conditions for the formation of
lunar basalts erupted at 3.9-2.9 Ga (refs. ***); and the mantle potential
temperature was proposed tobe 1,450 + 50 °Cbetween 4.0 and 3.1 Ga
(ref.®). This study suggests amantle source region for CE-5basaltata
depthof-250 km withatemperature of 1,350 + 50 °C (Fig. 4a). Thus, the
source temperature for the CE-5basalts at~2.0 Gawas lower by around
50 °C ormorerelative to the ancient low-Tibasalts (3.3-3.1 Ga), indicat-
ing a slow cooling rate of the lunar interior underneath the PKT. The
slow cooling of the mantle underneath this area could reflect the pres-
ence of athicker KREEP layer at the base of the crust®'® or megaregolith
insulation®’. Alternatively, a minor KREEP component may have been
variably dispersed in the deeper mantle, leading to on average higher
heat production beneath some PKT regions. In conclusion, locally
clinopyroxene-rich upper mantle with a slightly enhanced inventory
of KREEP could be areasonable environment to extend mantle melting
tothelate phase of lunar evolution, potentially explaining the continu-
ation of lunar volcanism until 2.0 Ga or later.

Online content
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maries, source data, extended data, supplementary information,
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Methods

Mineral textures and compositions

Backscattered electron (BSE) images, X-ray intensity maps and chemi-
cal compositions of the mineral crystals were determined at the State
Key Laboratory of Geological Processes and Mineral Resources, China
University of Geosciences, Wuhan, withaJEOL JXA-8230 electron probe
microanalyser equipped with five wavelength-dispersive spectrom-
eters. The samples were first coated with a thin conductive carbon
film before analysis. The carbon film thickness produced an-10-15 nm
uniform coating.

An accelerating voltage of 15kV, abeam current of 20 nA and a
1um spot size were used to analyse mineral compositions. Data were
corrected online using a ZAF (atomic number, absorption, fluores-
cence) correction procedure. The peak counting time was 10 s for Na,
Mg, Al, Si, K, Ca, Fe, Cr and Niand 20 s for Mn and Ti. The background
counting time was one-half of the peak counting time on the high-
and low-energy background positions. The following standards were
used: jadeite (Na), olivine (Si), diopside (Ca, Mg), sanidine (K), rutile
(Ti), almandine garnet (Fe, Al), rhodonite (Mn), chromium oxide (Cr)
and pentlandite (Ni). The analysis accuracy is better than 1% when the
content of major elements is greater than 5%, and better than 5% when
the content of major elements is 1-5%. The analysed results are given
inSupplementary Table1.

X-ray intensity maps were also acquired with this electron probe
microanalyser operating at15 keV, 30 nA and a counting time of 10 ms
per pixel. Ka (Si, Fe, Ca, Mg and Ti) peak intensities were collected
using large TAP (thallium acid phthalate), PET (pentanerythritol) and
LiF (lithium fluoride) monochromator crystals. To investigate the
repartition of the five elementsidentified in the clinopyroxene, the ana-
lysed areawas scanned as the simultaneously detected elements were
constrained by the number of available spectrometers. The elemental
maps were recorded by stage rastering using astationary beamwitha
spatial resolution of 0.5-0.7 um pixel™.

Crystalsize distribution (CSD)

CSD is a quantitative method to obtain information about the rate of
nucleation, residence time and magmatic processes®***, Classical CSD
is generally shown as the diagram of the natural logarithm of popula-
tiondensity In(n) (nis the crystal number in per unitarea, mm™*) versus
crystalsize (L,inmm). The equation for the relationship between In(n)
and Lis usually expressed as:

-1
- 0 —
In(n) = In(n°) + G < L @

Wheretheinterceptontheyaxisat/L = 0isIn(n°), and n®isinitial nuclea-
tion density. Slope is —1/Gt, where G is the growth rate and 7 is the
residence time.

Here the BSE images of CE-5 basalt clasts (Extended DataFig.1and
Extended Data Table 1) for CSD analysis were obtained from the China
National Space Administration®, published literature' > and this study.
Textural results show that plagioclase, clinopyroxene andilmenite are
abundantand euhedral. Thus, these minerals from a total 15 of the CE-5
basaltic clasts that were analysed. The outlines of the crystals were
manually identified with the Bzier tool in CorelDraw. Moreover, some
important parameters for CSD analysis, including major and minor
axis lengths, roundness, circular degree, area and area proportion,
were obtained from the image-processing programme ImageJ. The
acquired data from two-dimensional sections were converted into
three dimensions by CSDSlice®. Stereological corrections were under-
taken using the CSDCorrections programme to calculate and obtain
the logarithmic plot of the population density versus the mineral size®.

For reliability, CSD analysis generally requires a minimum of
75 crystals for tabular minerals and 250 crystals for acicular miner-
als>. The slopes and intercepts of the CSD curves were obtained by

regression analysis in Microsoft Excel. To evaluate the reliability of
quantitative textural analysis, the goodness-of-fit straight line can be
tested by R? (the degree of fit of the regression line to the observed val-
ues) obtained fromlinear regression*®. Thus, some important param-
eters, suchasresidence time (t=-1/G x slope) and characteristic length
(C.=-1/slope), canbe calculated. The fitting error of slope is also used
to calculate the error of residence time.

Thegrowthrate G of mineralsis obtained from experimental study
and natural observation on modern active volcanoes. This parameter
is crucial to accurately estimate the residence time but usually shows
acertainrange of variation. For example, plagioclase growth rate can
vary from107°t0107° mm s™ (over 5 log units)®. Previous studies have
shown that the cooling rate plays a decisive role inthe G of plagioclase,
regardless of its host magma composition®. In the case of slow cool-
ing, G for plagioclase varies from 10 ®to 10™* mm s, while in the case
of fast cooling, plagioclase G can reach 10 to 10°®* mm s™. The resi-
dence time of plagioclase calculated by G of 10® mm s is consistent
with the duration of the experimental results®. Thus, experimentally
determined growth rates (2.49 x 10 mm s™) of basaltic plagioclase
were applied to this study®. Similarly, G for pyroxene and ilmenite*
are2.91x10mmsand1.34 x10" mm s, respectively. These growth
rates were also previously used in the study of CSD of Apollo samples®’.
For the convenience of comparison with different minerals and Apollo
samples, we did not use different growth rates for different sizes of
crystals. These values could be appropriate for the microlites (Popula-
tion1land Population2). However, we must bear in mind that some large
crystals with slower cooling should have a lower G (ref. **); thus, the
residence time calculated by a unified G (<10 mm s™) is alower limit.

Clinopyroxene thermobarometer

Clinopyroxene-liquid thermobarometers®** were applied to constrain
the magma storage P-T conditions. All calculations were carried out
through the Microsoft Excel spreadsheet of Clinopyroxene_P-T_2020
v.3 available online***, Clinopyroxene from the CE-5 samples display a
larger variation (Mg# = 1-62) (Extended Data Fig. 3a), whichis caused
by composition change or analytical error. To get robust P-Tresults for
magma origin and storage, some rigorous strategies have been used to
evaluate data quality and to test clinopyroxene-liquid equilibrium?*%,
First, the total cations of clinopyroxene compositions were calculated
onthe basis of six oxygens. As suggested by Neave and Putirka®, analyti-
cal errors can affect the results of the thermobarometers. Thus, ana-
lysed spots with cation sums of <3.98 or >4.02 and very low Na contents
(Jd <0.002), below the detection limit, were excluded. Second, Neave
and Putirka® also suggested that some low Al (total < 0.11) clinopyrox-
enes could experience Caand Al dilution caused by the disequilibrium
incorporation of Mg and Fe during their rapid growth, and thus these
grains were removed. Mollo et al.** also suggested that crystallization
of basaltic magmas at a high degree of undercooling would lead to
the enrichment of Al, Na and Ti in clinopyroxene. Clinopyroxenes
with some disequilibrium textures (for example, skeletal, dendritic,
microcrystalline and quenched rims) indicating rapid dynamic crystal-
lization on the lunar surface were also excluded.

In this study, only clinopyroxene grains with high Mg# values
(50-62) that crystallized at arelatively early stage were chosen to calcu-
late the magmastorage P-T conditions (Extended Data Fig. 3a,b). Using
Kdg.wg values for clinopyroxene (0.27 + 0.03) (ref. *°), the high-Mg#
(50-62) clinopyroxenes from the CE-5 samples could be crystallized
from basaltic magmas with Mg# = 21-32 (average = 26) (Extended Data
Fig. 3¢). The chemical composition of sample CE-5 B1 with Mg# of 26
(ref.’?) (Extended Data Table 3) could represent a suitable equilibrium
liquid. In the Rhodes Diagram (Extended Data Fig. 3c), all the analysis
points used to calculate the P-T conditions fall within the error line
of the equilibrium with the host melt. Further, all the predicted cal-
cium Tschermak, enstatite—ferrosilite and diopside-hedenbergite
components should fall near the 1:1line with observed components®
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(Extended Data Fig.3d). The predicted clinopyroxene components are
calculated using the Putirka equations®, which were constructed by
fitting experimental pyroxene-melt pairs by the least squares method.
After allthe preceding conditions were met, the results of the equation
for pressure fromref. * and the equation for temperature from ref. *
were applied. The standard errors of estimates for temperature and
pressure are +33 °C and +1.4 kbar (refs. >**°), respectively. In addition,
asthe magma composition of lunar basalts differs from that of terres-
trial basalts, clinopyroxene thermobarometers based on experimental
petrological data of terrestrial basalts may have extra uncertainty.

Diffusion modelling
Clinopyroxenes display diverse zoning types, including patchy (II),
normal (Ill-a) and reverse (llI-b) zoning (Fig. 2 and Extended Data Fig. 2).
Experiments have demonstrated that the outside thin rims of miner-
als were modulated by the growth, rather than diffusion”. Thus, the
outermost thin rims of clinopyroxenes cannot be used to calculate the
diffusion time. Mg# (100 x molar Mg/(Mg + Fe)) diffusion profiles for
Typelland Typelll clinopyroxene were used to estimated pre-eruption
residence times’®. Previous studies have used the greyscale of BSE
images of clinopyroxene as a proxy for Mg# (ref. °°). However, Ca con-
tents in clinopyroxene can also affect the greyscale of BSE images®;
thus, the relationship between greyscale and Mg# or Ca contents is
givenin Extended DataFig. 4. Theresultsindicate that Mg# in clinopy-
roxene hasabetter linear correlation with the greyscale thanthose of Ca
contents,implying the effect of Caisinsignificant. Thus, the high spatial
resolution of BSE images could be a very effective method of extracting
thetimescale information at the nanoscale®*®2. The image-processing
software of ImageJ was used to transform greyscale and pixelinto com-
positionand distance. The BSE grey values, the distance from the rims
andthe corresponding Mg# values for some representative profiles for
different types of clinopyroxenes are givenin Supplementary Table 3.
A common solution using error function for the one-dimension
diffusion problem***was used to simulate the diffusion behaviour of
Mg# in Cpx and to calculate the residence time:

_C1+C2 CZ_CI

+ x erf X ) 2)
2 2 (2\/51.

where Cis concentration, x is the half diffusion width and D is the dif-
fusion coefficient; C, and C, represent the initial concentration of the
two endmembers before diffusion; and erf means error function. The
diffusion time (¢) canbe estimated by fitting amodel to the concentra-
tion profile as suggested by several authors**, We have used MATLAB
software to solve the preceding diffusion equations. To get a best-fit
time, the mean-square-root method* was used to fit the optimal curve.
The error calculation uses the same method as suggested by ref. ®*.

Dy.-wginclinopyroxeneis strongly dependent on the temperature™
(Extended DataFig. 5a). Since most clinopyroxene with complex zon-
ing formed in the deep magma reservoirs, we assume that it is most
likely at a peak pressure of 4 kbar. pMELTs simulation results at 4 kbar
suggest that the Mg# values of clinopyroxene show agood correlation
with temperature (Extended Data Fig. 5b). Therefore, we utilized the
Mg# of clinopyroxene to constrain the crystallization temperature.

For pyroxene, D,y along the [001] axisis typically 3.5 times faster
than along the [100] and [010] axes®.. Due to diffusion anisotropy in
clinopyroxene, it is necessary to determine the crystallographic ori-
entation of the profile to calculate D, (ref. ©).

Cc

2
Dirofie = Dpaoo) X (€05 @)’ + Dioro) X (c0s B)” + Dyooy X (cosyy?  (3)

where a,  and y are the angles between the measured profile and the
[100],[010]and [001] axes, respectively. The crystallographic orienta-
tion of clinopyroxene and the angles between the profile and the three
axes were measured by electron backscatter diffraction (EBSD, see

the following section). Some representative EBSD results are givenin
Fig.2, Extended Data Fig. 2 and Extended Data Table 2.

Electron backscatter diffraction (EBSD)

Clinopyroxene crystallographic axes were measured on a Zeiss Sigma
300VP scanning electron microscope and an Oxford Instruments
Aztec Symmetry EBSD detector at the School of Earth Sciences, China
University of Geosciences, Wuhan. Working conditions were as follows:
15kV accelerating voltage, -0.5-1.0 pm spot size, working distance of
16 mm, 70° sample tilt angle and low-vacuum mode of 15 Pa. Diffraction
patterns were collected and indexed with an automatic mapping mode
using the Aztec 6.0 software from Oxford Instruments. To assure data
quality, only those measurements with mean angular deviation values
below 1° were accepted for analyses.

PMELTS simulations

Toinvestigate the crystallization history and the nature of the source
region of the CE-5 basalts, pMELTS equilibrium crystallization simu-
lations were carried out over a range of pressures (0-15 kbar) and
temperatures (900-1,400 °C) at f,,, = AIW buffer®®. According to the
mineral assemblage of the CE-5 basalts>'**, the crystalline phases are
mainly clinopyroxene, plagioclase, olivine and ilmenite. Some minor
mineral phases (for example, spinel and apatite) are excluded in the
simulations. The mineralogical and geochemical data suggested that
the CE-5 basalts are highly evolved magmas with extensive fractional
crystallization (-45-70%)". Thus, the average composition of CE-5
basaltic fragments (CE-5A) cannot represent the primitive magma. A
CE-5 basaltic fragment (042GP-002) with high Mg# (47) values could
represent a primitive sample. Recently, the Sr-Nd isotopic composi-
tion” and the Ti concentration in olivine®” of the CE-5 basalts also
suggested that the magma source of the CE-5 basalts is very similar
to the Apollo 12 low-Ti basalts. Therefore, the average composition
of CE-5 basaltic fragments'®?*° (CE-5A), the relative primitive basaltic
fragment (042GP-002) and the Apollo12 nearly primary low-Tibasaltic
sample 12002 (Extended Data Table 3) were used as starting materials,
respectively. The Apollo 12 sample 12002 had been well studied by
experimental petrology****; this provided a good basis to compare
the results of pMELTS simulation and to evaluate the effectiveness of
the simulation results. The pMELTS results for 12002 concerning the
phase diagram and melt composition are consistent with those of the
experimental results*® (Extended Data Fig. 6a,b and Fig. 4b).

Data availability

Alldataanalysed or generated during this study are available in Earth-
Chem Library at https://doi.org/10.26022/IEDA/112769, Science Data
Bank at https://doi.org/10.57760/sciencedb.000009.00468 and Sup-
plementary Tables. Source data are provided with this paper.

Code availability
The MATLAB code used for diffusion modelling and error calculation
inthis study can be obtained from the corresponding author B.L.
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Extended Data Fig.1| Some reprehensive backscattered electron (BSE) images of the Chang’E-5 basalt clasts in this study were used for CSD analyzed.
a-e, Microlitesin groundmass. a. LS-5-28.b. Outline of plagioclase in LS-5-28. c. LS-1-142. d. LS-2-66. e. 26-710. f. Porphyritic, CE-2. Cpx, clinopyroxene; Pl, plagioclase;
Ol, olivine; Ilm, ilmenite.
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Extended Data Fig. 2| Representative textural and compositional zoning
diagrams for different types of clinopyroxene. Type I-a, microlites:
a,d,5-28-1A; Typel-b, larger phenocrysts: b, e, 26-2-01; and c f, 26-1-01; Typell,
patchy zoning, g-j, 24-632-C; Type lll-a, normal zoning: k, n,11-2-C; 1, 0, 23-01; and
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projection that were measured by EBSD. «, 3 and y are angles between measured

profileand [100], [010] and [001] axes, respectively. The white bars represent
10 pm.
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Mg# values, rather than CaO contents.

Nature Geoscience


http://www.nature.com/naturegeoscience

Article

https://doi.org/10.1038/s41561-023-01146-x

1E-18 ¢ 1300
; (a) (b)
i ~ 1200
1E-19 Q@
3 : ~ i Y=24*X+977 A K03t
E : o R2 = 0.97
£ i 21100 - )
~ o -3 2
2 1E-20 s | w A(')ﬁm o
o f S1o00|  A*TTTA R
X | H Y =2.5*X +908
O i 2=
o1l w R2 =0.92
1E-21E =
= a 900
1E-22 L | 1 L L | L 800 ! | ! | ! | ! ]
1200 1100 1000 900 800 30 40 50 60 70
Temperature (°C) PMELTS Cpx Mg#

Extended Data Fig. 5| Diffusion coefficient and temperature calculations.

a, Diffusion coefficients Dy, Of clinopyroxene verses temperature (°C)**.

b, pMELTs simulation results of Mg# values of clinopyroxene and temperatures at
P =0.001kbar and P = 4 kbar, respectively. The average compositions of the CE-5
basaltic fragments (CE-5A)" were used as starting material. The result show that

the Mg# values of clinopyroxene have a good relationship with the temperature.
Thus, the Mg# values of clinopyroxene can be used to estimate the crystallization
temperature. Since most clinopyroxene with complex zoning formed in the deep
magma reservoirs, we assume that it is most likely at a peak pressure of 4 kbar.
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Extended Data Fig. 6 | pMELTs simulation results. a, Experimental phase
diagram for the Apollo-12 nearly primary low-Ti basaltic sample 12002*°.

b-d, The phase diagrams were simulated by pMELTs for the 12002, CE-5A,

and 042GP-002, respectively. The shaded circlesina, b, cand d represent the
multiple-saturation points, which could indicate the potential minimum origin
depth and residual minerals*. The grey lines in b are the experimental result for
12002*°. The pMELTS simulation phase diagram for 12002 is very similar to that

of the experimental result*’, indicating that the pMELTS results are effective. The
results suggest that the CE-5 basalts were saturated with olivine and pyroxene
residual at deep source. e and f,pMELTS results for clinopyroxene Al,O; or Na,O
contents vs. pressures, respectively. CE-5A is the average composition of CE-5
basaltic fragments". 042GP-002 is a relatively primitive basaltic fragment with
higher Mg# (47) value®. Cpx, clinopyroxene; Pl, plagioclase; Ol, olivine; Ilm,
ilmenite; Spl, spinel.
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Extended Data Table 1| Summary of CSD slopes, intercepts, characteristic length (C,) and calculated residence time (t) of

plagioclase, ilmenite and clinopyroxene from the Chang’E-5 basaltic fragments

Population Crystal  Area Intercept CSD C' & 2*SD
Sample R?

and texture total (mm?)  In(mm*#) Slope (mm) (days) +/-
Plagioclase
LS-5-28T 1, Microlite 183 0.004 18.95 -133.8 0.975  7.5E-03 3 1/1
LS-2-66"T 1, Microlite 241 0.003 18.75 -106.5 0.956  9.4E-03 4 2/1
LS-1-142T 1, Microlite 375 0.007 18.68 -105.6 0.987  9.5E-03 4 1/1
26-710" 1, Microlite 161 0.004 17.00 -56.3 0.986  1.8E-02 8 7/3
103-001, 003" 2, Porphyritic 246 0.461 9.95 -12.0 0.974  8.3E-02 39 11/7
103-001, 007"3 2, Porphyritic 226 0.113 12.36 -24.4 0.994  4.1E-02 19 2/2
070GPO1N 2, Porphyritic 258 1.144 8.46 -9.7 0.998  1.0E-01 48 3/3
103-003, 0133 2, Porphyritic 168 0.103 10.49 -11.8 0.956  8.5E-02 39 17/9
007GPO1N 2, Subophitic 378 0.279 10.44 -12.8 0.988  7.8E-02 36 9/6
CE-2T 2, Porphyritic 639 0.143 13.45 -27.8 0.917  3.6E-02 17 9/4
007GPO2N 3, Porphyritic 271 1.177 7.10 -5.8 0.966  1.7E-01 81 22/14
041GP, 001" 3, Subophitic 151 1.245 6.93 -5.2 0.995 1.9E-01 90 8/7
042GP, 001" 3, Subophitic 203 1.708 6.76 -5.1 0.974  2.0E-01 91 27/17
007GPO2N 3, Subophitic 362 1.454 6.58 -4.4 0.981 2.3E-01 105 25/17
CE5-B1'2 3, Finegrained 277 1.933 7.25 -6.5 0.974  1.5E-01 71 21/13
Clinopyroxene
042GP, 001" 2, Subophitic 266 1.584 10.39 -20.0 0.967  5.0E-02 20 10/5
103-001,003'" 2, Porphyritic 281 0.407 12.55 -39.6 0.989  2.5E-02 10 2/2
070GPO1N 2, Porphyritic 161 1.274 9.16 -16.0 0.953 6.3E-02 25 52/10
007GPO2N 2, Subophitic 626 0.394 10.91 -29.2 0.913  3.4E-02 14 18/5
CE5-B1'2 2, Finegrained 218 1.724 9.89 -22.7 0.992  4.4E-02 17 6/4
Ilmenite
103-001, 003! 2, Porphyritic 228 0.190 10.83 -20.1 0.975 5.0E-02 41 17/9
103-001, 0073 2, Porphyritic 282 0.038 13.61 -49.0 0.982  2.0E-02 17 4/3
070GPO2N 2, Porphyritic 303 0.558 8.90 -16.6 0.985 6.0E-02 50 10/7
042GP, 0013 3, Subophitic 262 0.629 7.89 -8.7 0.944 1.2E-01 96 49/24
007GP01-02N 3, Subophitic 279 0.698 8.07 -10.5 0.948  9.5E-02 79 29/17

Some reprehensive BSE images of samples in this study are given in the Extended Data Fig. 1. The crystal length (long axis) of population 1 mineral is less than 0.1 mm. The population 2
minerals have crystal length between 0.1 and 0.5 mm. The population 3 minerals have maximum crystal length above 0.5 mm. ‘C,=-1/slope; “t=-1/G*Slope. G is the growth rate of minerals.

T, this study; N, these BSE images were obtained from the China National Space Administration (https://moon.bao.ac.cn/moonSampleMode/index.html); and others are from references’
Experimentally determined growth rates for plagioclase (2.49*10°mm/s), clinopyroxene (2.91*10°mm/s) and ilmenite (1.35*10*mm/s) in basalts* were used in this study.
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Extended Data Table 2 | Calculated residence times (days) obtained by modeling Fe-Mg diffusion in clinopyroxene from the
Chang’E-5 basaltic fragments

Sample  Type «a B y Mgt Mgtk T(°C) Dremg Dprofile t(Days) 1#SD (+/-) R?
9-115-2C I-a 104 64 153 11 35

5-27-1A I-b 22 115 102 10 50

11-1-A I-b 145 58 61 15 56

11-1-B I-b 116 33 103 15 56

26-2-01 I-b 149 67 85 10 60

24-632-A II 54 102 54 32 55 1056  6.6E-20 5.8E-20 74 259/118 0.980
24-632-C II 100 104 15 40 55 1073 9.9E-20 1.0E-19 4 14/7 0.993
5-27-2 II-a 164 87 90 28 42 1044  5.3E-20 2.5E-20 198 693/317 0.928
IMI-a 164 87 90 42 54 1078  1.1E-19 5.3E-20 13 44/20 0.957
11-2-C IMI-a 144 54 104 33 57 1056  6.9E-20 8.7E-20 8 28/13 0.969
23-1-B I-a 90 98 15 35 50 1061  7.7E-20  6.3E-20 27 95/43 0.987
23-1-A IMl-a 102 14 89 10 27
21-3-B II-a 34 42 1057  7.3E-20 86 301/138 0.804
II-a 42 50 1078  1.1E-19 7 26/12 0.942
12-203B  1III-b 121 30 &4 55 33 1109  2.1E-19 9.8E-20 10 35/16 0.992
n-b 121 30 84 30 55 1049  59E-20 2.8E-20 1461 5114/2338 0.973

The BSE images and profiles of reprehensive samples are given in the Fig. 2 and Extended Data Fig. 2. Type I-a, microlites; I-b, large phenocrysts; Type II, patchy zoning; Type lll-a, normal
zoning and Type llI-b, reverse zoning. a, B, and y are angles between the measured profile and [100], [010] and [001] axes, respectively. D¢, s and D, is diffusion coefficient along the [001]
axis and the profile, respectively. The error calculation uses the same method as suggested by®“.
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Extended Data Table 3 | Major elements of some representative Chang’E-5 basaltic fragments and lunar soils and Apollo 12

basalt 12002
Major CE-5 Basaltic CE-S average average CE-5 Apollo 12
elements fragments basalts fragments lunar soil basalt
CE5-B1'2  042GP-002"° CE-5A" CE-58%° CE-5S'®  12002%
SiO2 42.58 42.4 42.1 42.2 41.25 43.56
TiO2 6.26 Sl Sl 5.0 512 2.6
ALO3 10.59 12.0 11.6 10.8 11.55 7.87
Cr20; 0.14 0.3 0.2 0.18 0.21 0.96
FeO 2505 19.8 22.2 225 227 21.66
MnO 0.3 0.0.2 0.3 0.28 0.28 0.288
MgO 4.58 9.7 5.8 6.48 6.52 14.88
CaO 11.87 10.7 10.9 11.0 11.64 8.26
Na:0 0.35 0.5 0.6 0.26 0.46 0.23
K20 0.07 0.04 0.1 0.19 0.21 0.051
P20s 0.21 0.2 0.2 0.23 0.27 0.11
Total 100 99.1 99.7 98.94 100.21 100.47
Mg# 26 47 32 34 34 55

Note: the numbers on fragments represent references.
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