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Surges in volcanic activity on the Moon
about two billion years ago

Heng-Ci Tian 1 , Chi Zhang 1 , Wei Yang 1, Jun Du2, Yi Chen 3,
Zhiyong Xiao 4, Ross N. Mitchell 3, Hejiu Hui 5, Hitesh G. Changela 1,6,
Tian-Xin Zhang7,8, Xu Tang 1, Di Zhang3, Yangting Lin 1, Xianhua Li 3 &
Fuyuan Wu 3

The history of mare volcanism critically informs the thermal evolution of the
Moon. However, young volcanic eruptions are poorly constrained by remote
observations and limited samples, hindering an understanding of mare erup-
tion flux over time. The Chang’e-5mission returned the youngest lunar basalts
thus far, offering a window into the Moon’s late-stage evolution. Here, we
investigate the mineralogy and geochemistry of 42 olivine and pyroxene
crystals from the Chang’e-5 basalts. We find that almost all of them are nor-
mally zoned, suggesting limitedmagma recharge or shallow-level assimilation.
Most olivine grains record a short timescale of cooling. Thermal modeling
used to estimate the thickness and volume of the volcanism sampled by
Chang’e-5 reveals enhancedmagmatic flux ~2 billion years ago, suggesting that
while overall lunar volcanic activity may decrease over time, episodic erup-
tions at the final stage could exhibit above average eruptive fluxes, thus
revising models of lunar thermal evolution.

There is agreement that volcanic activity on the Moon is temporally
and spatially tied to the heat-producing elements1, unlike magmatic
systems on Earth where more factors such as crustal recycling can
trigger volcanic eruptions. Mare volcanism was most pronounced
about 3.8–3.3 billion years ago (Ga) and then declined or disappeared
by 2.9–2.8 Ga, as shownby the agedistributionof theApollo, Luna, and
meteorite collections2. Such a duration of basaltic volcanism on the
Moon is broadly consistent with models of thermal evolution3,4.
However, recent studies of samples returned from the Chang’e-5
mission directly date lunar volcanism to 800–900 million years
(Myr)5,6 later than previously measured in returned samples and
meteorites7,8, where heat-producing elemental and water concentra-
tions were lower than expected6,9,10, thus challenging the common

view of lunar magmatism and thermal evolution of the Moon. Knowl-
edge of the eruptive fluxes in terms of volume/mass could place
constraints on this late-stage lunar volcanic activity. Althoughprevious
studies using remote sensing data investigated volcanic flux for young
volcanic activity (<2.8 Ga; refs. 11–13), there are several complications,
including: (i) the large uncertainties in crater counting chronology
between 3 and 1 Ga (refs. 14,15); (ii) difficulties in the recognition of
flow fronts caused by impact bombardment and other continuous
erosional processes;16 and (iii) estimating the volume of a mare unit of
a certain age, which is limited by insufficient knowledge of crater
scaling laws and/or empirical equations of crater morphology17.

Here, we focus on using the chemical compositions and zoning
patterns in olivine and clinopyroxene crystals from a large set of
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Chang’e-5 basalts with different textures to reconstruct their thermal
history, estimate volcanic fluxes on the Moon, and discuss the impli-
cations this has for the most recent volcanism on the Moon. The 2-
billion-year-old Chang’e-5 basalts from the northeastern Oceanus
Procellarum terrane5,6 provide a unique opportunity for this. An
effective method is to determine post-eruption lava flow cooling
timescales using diffusion chronometry, which models diffusive
relaxation of compositional boundaries within zoned minerals18–21.
Extrapolated timescales can be used to estimate the thickness and
volume of basaltic lava flows22,23. Applying these methods to the
Chang’e-5 basalts and compiling previous results of eruptive flux
throughout lunar history, we are able to identify that, despite its long-
termsecular cooling, theMoonwas still capable of significant pulses of
magmatism at about 2Ga.

Results
Crystal classification and chemical zoning
Overall, the individual olivine and clinopyroxene grains in the Chang’e-
5 basalts are relatively simple in high-resolutionBSE images and do not
exhibit any complex zonation (Supplementary Figs. 1–6; refs. 5,6,9,10).
Four typical textures (porphyritic, subophitic, poikilitic, and equi-
granular) were identified in the basaltic rock clasts. Plagioclase and
clinopyroxene are the predominant phases in the rock clasts with
minor ilmenite and olivine grains10. In this work, we selected 21 olivine
and 17 clinopyroxene crystals with sizes greater than 50 µm from 26
basalt clasts with different textures (sample no. CE5C0100YJFM00103,
CE5C0400YJFM00406 and CE5Z0303YJ) and obtained 22 and 17
zoning profiles of major and minor elements for olivine and clin-
opyroxene, respectively (Supplementary Data 1 and 2). In addition,
four clinopyroxene grains from ref. 10. were also added to the dataset.

Qualitative X-ray maps of several olivine grains show nearly con-
centric zoning for major and minor elements (Fig. 1 and Supplemen-
tary Fig. 7), suggesting that the influence from subsolidus re-
equilibrium is limited. The olivine crystals overall exhibit a wide
range of forsterite (Fo), ranging from Fo61.0 down to Fo10 (Fig. 1e).
According to the Fo variation from the core to the rims, olivine grains
in the Chang’e-5 basalts are divided into two groups. Group 1 includes
olivine with normal/no chemical zonation, while Group 2 refers to

olivine with reverse chemical zonation. In combination with the Fo
profiles published in ref. 10, we find thatmost of the profiles (21 out of
22) arenormally zoned and the Fovariation for a single crystal fromthe
core to the crystal rims is up to 35 (Fig. 2a). One olivine crystal (103-
001, 007) is homogeneous in composition from core to rim (i.e.,
Fo58.4–59.1; Fig. 2a), but has a very thin (2–5 µm) Fe-rich rim (Supple-
mentary Fig. 8). This may be growth-related and linked to the final
rapid quenching of themagma10. In contrast, reverse zoning (Group 2)
was observed only in one olivine crystal from sample 103-025, 009,
where Fo values decrease from 36.8 at the rim to 31.1 in the core
(Fig. 2b). This sample consists primarily of plagioclase and olivine, with
minor amounts of clinopyroxene, ilmenite, and K-rich mesostasis
(Supplementary Fig. 2).

All of the clinopyroxene crystals from the basalt clasts are nor-
mally zoned (Fig. 2c), with Mg# values [defined as 100 ×Mg/(Mg+ Fe),
mole fraction] varying from 12.4 to 61.0 (Supplementary Data 2). The
compositional range of clinopyroxene is nearly identical to that of
forsterite. Clinopyroxene from porphyritic samples has very thin
(<5 µm) Fe-rich rims (the relatively bright rims shown in Supplemen-
tary Fig. 8), also probably related to the late-stage rapid quenching of
the magma. The olivine and clinopyroxene concentration profiles
indicate a signature of highly evolved magma, as suggested by the
overall low Fo values of the olivine crystals (Fig. 1e) and the low Mg#
values of the clinopyroxene crystals (Fig. 2c). Note that some profiles
(particularly in the subophitic grains) do not appear to have a con-
centration plateau in their cores, suggesting that they may have lost
their core composition (Fig. 2).

Cooling time of the lava flow retrieved from olivine crystals
Mineral zonation could be caused by a range of magmatic processes
such as fractional crystallization, element diffusion after crystal-
lization, magma mixing, and recharge events24–26. Aluminum is a slow
diffusing element in olivine and has been shown to be immobile
compared with Fe-Mg over the timescales of interest27,28. Thus, Al
associated with Fe-Mg variations can distinguish between chemical
zoning patterns formed either by crystal growth or by diffusion (fol-
lowing the approach outlined in refs. 21,29,30). Of the 21 olivine
crystals from which Al content was measured, 6 crystals show an
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Fig. 1 | Representative olivine crystal and chemical composition in the Chang’e-
5 basalt clasts. a–d High-resolution backscattered electron (BSE) image and Fe,
Mn, and Al X-ray maps of representative olivine in the Chang’e-5 basalt clast
(Z0303-002, 007). d is the enlarged image of the olivine crystal. The olivine grain
shows nearly concentric compositional zoning with a core low Fe, lowMn, but Al is

almost homogeneous from the core to the rim. Abbreviations: Ol olivine, Pl plagi-
oclase, Cpx clinopyroxene, ilm ilmenite, Spl spinel, MI melt inclusion, Fe iron, Mn
Manganese, Al Aluminum. e Frequencydistributionof forsterite (abbreviatedas Fo)
composition [defined as 100×Mg/(Mg + Fe), mole fraction] based on >400 ana-
lyses (this study and ref. 10).
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approximately linear correlation between Fo and Al concentrations,
indicating growth-dominated chemical zonation. In the other 15 crys-
tals, the Al content is almost unchanged within the uncertainty toward
the rims, indicating diffusion-dominated zoning (Fig. 3a–c). This
means that the whole olivine grains are classified into two types:
diffusion-dominated or growth-dominated groups (Supplementary
Table 1). The DIPRA software was originally developed for modeling
the diffusion of multiple elements (e.g., Fe-Mg, Mn, Ni) in olivine and

thus can be used to determine the timescale of diffusion (see Meth-
ods). Here, we used the model to calculate the times by fitting the
measured Fe-MgandMnconcentrations across theolivine,whichmost
likely reflects the cooling times of the erupted magma. The diffusion
model parameters and modeling results can be found in Supplemen-
tary Data 3. For clinopyroxene crystals, Mg and Fe content generally
constrains magmatic evolution with timescales greater than 5 years
(see Fig. 2 in ref. 26), and thus they are used here only to determine
whether there is reverse or complex zonation.

We obtained cooling timescales of 21 olivine crystals, which are
summarized in Supplementary Table 1. Mn concentrations were also
modeled for most olivines. The timescales obtained from Mn for
the same traverse have a larger uncertainty, but are consistent with the
timescales estimated from Fo (Supplementary Table 1). For the olivine
crystals of Group 1, the timescales estimated from the growth-
dominated crystals range from 2:9�2:8

+2:9 to 8:9�8:8
+8:9 days. The time-

scales of the diffusion-dominated crystals range from 25:6�26:4
+90:9 to

602:3�222:4
+382:6 days, with ~50% of the timescales determined being longer

than 3months (Fig. 4a; Supplementary Table 1). By contrast, an olivine
grain (103-025, 009#ol2) from Group 2 is composed of 3 regions with
different crystallographic orientations (Supplementary Fig. 9a). How-
ever, there are no obvious grain boundaries between these three
regions in the BSE image (Supplementary Fig. 9b), suggesting that they
originated from the same olivine nucleation, but were subjected to
compression or similar factors that eventually changed orientation.
During later growth, the more central region (region B marked in
Supplementary Fig. 9b) probably formed a reverse zonation because it
has a higher Mg content on both sides (Supplementary Fig. 9c). In
addition, we also calculated a diffusion time of 188:7�142:4

+831:1 days (Sup-
plementary Table 1). Finally, it should be noted that the timescale
obtained corresponds to a lower estimate when considering the fixed
temperature used in themodeling. Our data set of timescales provides
first-order information on the timing of cooling events.

Estimated thickness of basaltic lava flow
Unlike the Apollo samples, which contained the products of multiple
volcanic eruptions (i.e., basalts of different ages were found at each
Apollo landing site), the Chang’e-5 basalts are most likely from a single
eruptive event (see discussion text) and therefore provide an unpre-
cedentedwindow into the thickness ofmare basalts.We usedCOMSOL
Multiphysics software (www.comsol.com), which includes the one-
dimensional heat conduction equation, to model heat transfer from
lunar lava flows to the underlying particulate regolith. In the absence of
an atmosphere, the top surface of the lava cools by radiation to space,
while the base cools by conduction to the regolith/basalt below. In our
model, the initial temperature, density, specific heat capacity, and
thermal conductivity are the most important parameters for both the
overlying lava flow and the underlying material31. Here, the initial
temperature of the lunar lava flow is set at 1200 °C based on the
modeling result32, and the density of the eruptedmagma (~2940 kg/m3)
is derived from the PETROLOG program33. The heat capacity and
thermal conductivity for the hot lava flow are assumed based on a
previous study31. According to the study of ref. 34, the Em4/P58 unit of
the Chang’e-5 landing site directly overlies the Em3 basalt unit instead
of regolith. As such, the cold basalt is used as the underlying compo-
nent, although we cannot completely exclude the possibility of the
presence of regolith. We assume that the parameters for this cold
basalt are the same as those used in ref. 35. The cooling curve is a
function of basalt thickness and time. The thickness of the Chang’e-5
basalt lava flow can be inferred from the timescales and temperatures
of the olivine crystals. The uncertainty in the thickness is estimated
based on the uncertainties in the timescales and temperatures of the
olivine crystals. The basalt thicknesses estimated from individual oli-
vine crystals are shown in Fig. 4b. They vary from 4:5�3:5

+ 2 to 55�11
+ 16 m,

with most ranging from 8 to 30m. Assuming that all soil clasts studied
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are from the same lava flow, we can derive an average value of
18:5�6

+ 5:5 m, which is probably the minimum value for lava flow thick-
ness. The thickness of unit Em4/P58, where Chang’e-5 landed, was
previously estimated to be 39.1–62.7m based on remote
observations36. The value we estimate is largely consistent with the
estimated thickness from remote observations.

Discussion
The identical Sr-Nd-Pb isotopic compositions in all analyzed basalts
(ref. 6,10,37) indicate that the Chang’e-5 basalts originated from the
same source, and the high-precision U-Pb dating of basalt clasts of
different textures5,6 suggests that they formed in a single eruptive
event. Furthermore, almost all olivine and clinopyroxene crystals from
the 26 basalt clasts (Fig. 2), in combination with clinopyroxene from
the literature10, resemble those from the Apollo and Luna collections,
of which only a few lunar samples have been reported to have

oscillatory zonation that could record compositional and/or state
changes (e.g., lunar basalt 12021, NWA 032; refs. 38–40). The normal
zoning patterns in the Chang’e-5 basalts exclude the incorporation of
exogenous material during the formation of these basalts, which
agrees well with the inference derived from the Sr-Nd-Pb isotopes of
basalt clasts5,6,10. In a summary, theChang’e-5 basalts record a relatively
simple evolutionary history without remarkable magma replenish-
ment or crustal assimilation during their formation.

Using the exchange coefficients, the cores of olivine crystals in the
Chang’e-5 basalts are nearly in equilibrium with the bulk-rock com-
position (Fig. 5a), indicating that most olivine grains crystallized
directly from the parental melt in a closed-system.

The absence of megacrysts derived from the deep magma
chamber is consistent with the rarity of xenoliths and megacrysts
found in lunarmaterials returnedby theApollo andLunamissions or in
lunar meteorites41. Based on trace element abundances in augite, the
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degree of fractional crystallization prior to eruption was estimated to
be >40% (ref. 10), which is generally greater than samples returned by
the Apollo missions (<30%; ref. 42). After the eruption, extensive
fractional crystallization also occurred during cooling of the lava flow.
Euhedral spinel observed as inclusions in olivine and clinopyroxene
(Supplementary Figs. 1–6) indicate an early crystallization phase.
Augite and plagioclase may have simultaneously crystallized, as sug-
gested from the Chang’e-5 pyroxenes all displaying similar Al/Ti ratios
(~2; Fig. 5b). Differentiation of lava flow would enable the formation of
a cumulative base and facilitate variable cooling within the strati-
graphy, which would explain the different textures and modal miner-
alogies of the Chang’e-5 mare basalts. From the different average
timescales for the different textures (Supplementary Table 1), the
stratigraphic succession could be inferred, with porphyritic basalts
probably originating from the rapidly cooled upper or lower part of
the flow, subophitic and poikilitic from themore slowly cooledmiddle
part of the flow, and the equigranular basaltic fragments from the
center of the lava flow (Fig. 4). Similar textural sequences have also

been proposed for lunar basaltic meteorite NWA 032 (porphyritic
texture) and LaPaz (subophitic texture)22.

Our estimation of the minimum thickness of the Chang’e-5 basalt
flow is near the lower end of the range estimated for individual mare
basalt flow units on the nearside basins that erupted between 3.8 and
1.5 Ga (Fig. 6a). Furthermore, the terrain of Em4/P58 unit is relatively
flat, with an average slope of 3.3° (inset map in Fig. 6b). If we assume
that the Em4/P58unit is covered byuniformly thickbasalts, this results
in a large volume for the Chang’e-5 basalt flow (~473–894 km3), and
thus provides direct evidence for a huge volume of the late-stage
volcanic eruptions. This result suggests that although the frequency of
magmatic eruptions decreases with lunar age, individual young erup-
tion events can have a high volume flux, at least locally. We find that
there was an enhancement of volcanic eruption flux about 2.0 billion
years ago (Fig. 6b), concentrated mainly in the Oceanus Procellarum
basin. This suggests that volcanic activity on the Moon did not
decrease monotonically with time, but that episodic eruptions con-
tinued to occur during the late stage of the Moon. This uptick in the
flux of magma eruption has been proposed in previous studies based
on remote sensing data. Du et al.43 calculated the eruption rate ofmare
basalts based on the morphology of partially buried craters, where a
peak in the eruption rate was found to occur at 1.7 Ga. Hiesinger et al.13

andMorota et al.14 dated basaltic units on the nearsidemaria using the
crater-counting chronology, and showing enhanced volcanic activity
occurring during 1.8–2.2Ga ago. The increased volcanic activity was
not caused by the presence of KREEP in themantle source10, but rather
may have been driven by fusible components in the mantle source33,
tidal heating from Earth5, and/or lunar mantle convection cycles44.
There are at least two favorable conditions to trigger the volcanism.
One is that the crust beneath the Oceanus Procellarum basin is very
thin compared to other regions (typically <30 km versus 34–43 km;
ref. 45). The secondcondition couldbe that there are large-scale, deep-
seated fractures in the crust caused by the formation of the multi-ring
system of the Imbrium basin46, which are favorable for magma ascent
through the lunar crust47.

Methods
Sample description
The Chang’e-5 basalt clasts studied in this work are from three soil
samples (CE5C0100YJFM00103 ~1000mg, CE5C0400YJFM00
406 ~2000mg, and CE5Z0303YJ ~200mg). Rock fragments
(0.4–3.5mm in size) from these three soils were collected in an ultra-
clean laboratory housed at the Institute of Geology and Geophysics,
Chinese Academy of Sciences (IGGCAS). The fragments of interest
were embedded in epoxy resin and polished for in situ chemical and
isotopic analyses. Before analysis, the epoxy mounts were stored in a
vacuum drying oven. We also analyzed olivine and pyroxene grains
from 9 basalt clasts whose petrographic texture and geochronology
were previously reported6,10.

Scanning electron microscope
The textural and morphological features of the basalt clasts were
characterized using a Thermo Scientific Apreo scanning electron
microscope (SEM) at the IGGCAS. The epoxy mounts of the samples
were coated with ~20 nm carbon. An electron beam with 15 kV accel-
erating voltage and 6.4nA beam current was chosen to obtain high-
resolution images.

Electron microprobe analysis
Major elements (Mg, Fe, and Si) andminor elements (Mn, Al, and Ca) in
olivine grains from the Chang’e-5 basalt clasts were measured using a
Cameca SXFive EMPA at the IGGCAS. The analytical conditions were an
accelerating voltage of 25 kV and a beam current of 400nA, and the
beam size was about 5 μm. Analytical crystals and on-peak count times
were used for the high-precision work as follows: Si (TAP, 10 s), Mg
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(TAP, 10 s), Fe (LLIF, 10 s), Ca (LPET, 60 s), Mn (LIF, 60 s), and Al (TAP,
180 s). TheMongOl Sh11-2 olivine was used as a standard and analyzed
five times per 50–60 measurements to monitor instrument drifts. The
analytical errors for Mg, Fe, Si, Mn, Al, and Ca were tested by repeated
analyses of MongOl Sh11-2 olivine (see Supplementary Data 4 for more
details). The detection limits are 39–63ppm for Mn, 14–23 ppm for Al,
and 12–19 ppm forCa. The corresponding standard errors are ~50 ppm,
~16 ppm, and ~17 ppm for Mn, Al, and Ca, respectively. X-ray element
maps of Fe,Mn, and Cawere collected in selected olivine crystals using
a voltage of 20 kV, a beamof 200nA, a resolution of 1.0 µm, and a dwell
time of ~100ms/pixel. The working conditions for the Al X-ray map
were as follows: a voltage of 20 kV, a beam of ~350 nA, a resolution of
~0.5 µm, and a dwell time of ~200ms/pixel. In addition, a JEOL JXA8100
electron probe was used to measure the chemical composition of
clinopyroxene grains in selected Chang’e-5 basalt clasts. Point analyses
were performed under the following conditions: an accelerating vol-
tageof 15 kV, a beamcurrent of 20 nA, ~1μmbeamdiameter, and a total
time of ~3.5min for each point. On-peak count times were 10 s for Mg,
Fe, Cr, andCa, and background count timeswere 5 s forMg, Fe, Cr, and
Ca. Natural and synthetic standards were measured during the ana-
lyses, and matrix corrections were based on ZAF procedures.

In situ mineral orientations
Olivine crystallographic axes were determined using a Nova NanoSEM
450 field emission SEM equipped with an Oxford/HKL EBSD system,
also at the IGGCAS. Prior to measurements, we use a BUEHLER
VibroMet 2 vibratory polishing machine to remove surface stress. The
working conditions for the EBSD analyses were 20kV, a spot size of 6,
and a tilt angle of 70°. The area with obvious diffraction patterns was
selected for automatic beam scanning. Thedatawere thenplotted on a
stereographic projection of the lower hemisphere, and the angle
between the orientations of the three axes and the traverses of the
electron microprobe was measured using HKL software. The EBSD
results are included in Supplementary Data 1.

Diffusion modeling
Concentration gradients (e.g., Fe-Mg, Ca, Ni) in olivine were modeled
using the DIPRA software program48, with applications to determine
the timescales of magmatic processes29. This software was developed
based on a finite difference scheme, enabling simultaneous modeling
of the diffusion of many elements, as mentioned above. It also
accounts for uncertainties arising from chemical composition and
temperature48. The one-dimensional diffusion equation used in the

DIPRA program is written as ∂θi
∂t = dDi

∂θFo

∂θFo
∂x

∂θi
∂x +Di

∂2θi
∂2x

(where i is Fo, Mn,

Ni, or Ca; θFo is the concentration of Fo; D is the diffusion coefficient)
(see ref. 48. for more details). The cation diffusivities used in the
program are experimentally determined data that depend on oxygen
fugacity, crystallographic direction, composition, and
temperature49–51. The diffusivity of Fe-Mg in olivine along the [001]
direction is log[DFeMg(m

2/s)] = −9.21− [(EFo+ (P − 105) × 7 × 10−6]/
2.303RT + 1/6 × log(fO2/10

−7) + 3(0.9− XFo), where P refers to pressure
in units of Pa, R = 8.314 Jmol−1K−1, T refers to absolute temperature, EFo
is the activation energy, and XFo refers to the mole fraction of
forsterite51. The expressions for Mn and Ni are log[DMn(m2/s)]
= −9.21 − [(EMn + (P−105) × 7 × 10−6]/2.303RT + 1/6 × log(fO2/10

−7) +
3(0.9 − XFo) and log[DNi(m2/s)] = −8.41 − [(ENi + (P − 105) × 7 × 10−6]/
2.303RT + 1/4.25 × log(fO2/10

−6) + 1.5(0.9 − XFo), respectively
48. Iron,

Mg, Mn, and Ni in olivine show similar features of diffusion aniso-
tropy, and diffusion along [001] is about 6 times faster than along

[100] or [010], i.e., D Fe�Mg
½001� ∼6D Fe�Mg

½010� ∼6D Fe�Mg
½100� (refs. 51,52). Thus,

the D along the direction of the electron microprobe traverse
depends on its orientation with respect to the crystallographic axes
of olivine. Moreover, Mg-Fe diffusion at magmatic temperatures
can change from the TaMED (transition metal extrinsic domain)

mechanism (dependent on fO2) to the PED (purely extrinsic
domain) mechanism (independent of fO2) at lower temperatures52.
In this work, wemeasured the crystallographic axes of olivine using
EBSD and the angles between the electronmicroprobe traverse and
the three axes (Supplementary Data 1). Using the PETROLOG soft-
ware modeling results33 and the Fe-Mg exchange partition coeffi-
cient between olivine and basaltic melt (Kd

Fe-Mg
Ol-Melt = 0.33; ref. 53),

we estimated the average liquidus temperature for each olivine
grain based on its Fo content (Supplementary Table 1). Given the
many unknown factors in the melt, a conservative uncertainty of
±30 °C was assumed in this model. Based on previous studies54,55,
the oxygen fugacity (log fO2) for lunar basalt is equal to the NNO
buffer minus 5.5 log units.

For the diffusion-dominated olivine grains, we note that the Al
concentration within the uncertainty is almost identical from the core
to the rims. In this case, we assume that the “rim” is very thin. Then, we
used themeasured Fo value at the center of the grain as an initial value
for the whole grain, except at the grain boundary, where we used the
measured Fo value at the rim as the initial value for the boundary
(Supplementary Data 3). Fifteen olivine crystals showed simple Fo
zoning and decoupled Al-Fo signatures that were modeled with a sin-
gle timescale. Manganese concentrations were also modeled to see if
the timescales for each crystalwere concordant. Despite thepossibility
that growth plays a minor role, the consistent timescales obtained
from Fo andMn (Fig. 4a) suggest that the observed Al-Fo decoupling is
driven by diffusion rather than growth56.

For individual olivine grains dominated by growth, we use the size
of the olivine grain and the growth rate to calculate the timescales.
Since the exact growth rate of olivine under lunar conditions was not
known, we used the experimentally determined growth rate from 10−6

to 10−10 m/s to estimate the timescale (refs. 57,58). The entire rangewas
used to estimate the minimum and maximum growth time for olivine.
All cooling timescale results are summarized in Supplementary Table 1.

Data availability
All data generated or analyzed during this study are included in this
published article and supplementary information files. For the data
policy, all of the data above for this paper are also available in Figshare
(https://figshare.com/articles/dataset/21875373). Source data are pro-
vided with this paper.

Code availability
The diffusion model code (software) used in this work is available at
http://www.tgirona.com/.

References
1. Shearer, C. K. et al. Thermal and magmatic evolution of the Moon.

Rev. Mineral. Geochem. 60, 365–518 (2006).
2. Merle, R. E. et al. Pb-Pb ages and initial Pb isotopic composition of

lunar meteorites: NWA 773 clan, NWA 4734, and Dhofar 287.
Meteorit. Planet. Sci. 55, 1808–1832 (2020).

3. Ziethe, R., Seiferlin, K. & Hiesinger, H. Duration and extent of lunar
volcanism: comparison of 3D convection models to mare basalt
ages. Planet. Space Sci. 57, 784–796 (2009).

4. Laneuville, M., Taylor, J. & Wieczorek, M. A. Distribution of radio-
active heat sources and thermal history of the Moon. J. Geophys.
Res. Planets 123, 3144–3166 (2018).

5. Che, X. et al. Age and composition of young basalts on the Moon,
measured from samples returned by Chang’e-5. Science 374,
887–890 (2021).

6. Li, Q.-L. et al. Two-billion-year-old volcanism on the Moon from
Chang’e-5 basalts. Nature 600, 54–58 (2021).

7. Borg, L. E., Shearer, C. K., Asmerom, Y. & Papike, J. J. Prolonged
KREEP magmatism on the Moon indicated by the youngest dated
lunar igneous rock. Nature 432, 209–211 (2004).

Article https://doi.org/10.1038/s41467-023-39418-0

Nature Communications |         (2023) 14:3734 7

https://figshare.com/articles/dataset/21875373
http://www.tgirona.com/


8. Tartèse, R. et al. Constraining the evolutionary history of the Moon
and the inner solar system: a case for new returned lunar samples.
Space Sci. Rev. 215, 54 (2019).

9. Hu, S. et al. A dry lunar mantle reservoir for young mare basalts of
Chang’e-5. Nature 600, 49–53 (2021).

10. Tian, H.-C. et al. Non-KREEP origin for Chang’e-5 basalts in the
Procellarum KREEP Terrane. Nature 600, 59–63 (2021).

11. Head, J. W. & Wilson, L. Lunar mare volcanism: stratigraphy, erup-
tion conditions, and the evolution of secondary crusts. Geochim.
Cosmochim. Acta 56, 2155–2175 (1992).

12. Hiesinger, H., Head Iii, J. W., Wolf, U., Jaumann, R. & Neukum, G.
Lunarmare basalt flow units: thicknesses determined fromcrater
size-frequency distributions. Geophys. Res. Lett. 29, 89 (2002).

13. Hiesinger, H., Head, J. W. III, Wolf, U., Jaumann, R. & Neukum, G.
Ages and stratigraphy of lunarmare basalts: a synthesis. Spec. Pap.
Geol. Soc. Am. 477, 1–51 (2011).

14. Morota, T. et al. Timing and characteristics of the latest mare
eruption on the Moon. Earth Planet. Sc. Lett. 302, 255–266 (2011).

15. Robbins, S. J. New crater calibrations for the lunar crater-age
chronology. Earth Planet. Sc. Lett. 403, 188–198 (2014).

16. Hörz, F., Basilevsky, A. T., Head, J.W. &Cintala, M. J. Erosion of lunar
surface rocks by impact processes: a synthesis. Planet. Space Sci.
194, 105105 (2020).

17. Prieur, N. C. et al. The effect of target properties on transient crater
scaling for simple craters. J. Geophys. Res. Planets 122, 1704–1726
(2017).

18. Costa, F., Chakraborty, S. &Dohmen, R. Diffusion coupling between
trace and major elements and a model for calculation of magma
residence times using plagioclase. Geochim. Cosmochim. Acta 67,
2189–2200 (2003).

19. Costa, F. & Chakraborty, S. Decadal time gaps between mafic
intrusion and silicic eruption obtained from chemical zoning pat-
terns in olivine. Earth Planet. Sc. Lett. 227, 517–530 (2004).

20. Druitt, T. H., Costa, F., Deloule, E., Dungan, M. & Scaillet, B. Decadal
to monthly timescales of magma transfer and reservoir growth at a
caldera volcano. Nature 482, 77–80 (2012).

21. Shea, T., Lynn, K. J. &Garcia,M.O.Cracking theolivine zoningcode:
distinguishing between crystal growth and diffusion. Geology 43,
935–938 (2015).

22. Day, J.M. D. & Taylor, L. A.On the structure ofmarebasalt lavaflows
from textural analysis of the LaPaz Icefield and Northwest Africa
032 lunar meteorites. Meteorit. Planet. Sci. 42, 3–17 (2007).

23. Richter, F. et al. Reassessing the thermal history of martian
meteorite Shergotty and Apollo mare basalt 15555 using kinetic
isotope fractionation of zoned minerals. Geochim. Cosmochim.
Acta 295, 265–285 (2021).

24. Ginibre, C., Wörner, G. & Kronz, A. Crystal zoning as an archive for
magma evolution. Elements 3, 261–266 (2007).

25. Ubide, T. & Kamber, B. S. Volcanic crystals as time capsules of
eruption history. Nat. Commun. 9, 326 (2018).

26. Costa, F., Shea, T. & Ubide, T. Diffusion chronometry and the
timescales of magmatic processes. Nat. Rev. Earth Environ. 1,
201–214 (2020).

27. Spandler, C. &O’Neill, H. S. C. Diffusion andpartition coefficients of
minor and trace elements in San Carlos olivine at 1,300 °C with
some geochemical implications. Contrib. Mineral. Petrol. 159,
791–818 (2010).

28. Zhukova, I., O’Neill, H. & Campbell, I. H. A subsidiary fast-diffusing
substitution mechanism of Al in forsterite investigated using diffu-
sion experiments under controlled thermodynamic conditions.
Contrib. Mineral. Petrol. 172, 53 (2017).

29. Ruth, D. C. S. et al. Crystal andmelt inclusion timescales reveal the
evolution of magma migration before eruption. Nat. Commun. 9,
2657 (2018).

30. Mutch, E. J. F., Maclennan, J., Shorttle, O., Edmonds, M. & Rudge, J.
F. Rapid transcrustalmagmamovement under Iceland.Nat. Geosci.
12, 569–574 (2019).

31. Fagents, S.A., EliseRumpf,M.,Crawford, I. A. & Joy, K.H. Preservation
potential of implanted solar wind volatiles in lunar paleoregolith
deposits buried by lava flows. Icarus 207, 595–604 (2010).

32. He, Q. et al. Detailed petrogenesis of the unsampled Oceanus
Procellarum: the case of the Chang’e-5 mare basalts. Icarus 383,
115082 (2022).

33. Su, B. et al. Fusiblemantle cumulates trigger youngmare volcanism
on the cooling Moon. Sci. Adv. 8, eabn2103 (2022).

34. Qian, Y. et al. China’s Chang’e-5 landing site: geology, stratigraphy,
and provenance of materials. Earth. Planet. Sc. 561, 116855 (2021).

35. Anand, M., Tartèse, R. & Barnes, J. J. Understanding the origin and
evolutionofwater in theMoon through lunar sample studies. Philos.
Trans. R. Soc. A 372, 20130254 (2014).

36. Qian, Y. et al. Young lunar mare basalts in the Chang’e-5 sample
return region, northernOceanus Procellarum.EarthPlanet. Sci. Lett.
555, 116702 (2021).

37. Jiang, Y. et al. Fe and Mg isotope compositions indicate a hybrid
mantle source for young Chang’E 5mare basalts. Astrophys. J. Lett.
945, L26 (2023).

38. Crawford, M. L. Crystallization of plagioclase in mare basalts. Proc.
Lunar Sci. Conf. 1, 705–717 (1973).

39. Goetze, J., Habermann, D., Kempe, U., Neuser, R. D. & Richter, D. K.
Cathodoluminescence microscopy and spectroscopy of plagio-
clases from lunar soil. Am. Mineral. 84, 1027–1032 (1999).

40. Elardo, S. M. & Shearer, C. K. Jr. Magma chamber dynamics recor-
ded by oscillatory zoning in pyroxene and olivine phenocrysts in
basaltic lunar meteorite Northwest Africa 032. Am. Mineral. 99,
355–368 (2014).

41. Shearer, C. K., Burger, P. V., Bell, A. S., Guan, Y. & Neal, C. R.
Exploring the Moon’s surface for remnants of the lunar mantle 1.
Dunite xenoliths in mare basalts. A crustal or mantle origin?
Meteorit. Planet. Sci. 50, 1449–1467 (2015).

42. Longhi, J. Experimental petrology and petrogenesis of mare vol-
canics. Geochim. Cosmochim. Acta 56, 2235–2251 (1992).

43. Du, J. et al. Thickness of lunar mare basalts: new results based on
modeling the degradation of partially buried craters. J. Geophys.
Res. 124, 2430–2459 (2019).

44. Mitchell, R. N. Chang’E-5 reveals theMoon’s secrets to a longer life.
Innovation 2, 100177 (2021).

45. Wieczorek Mark, A. et al. The crust of the Moon as seen by GRAIL.
Science 339, 671–675 (2013).

46. Spudis, P. D., Hawke, B. R. & Lucey, P. G. Materials and formation of
the imbrium basin. Lunar Planet. Sci. Conf. 18, 155–168 (1988).

47. Michaut, C. & Pinel, V. Magma ascent and eruption triggered by
cratering on the Moon. Geophys. Res. Lett. 45, 6408–6416 (2018).

48. Girona, T. &Costa, F. DIPRA: a user-friendlyprogram tomodelmulti-
element diffusion in olivine with applications to timescales of
magmatic processes. Geochem. Geophys. Geosyst. 14, 422–431
(2013).

49. Petry, C., Chakraborty, S. & Palme, H. Experimental determination
of Ni diffusion coefficients in olivine and their dependence on
temperature, composition, oxygen fugacity, and crystallographic
orientation. Geochim. Cosmochim. Acta 68, 4179–4188 (2004).

50. Coogan, L. A., Hain, A., Stahl, S. & Chakraborty, S. Experimental
determination of the diffusion coefficient for calcium in olivine
between 900 °C and 1500 °C. Geochim. Cosmochim. Acta 69,
3683–3694 (2005).

51. Dohmen, R. & Chakraborty, S. Fe–Mg diffusion in olivine II: point
defect chemistry, change of diffusionmechanisms and amodel for
calculation of diffusion coefficients in natural olivine. Phys. Chem.
Miner. 34, 409–430 (2007).

Article https://doi.org/10.1038/s41467-023-39418-0

Nature Communications |         (2023) 14:3734 8



52. Dohmen, R., Becker, H.-W. & Chakraborty, S. Fe–Mg diffusion in
olivine I: experimental determination between 700 and 1,200 °C as
a function of composition, crystal orientation and oxygen fugacity.
Phys. Chem. Miner. 34, 389–407 (2007).

53. Longhi, J., Walker, D. & Hays, J. F. The distribution of Fe and Mg
between olivine and lunar basaltic liquids. Geochim. Cosmochim.
Acta 42, 1545–1558 (1978).

54. Frost, B. R. Introduction to oxygen fugacity and its petrologic
importance. Rev. Mineral. Geochem. 25, 1–9 (1991).

55. Papike, J. J., Karner, J. M. & Shearer, C. K. Letter. Comparative pla-
netary mineralogy: V/(Cr + Al) systematics in chromite as an indi-
cator of relative oxygen fugacity. Am. Mineral. 89, 1557–1560
(2004).

56. Costa, F., Dohmen, R. & Chakraborty, S. Time scales of magmatic
processes from modeling the zoning patterns of crystals. Rev.
Mineral. Geochem. 69, 545–594 (2008).

57. Jambon, A., Lussiez, P., Clocchiatti, R., Weisz, J. & Hernandez, J.
Olivine growth rates in a tholeiitic basalt: an experimental study of
melt inclusions in plagioclase. Chem. Geol. 96, 277–287 (1992).

58. Schiano, P., Provost, A., Clocchiatti, R. & Faure, F. Transcrystalline
melt migration and Earth’s mantle. Science 314, 970–974 (2006).

59. Borg, L. E. et al. Mechanisms for incompatible-element enrichment
on the Moon deduced from the lunar basaltic meteorite Northwest
Africa 032. Geochim. Cosmochim. Acta 73, 3963–3980 (2009).

Acknowledgements
TheChang’e-5 lunar sampleswerekindly providedby theChinaNational
Space Administration (CNSA). This work was funded by the National
Natural Science Foundation of China (42241103 toW.Y. and 42241150 to
H.C.T.), the Youth Innovation Promotion Association of the Chinese
Academy of Sciences (2022064) to H.C.T., the Key Research Program of
Chinese Academy of Sciences (ZDBS-SSW-JSC007-15) to W.Y., the pre-
research project on Civil Aerospace Technologies of China National
SpaceAdministration (D020203) toW.Y., and the Key Research Program
of the Institute of Geology&Geophysics, CAS (IGGCAS-202101 to X.H.L.
and IGGCAS-202204 to H.C.T.).

Author contributions
H.C.T. andW.Y. designed theproject.H.C.T., D.Z. andX.T. performed the
EMPA and EBSD analyses; H.C.T. and C.Z. performed the model

calculations; H.C.T. wrote the paperwith input fromC.Z.,W.Y., J.D., Y.C.,
Z.Y.X., R.N.M., H.J.H., H.C., T.X.Z., Y.T.L., X.H.L. and F.Y.W.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-39418-0.

Correspondence and requests for materials should be addressed to
Heng-Ci Tian or Chi Zhang.

Peer review information Nature Communications thanks Sarah Lang,
Euan Mutch, William Nelson and the other, anonymous, reviewer(s) for
their contribution to the peer review of this work.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Article https://doi.org/10.1038/s41467-023-39418-0

Nature Communications |         (2023) 14:3734 9

https://doi.org/10.1038/s41467-023-39418-0
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Surges in volcanic activity on the Moon about two billion years ago
	Results
	Crystal classification and chemical zoning
	Cooling time of the lava flow retrieved from olivine crystals
	Estimated thickness of basaltic lava flow

	Discussion
	Methods
	Sample description
	Scanning electron microscope
	Electron microprobe analysis
	In situ mineral orientations
	Diffusion modeling

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




