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China’s Chang’E-5 mission landed in the northern Oceanus Procellarum and sampled the youngest mare basaltic
regolith (1.9-2.0 Ga) to date. The returned samples enable us to gain new insights into the thickness and eruption
volume of the basaltic flow unit, i.e., Em4, the fourth Eratosthenian-aged mare unit at the landing region. In this
study, 1D bottom-up and top-down cooling and top-down-only cooling thermophysical models have been con-
structed for the emplacement of the Chang’E-5 flow unit in order to constrain its minimum thickness through the
cooling rates. Based on the zoning profiles of Mg-Fe diffusion in clinopyroxene, the cooling rate of the coarsest-
grained sample is constrained to be 0.000025-0.00055 K/h, corresponding to a flow unit with a minimum
vertical dimension of 21-118 m. The minimum effusion volume of a single flow unit at the Em4 area is calculated
to be 777-3626 km®, which indicates that the Em4 region where Chang’E-5 landed is mainly formed in one major
effusion event. The large volume of the Chang’E-5 mare flow suggests that the mantle source of Chang’E-5

basalts in the Procellarum KREEP Terrane was warm enough to produce significant amounts of melt.

1. Introduction

Mare basalts are generated from the mantle, ascending and erupting
through dikes (e.g. Fagents et al., 2013; Wilson and Head, 2017). The
effusion volume or rate of mare basalts during a single volcanic event
could largely reflect the internal thermal state of the mantle, as a hot
mantle would produce more melts to support the volcanism (e.g. Shearer
et al., 2006).

The thickness of lava flows, which can be used to constrain the in-
dividual lava flow volume and the volume of partial melts produced in
the mantle, is key to understanding the thermal history of the Moon (e.g.
Wieczorek et al., 2006). Recently, the thickness and effusion volume of
lunar basalts have been constrained through various remote-sensing
techniques, including crater topographic profile (e.g. Weider et al.,
2010; Chen et al., 2018; Jia et al., 2021, 2022), the knee point of crater
size-frequency distribution (e.g. Hiesinger et al., 2002), crater excava-
tion depths (e.g. Hu et al., 2019; Chen et al., 2018), and degradation of
partially buried craters (e.g. Du et al., 2019, 2022; Yang et al., 2021).
Alternatively, cooling rates of basalts can be used to quantify the

* Corresponding authors.

thickness and effusion volume of their parent flow unit (e.g. Peck et al.,
1977; Hudgins et al., 2011; Murri et al., 2019). However, such attempts
on lunar samples are limited because of few sample-return missions and
a paucity of slow-cooling samples reported (e.g. Walker et al., 1976;
Richter et al., 2021).

Chang’E-5 is China’s first lunar sample return mission. It landed on a
mare unit (i.e., Em4, fourth Eratosthenian-aged mare unit at the landing
region, Qian et al., 2018) in the northern Oceanus Procellarum with the
youngest radiometric dating age reported thus far (~2.0 Ga, Che et al.,
2021; Li et al., 2021). This age establishes the Chang’E-5 basalts as one
of the youngest mare basalts on the Moon (Hiesinger et al., 2011), much
younger than any basalts dated before. As the eruption flux of the Moon
decreases significantly after its formation due to secular cooling (Hie-
singer et al., 2011), the thermal state of mare basalt reservoir in the later
stage can be quite different from that in the earlier stage (e.g. Yue et al.,
2022). Hence, constraints on the thickness and the effusion volume of
Chang’E-5 basalts can shed new light on the late-stage thermal state of
the Moon.

In this study, we constrain the minimum thickness of the individual
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flow unit of Chang’E-5 basalts, based on cooling rates recorded in
coarse-grained Chang’E-5 basaltic sample CE5C0800YJYX013GP allo-
cated by China National Space Administration (CNSA). This sample
contains two lithic fragments, which were picked from lunar regolith
scooped by the robotic arm onboard Chang’E-5 lander at the landing
site. Combining with the area of the flow unit estimated by previous
studies, we calculate the effusion volume of a single volcanic event at
~2.0 Ga to constrain the thermal state of the Moon at that time.

2. Methods

TESCAN Integrated Mineral Analyzer (TIMA) was used to study the
petrology and minerology of the sample. Electron Microprobe Analyzer
(EPMA) analysis was used to obtain the major element compositions of
the minerals. Cooling rates were modeled based on the diffusion zoning
of clinopyroxene.

2.1. TESCAN integrated mineral analyzer (TIMA) analysis

The TIMA comprises a Tescan Mira Schottky field emission auto-
mated scanning electron microscopy (ASEM) system with four silicon
drift energy-dispersive (EDS) detectors arranged at approximately 90°
intervals around the chamber. The measurements were performed in
high-resolution liberation analysis mode. BSE images were acquired to
define individual particles and the boundaries between distinct phases.
A rectangular mesh of X-ray spectral measurements was obtained for
each specific phase. TIMA analyses were conducted at a 25 kV working
voltage with a spot size of 110 nm, a working distance of 15 mm, and a
field size of 1000 pm. The modal abundances of phases were determined
following the method described in Stadermann et al. (2022).

t, (Traditional model)

c

R

=

© t, (Growth model)
]

c

[}

v}

c

@]

v

©

S

c

7]

€

| .

w G

= Be“‘ fit t, (Best fit)
Model time
Distance .

d

Zoned clinopyroxene

Elemental concentration

Elemental concentration

Icarus 394 (2023) 115406

2.2. EPMA analysis

Major element compositions of the minerals were determined on a
JEOL-JXA-IHP200 electron microprobe (EMP) at the Institute of Mineral
Resources, Chinese Academy of Geological Sciences (CAGS). The
working conditions were as follows: 15 kV accelerating voltage, 20 nA
beam current, and 1-5 pm beam diameter. Natural minerals and syn-
thetic oxides were used as standards, and a program based on the ZAF
procedure was used for data calibration. The error for all elements was
below 5%.

Quantitative WDS analyses and Ko X-ray mappings of major ele-
ments were conducted using five WDS spectrometers simultaneously,
with an accelerating voltage of 15 kV, a beam current of 30 nA, a spot
size of 1 pm. Dwell times were 60-180 ms and pixel sizes were 1-2 mm
depending on the size of the mapped area. Standards were a mix of both
natural and synthetic minerals and oxides, and the quality of analyses
was assessed based on stoichiometric constraints.

The bulk composition was determined using the weighted average of
EPMA composition and the modal abundance of all mineral phases
determined from TIMA analyses, as described in Hahn et al. (2017).

2.3. Cooling rate calculations

2.3.1. A growth-then-diffusion initial condition

Based on the assumption that the chemical zoning patterns are
formed purely by diffusion, traditional diffusion chronometry model
utilizes an initial condition of a step function determined by elemental
concentrations of cores (C0) and rims (C1) (e.g. Chakraborty and Doh-
men, 2022) (Fig. 1a). However, chemical zoning patterns are typically
produced collectively by crystal growth and subsequent diffusive

Fe-Mg in clinopyroxene
after 500 years
at 1000°C

Distance

Distance

Fig. 1. A schematic illustration of growth-then-diffusion model, modified after Brugman et al. (2022). (a) Diffusive relaxation of element intracrystalline zoning in
clinopyroxene. The black line (labeled “Traditional model”) shows the step function that is often used as the initial condition for diffusion modeling. In this work, the
Ca concentration measured in clinopyroxene was used as a proxy for the growth-then-diffusion initial condition (blue line labeled “Growth model). This initial
condition was used as a starting point for modeling diffusive relaxation of Fe-Mg. An illustration of the present-day concentration of Mg# (Mg# = Mg/(Mg + Fe) in
molar percent) measured in clinopyroxene is represented by the orange solid circle (labeled “Data”). The best fit (at the point of the minimal misfit) of measured data
is indicated by red curve. (b) and (c) Comparison of synthetically-generated elemental concentration profiles for two elements that diffuse at different rates. Both
Fe-Mg and Ca diffusion are modeled in clinopyroxene at 1000 °C with a traditional step function initial condition. After the same amount of time, the profile of the

faster diffusing Fe-Mg has considerably relaxed, relative to slower diffusing Ca.
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relaxation (Costa et al., 2008). Taking crystal growth into consideration,
an initial condition of traditional step-function may lead to an over-
simplification for the diffusion timespan estimates. As such, it is essen-
tial to quantify the contribution of crystal growth and diffusive
relaxation to the observed zoning profiles before the diffusion chro-
nometry modeling. Such a quantification can be achieved by comparing
the respective effects of growth and diffusion on zoning profiles, and
specifically, by comparing slow-diffusing and fast-diffusing elements in
a single crystal (e.g. Costa et al., 2020). If the chemical zonation of a
mineral results from diffusion alone, the faster-diffusing elements
should have longer ramps than slower-diffusing elements, after the same
time span. As an example, Ca in clinopyroxene diffuses 1-2 orders of
magnitude slower than Fe and Mg at the same temperature (Miiller et al.,
2013; Miyamoto and Takeda, 1994). Fig. 1b and c show the diffusion
profiles for Fe-Mg and Ca in clinopyroxene, modeled at 1000 °C and
using a step-function initial condition. After 500 years, the ramp of the
Fe-Mg profile would be ~120 pm wide, while for the Ca profile it would
be only ~20 pm wide. However, if crystal growth also contributes to the
chemical zonation, concentration profiles of Ca and Fe-Mg would give
discordant diffusive timescales using the traditional diffusion model (i.e.
step-function initial condition). This is because the ramps of Ca profiles
would be more sensitive to crystal growth because of their low diffusion
coefficients, while the fast-diffusing Fe and Mg are more sensitive to
diffusive relaxation. Therefore, the combination of Fe-Mg and Ca con-
centration profiles allows the growth profiles to be simulated and used
as initial conditions for diffusion modeling. This modeling method was
first introduced by Morgan and Blake (2006) and referred to as “binary
element diffusion modeling” in that study. More recently, Brugman et al.
(2022) further developed the method and described it as “growth-then-
diffusion modeling”, which is used in this study (Fig. 1). We utilize the
shape of the slow-diffusing element (Ca) to determine the initial con-
dition when modeling the interdiffusion of fast-cooling element pair
(Fe-Mg), as described in Brugman et al. (2022). The coupled diffusion of
Fe and Mg are used for diffusion chronometry modeling in clinopyrox-
ene, following previous literatures (e.g. Lierenfeld et al., 2019; Pelullo
et al., 2022). In detail, all the EPMA data of Ca concentrations in cli-
nopyroxene are firstly fitted to the error function at various modal time.
Then, the standard deviations between the EPMA data and the modal
error functions are calculated as “misfits”, and the best fit thus corre-
sponds to the model time when the minimum misfit is reached (Fig. 1a).
The details of Fe-Mg diffusion chronometry modeling are given in 2.3.2.

2.3.2. Modeling methods
The cooling rates can be constrained by mathematically computing
the thermal diffusion equation (Fick’s law), that is

oC &’C
== D(T)ﬁ 6))

where C refers to the elemental concentration at position r after time t, r
is the distance from the center of the crystal (r = 0), and D(T) is the
temperature dependent diffusion coefficient. The boundary conditions
are taken as follows:

a—czo,rzo,r:A,t>0 2
or

where A is the radius of the crystal (assuming the crystal is concentric)
(after Gao et al., 2011 and Miyamoto and Takeda, 1994). The initial
conditions are based on the Ca concentration profile of each pyroxene
grain, illustrated in Section 2.3.1 and shown in Section 3. In order to
calculate the cooling rate (AT/At), one must know the cooling tem-
perature intervals (AT). A new clinopyroxene thermometer (Wang et al.,
2021) has been established for mafic magmatic systems and recalibrated
using 559 experimental runs conducted in low pressures (from 1 bar to
12 kbar), which are consistent with lunar conditions. Using this ther-
mometer, the crystallization temperatures of clinopyroxene cores and
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rims are determined to be 1032-1086 °C and 950-1033 °C respectively
(Fig. S1). Considering that the high temperature part of the cooling path
dominates the diffusive evolution, the effect of diffusive relaxation
below the final crystallization temperature of clinopyroxene rims
(950 °C) is negligible (e.g. Mitsui et al., 2002; Dohmen et al., 2017).
Therefore, we computed the Fe-Mg and Ca zoning profiles in clinopyr-
oxene at various cooling rates from 1033 °C (1306.15 K) to 950 °C
(1223.15 K). The effect of clinopyroxene orientation on the cooling rate
calculation is also negligible, as the diffusion coefficients of —Fe-Mg and
Ca in clinopyroxene along the a and b axes are generally equal to that
along the c axis within error (Figs. 3 and 4 in Zhang (2010)). Hence, the
diffusion coefficients of Fe-Mg (Dge-mg = 2.77 X 1077 exp. (—320.7 kJ/
mol/RT) m?%/s, Miiller et al., 2013) and Ca (Dga = 3.81 x 10718 exp.
(—89.2 kJ/mol/RT) mz/s, Miyamoto and Takeda, 1994) (all along the ¢
axis) in clinopyroxene were utilized for the calculations.

The following criteria have been utilized for the choice of specific
traverses in clinopyroxene: 1. The cracks in clinopyroxene should be
avoided. 2. The clinopyroxene adjacent to olivine should not be chosen,
as the Fe-Mg exchange between olivine and clinopyroxene may influ-
ence the precision of calculation results. 3. If mineral inclusions are
present in some certain orientations of clinopyroxene, then the traverse
should not be set along these orientations. 4. The traverses should be set
along the steepest direction of ramp slopes and normal to the core-rim
interfaces in clinopyroxene (e.g. Ganguly et al., 2000). As such, five
traverses in five independent clinopyroxene grains have been chosen for
growth-then-diffusion calculations.

2.4. Lava flow thickness estimation

Cooling rates based on chemical diffusion calculations of a sample
can provide constraints on the size of the magma flow unit in which the
sample is emplaced (e.g. Walker et al., 1976). However, previous studies
based on such a method assumed heat loss involving only one nearby
surface (Walker et al., 1976; Miyamoto and Takeda, 1994; McCallum
et al., 2006; Mikouchi et al., 2012), probably resulting in serious un-
derestimation of the thickness of a single flow unit. We use a method
adapted from Hudgins et al. (2011) to simulate the heat transfer pro-
cesses of a magma flow unit (i.e., predicting the temperature-field
evolution within the magma flow over time) either when the flow is
emplaced on ambient lunar soil or when the flow is emplaced onto a hot
magma body immediately before the eruption of the studied flow. The
thermal modeling was conducted using the finite element method soft-
ware application COMSOL Multiphysics 6.0. Based on the possible oc-
currences of the magma body, we investigated the “bottom-up and top-
down cooling” scenario (the flow is emplaced on ambient lunar soil and
cooled on both sides), and the “top-down-only cooling” scenario (the
flow is emplaced onto a hot magma body, which is similar to a dike or
lava pool with heat supply from the bottom) respectively. The modeling
details and the results are described below in Section 3.3.

3. Results
3.1. Petrology and mineralogy

The studied samples are basaltic fragments, characterized by coarse-
grained (up to 1 mm) subophitic intergrowths of subhedral lathlike
plagioclase, anhedral clinopyroxene, and euhedral needle-like ilmenite
(Fig. 2). Olivine crystals are low in abundance, and are only present in
clast 1 (Fig. 2c). The mineral model abundances of the two clasts are
shown in Fig. S2. Both clasts display a certain degree of shock-induced
modifications, mainly as fracturing of most silicate minerals. Some
plagioclase grains exhibit distinctive agglutinates and fusion crust,
which are typical products of impact reheating (Fig. 2¢). As shown by
the comparison with the grain-size of all the other samples (in which
mineral grains typically <200 pm in length) released from CNSA (see
https://moon.bao.ac.cn/moonSampleMode/index.html), the samples
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Fig. 2. Optical images (a, b) and back scattered electron (BSE) image (c,d) of CE5C0800YJYX013GP. (a, c) for clast 1, and (b, d) for clast 2. Cpx = clinopyroxene, Ol

= olivine, P1 = plagioclase, Ilm = ilmenite.

(mineral grains typically ~500-1000 pm in length) in this study are
among the coarsest ones.

Pyroxene occurs as anhedral grains (~500 pm in length) (Fig. 2). All
the pyroxene grains are clinopyroxene, strongly zoned from Mg-rich
augite cores (Wo31.42Engg 37Fsoy 34) to Fe-rich pigeonite rims (Wog.
34Enj 30Fs41_90) (Fig. S3a). Minor elements are also zoned from cores to
rims (Fig. S3a). Al, Cr, and Ti display the same trend - their concen-
trations decrease from the core to the rim. All the referenced elemental
zoning profiles are present as smooth-out step function zoning
(Fig. S3a), indicative of diffusion-induced re-equilibration (Costa et al.,
2008; Wenzel et al., 2021).

Olivine is larger (up to ~1 mm in length), also normally zoned from
Mg-rich cores (Fos3 54) to Fe-rich rims (Fos_15) (Fig. S3b). Minor ele-
ments in olivine are slightly zoned. Ca and Ti contents increase slightly
from cores to rims, and P,Os content increases a few folds from cores
(~0.03 wt%) to rims (~0.17 wt%) (Fig. S3b). However, the elemental
profiles for olivines in this study have much more flattened slope and do
not follow the shape of the step-function zoning profile (Fig. S3b). This
may be due to the much higher diffusion rate in olivine than that in
clinopyroxene, as a result, the cores of olivine have undergone re-
equilibration and do not represent their original composition (e.g.
Hartley et al., 2016; Oeser et al., 2015; Shea et al., 2015).

Plagioclase occurs as euhedral to subhedral laths, up to ~1 mm in
length and 200 pm in width (Fig. 2). The grains have significant
elemental zoning, with cores being relatively Ca-rich, Na- and K-poor
(Angs g7Ab11.13010.4-06) compared to the rims (Anzg.g1Abi6.190r1_2)
(Fig. S3c). In addition, the FeO content ascends from core (0.3-0.5 wt%)
to rim (1.0-1.5 wt%), whereas the MgO content descends from core

(~0.2 wt%) to rim (<0.1 wt%) (Fig. S3c). This may correspond to the
enrichment of Fe and the depletion of Mg in the residual melt.

The mesostasis is extremely rare (modal abundance <1%), contain-
ing accessory quartz, troilite, apatite, merrillite, fayalite, K-feldspar,
hyalophane, and Zr-bearing phases. The lack of mesostasis implies that
the sample may originate from a thick lava flow, where the cooling rate
is relatively low preventing the formation of mesostasis.

3.2. Cooling rates

Preliminary results from EPMA revealed that the ramps of Fe-Mg
zonation in clinopyroxene (~30-80 pm) are significantly longer than
those of Ca zonation (~10-20 pum), consistent with the lower diffusion
coefficient of Ca than those of Fe and Mg. This indicates that diffusion
indeed plays an essential role in the formation of chemical zonation in
clinopyroxene. However, the ramp lengths of Fe-Mg profile are not
positively correlated with those of Ca profile. For example, cpx-1 has
ramp lengths of ~80 pm and ~ 20 pm for Fe-Mg and Ca profiles
respectively, while cpx-2 has a much shorter ramp length for Fe-Mg
profile (~30 pm) but a similar length for Ca profile (~20 pm) (Fig. 3).
Such a variance of ramp lengths could not be plausibly explained
without the consideration of crystal growth (e.g. Costa et al., 2020). That
is, the concentration profiles of Fe-Mg and Ca across the boundaries
between the intracrystalline zones of clinopyroxene recorded a growth-
then-diffusion process, in agreement with our diffusion calculation
method described in Section 2.3.

The observed chemical profiles and the regressed cooling curves of
clinopyroxene are shown in Fig. 3. The calculated best-fit Ca profiles are
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Fig. 3. Fe-Mg zonation in clinopyroxene and calculated diffusion curves at different cooling rates. Cpx-2 is from clast 1, and the other clinopyroxenes are from clast
2. In each panel, the best fit for the measured EPMA profile data is shown by solid blue curve. The black dotted curves denote the initial conditions for diffusion
calculations. The red arrows indicate the direction of the EPMA measurement (from core to rim), and the yellow scale bars are 50 pm. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

shown in Fig. S4 and are regarded as the initial profiles before Fe-Mg

diffusive relaxation (Fig. 3). The Fe-Mg zoning profiles of clinopyroxene 025

are best fitted with cooling rates of 0.000025-0.00055 K/h. These values S 023 Gomm e = -0.001K/h

are typical for the emplacement of a thick lava flow (e.g. Yamaguchi ?\_, T ——0.0005 K/h

etal., 2021), again consistent with petrological constrains of low cooling 2 o021 ~. 0.0002 K/h

rates (see texts above). Q ¢ Observed
In order to validate the cooling rate yielded from clinopyroxene % 019

Fe-Mg profiles, we also estimated cooling rates using the largest .% 017 |

plagioclase crystal in clast 1 and the Mg-in-plagioclase speedometer ©

(Faak et al., 2013, 2014; Dohmen et al., 2017). The plagioclase crystal g' 015

exhibits chemical zonation with MgO content decreasing from core = 0413 b 100 pm

(0.23 wt%) to rim (0.08 wt%). Following the arguments of Faak et al. 5 —

(2014), initial temperature used for calculations is the onset tempera- g 011

ture of clinopyroxene core crystallization (1087 °C, Fig. S1), which o 009 |

corresponds to a final temperature (i.e. closure temperature) of 883 °C % '

according to Eq. (5) in Faak et al. (2014). The calculation results indicate = 007 t

an estimated cooling rate of ~0.0005 K/h (Fig. 4), broadly consistent 005 : < . .

with the cooling rate range (0.000025-0.00055 K/h) derived from cli- 0 <0 100 150 200 250

nopyroxene Fe-Mg diffusion calculations. Minor differences in cooling
rates estimated by these two methods are probably due to the differences
in modeling temperature range (950-1033 °C for clinopyroxene,
883-1087 °C for plagioclase), which is the main source of error in the
timescale estimates (e.g. Bernard et al., 2022).

Based on the diffusion calculation results of Fe-Mg in clinopyroxene
and Mg in plagioclase, the cooling rate of clast 1 is 0.00045-0.0005 K/h
(based on 1 cpx profile and 1 plagioclase profile, Fig. 3 and Fig. 4), and
the cooling rate of clast 2 is 0.00055-0.000025 K/h (based on 4 cpx
profiles, Fig. 3). However, the lowest cooling rate (0.000025 K/h, from
cpx-1) for the clast 2 may have a larger uncertainty, as the zoning of cpx-
1 is more patchy than other clinopyroxenes (Fig. 3), possibly resulting in
the traverses not measured normal to the interfacial plane. Traverses
obliquely intersecting the plane have the length of the ramp longer than
that for diffusion normal to the plane, therefore resulting in slower

Distance from the core (um)

Fig. 4. Measured (black hollow diamonds) and fitted (orange lines) Mg-
concentration profiles in plagioclase of the sample, indicative of a cooling
rate of ~0.0005 K/h.

cooling rates (e.g. Ganguly et al., 2000). In the 2D thin section one can
only assure the direction with respect to the trace of the interface.
Therefore, the highest cooling rate (0.00055 K/h) estimated from
diffusion modeling is more likely to be the true cooling rate for clast 2.
The cooling rate of clast 1 is therefore consistent with that of clast 2,
possibly indicating that the two clasts may have undergone a similar
thermal history.
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3.3. Size estimates of the Chang’E-5 flow unit

3.3.1. Bottom-up and top-down cooling scenario

There are two surfaces of heat loss combining to give the observed
cooling rates in a lava flow with a finite thickness (Fig. 5). In this sce-
nario, the heat inside the lava flow will be dissipated vertically upward
and downward through thermal diffusion, producing the vertical tem-
perature profile shown by the colored curves in Fig. 5b. Given the virtual
absence of an atmosphere around the Moon, convective cooling was
assumed to be negligible. As such, the boundary conditions specified at
the Moon’s surface were based solely on thermal radiation. The Stefan-
Boltzmann law defines a radiative heat flux (q, measured in J/s/m?)
from any object as Eq. (3):

q=eoT* 3

where ¢ is emissivity (a dimensionless parameter ranging from 0 to 1), ¢
is the Stefan-Boltzmann constant (5.6704-10~8 J/s/m?/ K4), and T is
temperature (K).

Conductive heat transfer was assumed in the underlying host rock.
Although effect of thermal convection is significant when in liquid state,
the magma was highly crystallized when the rims of clinopyroxene
began to grow and thus conduction is still the dominant way of heat loss.
Therefore, the equation of 1D conductive heat transfer by Fourier’s law
for an isotropic medium is employed here:

of  k 0T
i C, @
where k is the thermal conductivity (W/m/K), p is the solid density (kg/
m?), and Cp, is the specific heat capacity (J/kg/K).

The geometry used for this scenario is illustrated in Fig. 5a. Input
parameters are listed in Table 1 and all these parameters passed the
sensitivity tests outlined in Hudgins et al. (2011). The model assumes
average lunar-surface temperature Tgy, s = 212.15 K (Wesselink, 1948).
The initial temperature of magma (Ty) can be calculated using the whole
rock MgO contents (Table S1) and the following equation: T (in °C) =
26.3 x MgO + 994.4 (Putirka, 2008). Using this approach, the average
MgO content (7.28 wt% and 4.58 wt%) estimated for the Chang’E-5
basaltic fragments equates to eruption temperatures of ~1186 °C and ~

(a) (b)
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Table 1
Material properties used for thermal modeling.
Parameters®  Values Units References
Tourt 212.15 K
To 1423.15 K
€ 0.8 Arndt et al.
(1979)
k 2.4-953 x 10°4T (T is instantaneous w/ Sakatani et al.
temperature on the contact boundary) m/K (2018)
p 3200 kg/ Ishihara et al.
m® (2011)
Cp 1250 J/kg/ Zhang et al.
K (2013)

“ All parameters are for mare basalts.

1115 °C respectively. Therefore, the average eruption temperature of
1150 °C (1423.15 K) is used as Ty. For simplicity it is assumed that the
thermal diffusion coefficient of the crystalline magma is the same as that
of the crustal host rock as they are all mare basalts with similar com-
positions (e.g. He et al., 2022). The model calculation considers only
heat flux in the vertical direction and neglects the lateral heat, but this
simplification is proved to be of insignificant effect on the evolution of
the system (Hudgins et al., 2011; Richter et al. (2016) and references
therein). Zero heat flux is assumed at the base of the model.

The calculated thermal profiles are exemplified in Fig. 5b. It is noted
that the thermal profile in the shallower part of the lava flow is mainly
affected by heat radiation, while the thermal profile in the deeper part of
the lava flow is mainly affected by heat conduction. Hence, there are two
positions always maintaining the same cooling rate in the lava flow. For
example, position A and B are vertically ~40 m and ~ 70 m from the
topmost of the lava layer, respectively. After a cooling timespan of 10 yr,
the temperatures of A and B decrease simultaneously from T; = 1306.15
K to Te = 1223.15 K (from A and B to A’ and B, Fig. 5b). Using the
calculated thermal profiles, we can determine the vertical depth of A’
relative to the topmost of lava layer (hy), and B’ relative to the
bottommost of lava layer (hy), respectively. The gross thickness of the
lava layer (D) is thus.

D =h+hy+h, )

Temperature (K)
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Radiation heat loss o ' '
Lunar vacuum
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T 601 b
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Conduction heat loss 8 of o
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Fig. 5. (a) Geometry, boundary conditions and initial conditions used for 1D numerical modeling of heat transfer in the bottom-up and top-down cooling scenario.
(b) The results of a simple diffusive thermal evolution model for a lava flow with a thickness of 100 m and an initial temperature To = 1423.15 K, deposited on lunar

cold surface at Tgy,s = 212.15 K.
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where hy is the vertical distance between A’ and B, two points with the
same cooling rate in the lava layer. The value of hg cannot be estimated
through thermal diffusion, hence

D > h; + hy, or Diinimum = h¢ +hy, (6)

Although the exact location of the sample cannot be known, the
expression of Dpinimum means that the sample may originate from a
position with the minimum cooling rate, which is obtained at the posi-
tion along the thermal profile with the maximum temperature. A lava
layer, which is thicker than the given one in Fig. 5, can have locations
with a similar cooling rate, but a thinner layer cannot. Therefore, the
minimum thickness of the layer would be the one which reproduces the
cooling rate of the diffusion model at the maximum temperature along
the profile. Too thin a layer would cool too fast everywhere, but even an
infinitely large layer would have the desired cooling rate at some depth
as a function of time. In summary, the sum of burial depths from the
topmost and the bottommost of the lava layer (h; + hp) provides a
minimum estimation of the thickness of the lava layer.

Predicted cooling rate profiles for various lava flow thicknesses (D)
are shown in Fig. 6. In the case of a cooling rate of 0.00055 K/h, a lava
flow thickness of >118 m is predicted (Fig. 6a). In the case of a cooling
rate of 0.000025 K/h, the lava flow thickness is over 554 m (Fig. 6b).
Thinner lava flows would produce faster cooling rates (Fig. 6). There-
fore, in the bottom-up and top-down cooling scenario, the thickness of
lava flow should be no <118-554 m.

3.3.2. Top-down-only cooling scenario

The bottom-up and top-down cooling scenario assumes that the
elemental diffusion between the cores and the rims of clinopyroxene
commenced when the Chang’E-5 parent magma has been extruded and
cooled as a lava flow on the lunar surface. However, if the extruded
magma cooled in a lava pond or a lava lake, heat supply through magma
conduit would result in no heat loss from the lower surface of the
magma, as shown in Fig. 7a. Therefore, heat can only be lost upward,
and the temperature of the magma decreases monotonically from the
bottom to the top (Fig. 6b).

In order to further illustrate this scenario, we assume a position A
within the heat-supplied magma with an initial temperature To =
1423.15 K and a burial depth of hy = 35 m (Fig. 7b). After a cooling
timespan of 20 yr, the temperature of A decreases from T; = 1306.15 K
to Te = 1223.15 K (from A to A’, Fig. 7b). We can obtain the following
relationship between the burial depth (h¢) and the minimum magma size
(D') graphically from Fig. 7b:

Te - T.sur[ _ h/

= 7
To =Ty D @

D’ =D (D is the true size of the magma) would be achieved only if the
interior temperature profile of the magmatic body reaches an equili-
bration state, i.e., the thermal profile of a finite-size heat-supplied
magma after infinite-time cooling (green line in Fig. 7b).

Various methods for solving the burial depth (hy) of the sample in the
top-down-only cooling scenario have been well-established and widely
utilized by the community (e.g. Winkler, 1949; Jaeger, 1957; Grove and
Walker, 1977; Mikouchi and Miyamoto, 2002; Mikouchi et al., 2012;
Richter et al., 2016). One of the most practical methods for the planetary
sample is based on the relationship h, = C x /t, where t is the cooling
timespan and C is a constant dependent on the thermal diffusivity (e.g.
Grove and Walker, 1977). McCallum and O’Brien (1996) solved the C
value as 5.2 + 1 (when t is in years and h; is in meters) for lunar samples
based on the summary of thermal experiments and previous models.
Utilizing the minimum C value (4.2), the calculated burial depths for the
sample are 17.4 m and 81.8 m, at the cooling rates of 0.00055 K/h and
0.000025 K/h, respectively. Using Eq. (7), the minimum magma size is
calculated to be within the range of 20.8-97.7 m.

It is noted that this scenario postulates that the lava pool/lake was
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Fig. 6. Thermal profiles of the magmatic body at cooling rates of (a) 0.00055
K/h and (b) 0.000025 K/h (dashed line in each panel). The solid curve shows
the calculated thermal profiles of the magmatic body at different sizes (D). The
ordinate (h) is the distance from the top of the magmatic body.

large enough, so that the temperature of the heat source remained
constant with time (Fig. 7b). Therefore, the minimum magma size
calculated in this scenario can only be regarded as an extreme case.
Conversely, if the temperature of the heat source also decreased during
cooling, the actual case would be intermediate between the bottom-up
and top-down scenario and the top-down-only scenario. Correspond-
ingly, the minimum magma size obtained in the hybrid scenario would
also be intermediate (i.e. between 20.8- and 97.7 m and 118-554 m).

4. Discussion
4.1. Chemical zonation in clinopyroxene and olivine

In our samples, some clinopyroxene cores have patchy zoning and
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Fig. 7. (a) Geometry, boundary conditions and initial conditions used for 1D numerical modeling of heat transfer in the top-down-only cooling scenario. (b) The
results of a simple diffusive thermal evolution model for magma with a heat supply, a depth of 100 m and an initial temperature Ty, = 1423.15 K, deposited on lunar

cold surface at Ty, ¢ = 212.15 K.

ragged boundaries (e.g. cpx-1 and cpx-5 in Fig. 3), which are also
observed in clinopyroxene grains of other extraterrestrial samples (e.g.
Hui et al., 2011; Udry et al., 2017; Wenzel et al., 2021). This texture is
usually interpreted as mild resorption of clinopyroxene cores due to
physical environment change or diffusive re-equilibration. In the case of
plagioclase, patchy zoning is usually attributed to polybaric crystalli-
zation, as the melting point would decrease with falling pressure faster
than the adiabatic decrease of magma temperature, especially in water-
deficient system (e.g. Vance, 1965). Patchy zoning in clinopyroxene,
however, results usually when step-zoned crystals with homogenous
cores are in the process of being slowly eliminated by diffusive relaxa-
tion during slow cooling (Streck (2008) and references therein). WDS Fe
and Mg X-ray maps of the two studied clasts imply that the core and rim
regions of clinopyroxene are rather homogeneous, with distinct Fe-Mg
zonation between cores and rims (Fig. S5). Besides, EPMA traverse data
also indicate that the Fe-Mg profiles of clinopyroxene have very similar
shapes with only small differences between core and rim compositions,
regardless of the adjacent phases at the start and end of the profile
(Fig. 3). As such, texture and elemental distributions of clinopyroxene
indicate that the coupled diffusion of Fe and Mg is a good proxy for the
chronometry modeling in this study.

The Ca profiles in clinopyroxene, however, appear to be more com-
plex and variable compared to the Fe-Mg profiles (Fig. S4). A prime
example is the cpx-3, which presents an odd “double” Ca profile
(Fig. S4). WDS Ca X-ray maps further reveal that Ca is mostly enriched in
the mantle region instead of the core region in some clinopyroxene
grains (Fig. S5). This may be because the Ca content during crystalli-
zation could be affected by fluxes from other directions oblique to the
direction of the profile. Such fluxes could result from co-crystallization
of other Ca-compatible minerals, e.g. plagioclase and phosphates, as
indicated by Ca X-ray map (Fig. S5). Therefore, it appears to be
implausible to assume zero flux of Ca in the crystal’s surface during
crystallization. This indicates that the complex Ca profiles in clinopyr-
oxene are largely attributed to crystal growth controlled by varying
fluxes to other Ca-rich phases, instead of simple diffusive relaxation.

We calculate pressure and temperature (P-T) using the new clino-
pyroxene thermobarometer of Wang et al. (2021). The P-T results reveal
that the clinopyroxene cores were crystallized within a P-T range of 0-3
kbar and 1046-1087 °C (with a dT/dP of 13 °C/kbar), while the rims

were crystallized at a temperature range of 950-1033 °C at ~0 kbar
(Fig. S1). These P-T estimations support that the cores of clinopyroxene
were crystallized in a subsurface crustal magma chamber (<3 kbar or <
60 km depth), while the rims were crystallized at lunar surface. There-
fore, the change in composition between cores and rims is probably
driven by a pressure change, most likely due to magma ascending (e.g.
Hui et al., 2011). Also, it is noted that the predicted P-Ts of diffusion
zones (between cores and rims) are anomalous, with unusually high
pressures (up to 5-8 kbar) and apparent deviation from the P-T evolu-
tion line (13 °C/kbar) indicated by the core chemistry (Fig. S1). This
probably indicates that the elemental diffusion could substantially affect
the P-Ts (especially P) estimated using thermobarometers.

The cores of olivine in the sample appear to have been substantially
modified by late-stage re-equilibration. In almost all the Chang’E-5
basalt samples, the grain size of olivine ranges from several hundred
microns to almost 1 mm, remarkably larger than other minerals
particularly in fine-grained samples (e.g. Fig. 2 in Jiang et al. (2021)).
This is consistent with the early crystallization and subsequent frac-
tionation of olivine from parental magma of Chang’E-5 basalts. How-
ever, we have no idea about the real original compositions of the olivine
in Chang’E-5 basalts hitherto. In previous literatures, olivine grains in
coarser-grained Chang’E-5 basalt samples usually have lower Fo values
(e.g. Fog3 44, Che et al., 2021), while higher Fo values in finer-grained
samples (e.g. Fogo_e1, Tian et al., 2021; Jiang et al., 2021; He et al.,
2022). In addition, Li et al. (2021) reported olivine with a Fo value of up
to 65.1 in Chang’E-5 basaltic regolith, and He et al. (2022) argued
olivine in Chang’E-5 basalts could have an even higher Fo value of 67,
using MELTS algorithm and bulk compositions of their samples. None-
theless, the evolved olivine Fo values and the correlation between grain
size and specific olivine Fo value indicates that diffusive relaxation has
appreciably modified the initial core compositions of olivine. The sub-
dued slope of elemental profiles observed in our samples also supports
the diffusive modification of core compositions in olivine (Fig. S3).

The crystallization of olivine rims is more enigmatic compared to
that of the cores. The width of olivine rim is highly variable even in the
same crystal, from up to 200 pm to almost absent (Fig. S5). The rim also
exhibits unusual textures, for example, the presence of abundant min-
eral and multiphase melt inclusions and ragged, reabsorbed rim struc-
tures (Fig. 2). Also, the CIPW Norm calculation using the bulk
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composition of olivine-bearing clast (clast 1) reveals that the clast
should have an ideal modal abundance of 11.6% for olivine, which is
only half of the observed olivine modal abundance (24.2%) (Fig. S2;
Table S1). These petrographic observations may suggest a solid-liquid or
solid-solid reaction between the original olivine grains and residual melt
or adjacent phases, forming the rim regions of olivine. Such a chemical
reaction is induced possibly by magma mixing, or very likely, by late-
stage liquid immiscibility, as suggested by He et al. (2022). Besides,
impact-induced remelting may also result in low-degree partial melt,
which are enriched in SiOs, FeO, and incompatible elements and thus
could react with original olivine intercumulusly, forming rim regions
and the observed chemical zoning in olivine. The possibility of impact
remelting is suggested by Long et al. (2022), who reported that the
Chang’E-5 basalts have been severely impacted since their formation,
resulting in significant amounts of impact glass formed in at least 17
independent impact events.

4.2. Cooling-rate comparisons with previous studies

All the lunar sample return missions reveal that even in the same
sampling site, the textures of different mare basalts are highly variable
(e.g. Brown et al., 1975; Shearer et al., 2006), and the case of Chang’E-5
basalts is not an exception (Tian et al., 2021; Li et al., 2022). This is
mainly due to the variation of relative emplacement depths among
different mare basalts (e.g. Papike et al., 1976; Lofgren et al., 1981;
Shearer et al., 2006). Hence, the determination of cooling rates is crucial
for the understanding of the petrogenesis of different lunar basalts, as
the cooling rate is controlled by the emplacement depth (Egs. (6) and
(7)). Many methods have been utilized for the cooling rate estimation of
mare basalts for decades, including crystallization experiments, cooling-
history geospeedometers, crystal-size distributions (CSD), and diffusion
calculations (e.g. Richter et al., 2021; Stanin and Taylor, 1979; Grove,
1982; Donohue and Neal, 2015; Xue et al., 2021) (Fig. 8). Here, we
review and compare the previous cooling-rate studies of Apollo, Luna
and Chang’E-5 mare basalts, in order to access the optimum method for
cooling-rate approximation of samples with distinct cooling rates.

Crystallization experiments and cooling-history geospeedometers
derived from crystallization experiments are the most straightforward
ways to determine the cooling rates of fast-cooling samples. Many works
have successfully reproduced the textures presented in fast-cooling
Apollo mare basalt samples through crystallization experiments (e.g.
Stanin and Taylor, 1979; Lofgren et al., 1975; Grove, 1982; Donaldson
et al., 1975). Stanin and Taylor (1979) estimated that Apollo-17 Type I
basalts formed at a slower cooling rate (~0.5 °C/h), and Type II basalts
formed at a faster cooling rate (~5 °C/h). Lofgren et al. (1975) and
Grove (1982) reported the cooling rates of Apollo-15 low-Ti basalts
range from <1 °C/h to ~20 °C/h. Donaldson et al. (1975) reported the
Apollo-12 olivine vitrophyres cooled at rates of 10-100 °C/h, whereas
the Apollo-12 olivine basalts cooled at rates <15 °C/h, and the Apollo-
12 olivine gabbros at rates <2.7 °C/h (Fig. 8). However, the cooling
rates of much slower cooling samples cannot be determined by crys-
tallization experiments, or cooling-history geospeedometers. This is
because the textures of slow-cooling samples may not be reproduced
straightforwardly due to the limitations of experimental techniques, and
thus the paucity of experimental calibrations leads to the inapplicability
of cooling-history geospeedometers. For example, experimentally
modeling a cooling rate of 0.1 °C/h requires ~4 months of continuous
cooling from liquidus to solidus, which is a significant challenge for the
stability of experimental instruments and the cost of the experiments.

CSD method, which estimates the cooling rates by counting the size
and quantity distributions of euhedral minerals, have also been perva-
sively utilized on Apollo mare basalts and lunar meteorites previously
(e.g. Donohue and Neal, 2015; Xue et al., 2021). The cooling rates of
different Chang’E-5 basaltic clasts were modeled through the size-
distribution of ilmenite and plagioclase, yielding a cooling-rate range
from ~1-2 °C/h to 86 °C/h (Neal et al., 2022; Webb et al., 2022)
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Fig. 8. The range of cooling rates determined for lunar samples through
various methods. I—crystallization experiments; II—cooling-history geo-
speedometers; III—CSD method; IV—elemental-diffusion calculations of
olivine; V—elemental-diffusion calculations of pyroxene. The values of cooling
rates are cited from: 1: Apollo-17 Type I basalts in Stanin and Taylor (1979); 2:
Apollo-17 Type II basalts in Stanin and Taylor (1979); 3: Apollo-15 low-Ti
basalts in Lofgren et al. (1975); 4: Apollo-12 olivine basalts in Donaldson et al.
(1975); 5: Apollo-12 basalt 12,032,366-18 in Stadermann et al. (2022); 6:
Apollo-15 basalt 15,058 in Grove and Walker (1977); 7: mare basalt meteorite
MIL 05035 in Joy et al. (2008) and Liu et al. (2009); 8: Chang’E-5 basalt 065 in
Jiang et al. (2021); 9: Apollo-17 high-Ti basalts in Donohue and Neal (2015);
10: Apollo-11 high-Ti basalts in Xue et al. (2021); 11: Chang’E-5 basalt 329 in
Neal et al. (2022); 12: Chang’E-5 basalt B1 in Webb et al. (2022); 13: Apollo-12
basalt 12,002 in Taylor et al. (1977); 14: Apollo-15 basalt 15,555 in Ritcher
et al. (2021); 15: Apollo-17 gabbronorite 76,255 in McCallum et al. (2006); 16:
Apollo-17 pigeonite basalt in Sanford and Huebner (1979); 17: Chang’E-5
basalt in this study.

(Fig. 8). However, the CSD method tends to overestimate the cooling
rates of slow-cooling samples, as euhedral minerals record the cooling
rate at the early stage of the magmatic crystallization, which can be 3-4
orders of magnitude higher than that at the late stage of crystallization
(e.g. Jones et al., 2018). Wilson et al. (2022) also indicates that the
cooling rate of Chang’E-5 parent magma can reach 10 + 5 °C/h at
>1100 °C, while decrease to 9 + 3 °C/yr (~0.001 °C/h) to lunar
ambient below 1100 °C, by the study of lava flow mechanics.
Elemental-diffusion calculations of silicate minerals are also typical
methods for determining the cooling rates of terrestrial and lunar sam-
ples (e.g. Chakraborty and Dohmen, 2022; Dohmen et al., 2017; Zhang,
2010). Recently, the estimate for the cooling rate of Apollo-15 olivine-
normative basalt 15,555 yielded 0.2 °C/h, using Li diffusion in pyroxene
(Richter et al., 2021). However, impact reheating process could have
significantly affected the Li profile of pyroxene in the sample. The
partial-melting texture of plagioclase in the sample indicates that the
peak reheating temperature has once reached ~1763 K (melting tem-
perature of plagioclase with a composition of Anggy, Toramaru, 2022) for
at least several seconds. On the other hand, the diffusion coefficient of Li
in pyroxene at 1763 K is ~4 x 10> cm? s™! (Richter et al., 2021), 8
orders of magnitude higher than that of Fe-Mg in pyroxene (9.1 x 10713
em? s, Miiller et al., 2013) at the same temperature. In this case, the Li
profile of pyroxene with a length of ~500 pm will be fully reset if the
duration of 1763 K impact reheating excesses ~60 s (t = L%/Dr, where t
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is the diffusion timespan, L is the diffusion length and Dr is the diffusion
coefficient at a given temperature T; Zhang, 2010), while the Fe-Mg
profile remains unaffected during such a short reheating process.

Therefore, only the diffusional calculations of low diffusion-
coefficient elements (e.g. Fe-Mg and Ca) in pyroxene can provide in-
formation on the cooling rates for slow-cooling samples (Fig. 8). The
diffusion process commences after the crystallization of clinopyroxene
rims; hence, the cooling rate (~0.00025-0.00055 K/h) calculated in this
study represents the cooling rate of the Chang’E-5 magma at the late
stage of crystallization. This is important for the estimation of the
emplacement depth of the sample in the lava flow, as the late-stage
cooling rate directly depends on the final emplacement depth of the
sample. Our calculated cooling rate is also consistent with results yiel-
ded through lava flow mechanics modeling by Wilson et al. (2022),
which suggests that the sample in this study is derived from the deep
interior of Chang’E-5 magma flow unit and thus suitable for the size
constraint of the flow unit. In contrast, the fast-cooling Chang’E-5
basaltic fragments reported by Webb et al. (2022) and Neal et al. (2022)
(Fig. 8) may represent the top layer of the Em4 mare flow. This inter-
pretation is corroborated by the high abundance of mesostasis in those
samples (He et al., 2022).

4.3. Implications for the effusion volume of a single flow unit

By considering different styles of magma emplacement, we constrain
the thickness of individual Chang’E-5 lava flow unit to be >118-554 m
or > 21-98 m, depending on the existence or nonexistence of a heat
supply. Previous studies also suggested a similar size ranging from 39—
to 61 m (Qian et al., 2021b) to 130-180 m (Du et al., 2019), based on the
morphometry of craters in Chang’E-5 lava flow unit. More recently, Jia
et al. (2022) estimated the thickness of Chang’E-5 mare basalt unit
varies from ~15 to ~50 m through the excavation depth of craters. By
contrast, Du et al. (2022) indicated 4-layer basaltic lava flows in the
landing region and a much greater range of thickness: 9-175, 11-167,
19-478, and 0-800 m respectively. These results lead to the question
about the thickness and volume of the total lava layers (cooling units)
and a single lava layer of Chang’E-5 basalts.

The substantial differences in basalt thickness obtained by different
methods may suggest two distinctive genesis models: multiple-magma-
pulse model and single-magma-pulse model (Fig. 9). In the former
model, the Chang’E-5 basalts are formed by at least two volcanic effu-
sion events at short intervals, induced by discontinuous magma injection

Multiple lava layers
(>118-554 m)

Sample location
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in the chamber. The early-effused lava flow would be subsequently
buried by the late-effused lava flow during cooling. In this case, our
sample may originate from the early-effused lava flow, which have been
overlain shortly after effusion to the lunar surface. As such, the relative
thick lava flow (>118-554 m) indicated by the thermal model is more
likely to reflect the total thickness of multiple lava layers (Fig. 9a). In the
latter model, the Chang’E-5 basalts are formed mainly by a single major
volcanic effusion event. The major effusion event may sustain for a long
time, resulting from stable heat supply through the magma conduit. In
this case, the thermal model in this study indicates a much thinner lava
layer (>21-98 m) (Fig. 9b).

Using the Em4 area of ~37,000 km? and the estimated thickness of
the single lava layer (>21-98 m), the effusion volume of a single cooling
unit of Chang’E-5 basalts is thereby at least 777-3626 km®. This range is
broadly consistent with the effusion volume (100-2000 km?) of a
discrete volcanic event of sinuous rilles (Wilson and Head, 2017) and the
estimates for the total volume of the Chang’E-5 basalts from Qian et al.
(2021b) (1450-2350 km3), while larger than the effusion volume
(<1-1000 km®) of terrestrial basalts (e.g. Self et al., 1998; Gudmunds-
son, 2020). Considering that the heat supply from the chamber does not
necessarily effectuate throughout the cooling process of Chang’E-5 ba-
salts, the estimated effusion volume (777-3626 km®) can only be
regarded as the minimum volume of a single cooling unit. This indicates
that the Em4 region where Chang’E-5 landed was formed mainly by
sheet flows fluxed in one major effusion event. Our finding is also
consistent with the volume and morphology of the “Phase 1" high-flux
sheet flows proposed in Qian et al. (2021a).

The effusion volume of a single cooling unit of Chang’E-5 basalts
(>777-3626 km®) is also comparable to previous studies of mare basalts
from different ages or sites. Using Clementine multispectral data, Weider
et al. (2010) indicated that the individual lava flow unit with an age of
3.4-3.5 Ga could reach a volume from 340- to 620 km® to 4545-6100
km®. Hu et al. (2019) estimated the individual volume of 7 lava flow
units at 1.1-3.2 Ga in Oceanus Procellarum and reported a value range
of 569-3507 km®. Hiesinger et al. (2002) estimated the volume of in-
dividual lunar mare flow units in several lunar nearside basins as
~30-7700 km®, using the knee point of crater size-frequency distribu-
tion (CSFD). Chen et al. (2018) additionally employed the topographic
profile analysis method to study the total effusion volume of basalts at
<3.1 Ga in Mare Imbrium, with an estimated value of ~8671 + 320
km?®. Therefore, the lava flow unit of Chang’E-5 basalts has an effusion
volume in the same order of magnitude but slightly smaller than the
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Fig. 9. Schematic genesis model of the Chang’E-5 basalts. (a) multiple-magma-pulse model, in which at least two discrete effusion events formed multiple lava layers
at the Chang’E-5 landing region. (b) single-magma-pulse model, in which one major effusion event formed Chang’E-5 basalts, with stable heat supply from magma

chamber. Not all features in this figure are shown at the same scale.
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largest flow units with older ages (e.g. 3.4-3.5 Ga). This finding suggests
that although the late-stage (<2.0 Ga) lunar volcanic activities have
waned due to secular cooling (Zhang et al., 2013), it still maintained a
high intensity to form the observed high effusion volume.

Under the assumption that only <0.1% of the magma source reached
the lunar surface through dikes (Wilson and Head, 2017; Chen et al.,
2018), the melt volume at source region is estimated to be at least 8-40
x 10° km?®. Hence, large volumes of mantle materials (>8-40 x 10°
km3) beneath the Chang’E-5 basalts should remain above its solidus in
temperature (~1300 °C; Wieczorek and Phillips, 2000). Previous studies
reported lunar mantle temperatures vary broadly from ~700 °C to
~1500 °C (e.g. Gagnepain-Beyneix et al., 2006; Khan et al., 2014; Zhang
etal., 2019 and references therein). Our results indicate that at least part
of the lunar mantle could have high temperatures around the solidus at
~2.0 Ga, probably in a heterogenous internal heating scenario (Zhang
et al., 2022), and thus have supported the eruptions in the Procellarum
KREEP Terrane at that time. The results help to improve our under-
standing of the late-stage cooling history and the spatial distribution of
internal heating of the lunar mantle.

5. Conclusions

(1) Elemental compositions of clinopyroxene in Chang’E-5 mare
basalts exhibit normal zoning resulting from crystal growth fol-
lowed by diffusion.

(2) The cooling rate is calculated from clinopyroxene Fe-Mg diffu-

sion zoning in coarse-grained samples to be 0.000025-0.00055

K/h, consistent with that determined by Mg-in-plagioclase

speedometer (~0.0005 K/h).

A single flow unit sampled at the Chang’E-5 landing site has a

minimum vertical size of 21-98 m, and the gross thickness of

multiple lava layers is probably larger than 118-554 m.

The minimum effusion volume of Chang’E-5 basalts at a single

volcanic event is estimated to be 777-3626 km?®, indicating that

the Em4 region was possibly formed in one magma effusion
event.

The mantle source region of the Chang’E-5 basalts in the Pro-

cellarum KREEP Terrane appears to be hot enough at ~2.0 Ga, to

produce significant amounts of melt (8-40 x 10° km3).
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