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As the most KREEP-rich lunar sample, the Sayh al Uhaymir (SaU) 169 meteorite would provide more valuable
information concerning the KREEP and early lunar evolution of the Moon if its source regions can be pinpointed.
Previous studies proposed Lalande crater as the source region that corresponds to the impact event of ~2.8 Ga
recorded in SaU 169, whereas this linkage is highly dependent on the age determination of the potential source
crater. By counting craters superposed on the ejecta blankets of Lalande and modelling the burial process of these
superposed craters by Lalande’s ejecta, we find that the crater statistics around Lalande are heavily influenced by
the existing of pre-Lalande craters larger than ~170 m in diameter, which could lead to a largely overestimated
age of Lalande crater. After taking this influence into consideration, we obtain that Lalande crater is a Copernican
crater with a formation age of 410 + 20 Ma, and the adjacent mare basalts unit has an Imbrian age of 3.813%¢ Ga.
The formation age of Lalande crater is inconsistent with any of the radio-isotopic ages recorded in SaU 169,

indicating that Lalande crater is unlikely to be the source region of this lunar meteorite.

1. Introduction
1.1. KREEP: The final product of lunar magma ocean crystallization

The prevalent model for the early evolution of the Moon envisions a
global surface layer of molten silicates (lunar magma ocean) several
hundred kilometers in depth (e.g., Wood et al., 1970; Smith et al., 1970).
Sequential cooling and crystallization produce a range of cumulate li-
thologies with variable compositions, including dense mafic assem-
blages which sink to the magma ocean to form the lunar mantle and less-
dense anorthosite cumulates which floated to the uppermost region to
form the anorthositic lunar crust (e.g., Warren, 1985). The last residual
(<~1%) melt became increasingly enriched in incompatible elements,
especially potassium (K), rare earth elements (REE), and phosphorus (P),
which crystallized to form the KREEP-rich cumulates sandwiched be-
tween the anorthositic crust and mafic mantle (Warren and Wasson,
1979; Shearer et al., 2006). As the final products of the lunar magma
ocean crystallized, these KREEP-rich materials preserved critically
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important information concerning the evolution of the nascent Moon.
KREEP-rich rocks, though with a wide range of lithologies and
compositions, have been identified in the sample collections of every
single Apollo sample return mission (e.g., Heiken et al., 1991). Many
scientists in the Apollo era anticipated that the KREEP layer is global in
extent (e.g., Meyer Jr, 1977; Warren and Wasson, 1979). However,
global orbital compositional mapping of the Moon in the 1990s quickly
revealed that Apollo/Luna sampling sites can only represent a very small
portion of lunar surface (e.g., Elphic et al., 1998). As thorium (Th) is
typically abundant in KREEP-rich materials (Heiken et al., 1991), the
spatial mapping of Th contents commonly serves as an adequate tracer
for the distribution of KREEP in remote sensing studies (e.g., Lawrence
et al., 1999). Global Th mapping efforts by the gamma-ray spectrometer
onboard the Lunar Prospector mission unambiguously show that
KREEP-rich materials are mainly concentrated in the western portion of
the lunar nearside, a region termed Procellarum KREEP Terrane (PKT;
Jolliff et al., 2000) and all Apollo/Luna missions landed in or near this
anomalous PKT province. In addition, dozens of small areas of Th/
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KREEP enhancements have been recognized across the lunar surface,
including both farside and high-altitude regions (Lawrence et al., 2003).
Therefore, our knowledge of KREEP derived from all returned samples
are incomplete and somewhat biased. Additional lunar samples are
needed for an improved understanding of the early evolution of the
Moon.

1.2. Sayh al Uhaymir (SaU) 169 meteorite: The most KREEP-rich lunar
sample

Lunar meteorites, rocks ejected from the Moon and subsequently fell
on Earth surface, are another type of lunar samples that can be precisely
analyzed in Earth laboratories. These meteorites are valuable supple-
mentary to the existing returned Apollo/Luna samples and have
uniquely advanced our understanding of the origin and evolution of the
Moon (e.g., Korotev, 2005). Among the over 500 documented lunar
meteorites (as of March 2022, based on the Meteoritical Bulletin Data-
base: https://www.lpi.usra.edu/meteor/metbull.php), the Sayh al
Uhaymir (SaU) 169 meteorite, found in the Al Wusta Governorate of
Oman in 2002, has the most KREEP-enriched lithology (Russell et al.,
2003). With a measured Th content of ~30 ppm (ug/g; Gnos et al., 2004;
Korotev et al., 2009), the impact-melt breccias (IMBs) of SaU 169 are
more KREEP-rich than the bulk chemistry composition of all Apollo and
Chang’e-5 samples collected in the PKT terrain (e.g., Korotev, 2004;
Tian et al., 2021; Li et al., 2022). Detailed laboratory high-precision and
-accuracy measurements (chemical, mineralogical, petrologic, isotopic,
and geochronologic) of this unique rock has revealed abundant infor-
mation concerning the nature and evolution of lunar KREEP (e.g., Al-
Kathiri et al., 2007; Lin et al., 2012; Liu et al., 2012; Tartese et al., 2014;
Xing et al., 2020; Zhang et al., 2019).

Nevertheless, the lack of precise geographical locations and
geological context for the SaU 169 meteorite (as for almost all lunar
meteorites) has seriously hindered the full interpretation of these
detailed laboratorial measurements. Pinpointing the source region of
this unique lunar piece on the Moon would be invaluable in advancing
our understanding of the KREEP and early lunar evolution of the Moon.
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Radio-isotopic dating analyses of the meteorite SaU 169 revealed a
complicated sequence of four impact events with ages of ~3.9 Ga, ~2.8
Ga, ~200 Ma, and < 0.34 Ma (Gnos et al., 2004). Among these recorded
ages, the ~3.9 Ga age is recognized to come from the Imbrium impact
event, and the other ages are interpreted to represent subsequent im-
pacts that disturbed the isotopic systematics of the sample.

Based on the compositional similarities between the KREEP-rich
nature of the meteorite and the Procellarum KREEP Terrane, the
source regions for the three younger ages recorded in this meteorite have
been associated with the KREEP Terrane on the Moon. Gnos et al. (2004)
initiated this source tracking effort and linked SaU 169 meteorite to
Lalande crater, a 23-km-diameter crater located in the equatorial region
of lunar nearside (4.46°S, 8.65°W), on the highlands southeast of Mare
Insularum and northeast of Mare Necteria. The linkage between SaU 169
and Lalande crater is based on the analyses from three main aspects: 1)
Lalande crater is located in one of the Th hot spots within the PKT region
(Fig. 1a); 2) the Fe and Ti contents around Lalande are compatible with
the bulk composition of the regolith of SaU 169; and 3) the absolute
model age (AMA) of Lalande crater is highly consistent with the radio-
isotopic Ar—Ar age of 2.8 Ga recorded in the meteorite. Obviously,
this linkage is highly dependent on the age determination of Lalande
crater, though the formation age of Lalande crater is still under debate.
Baldwin (1985) conducted crater counts on the areas interior and on the
rims of Lalande crater based on Lunar Orbiter images and obtained a
model absolute age of 2.2-2.8 Ga (corresponding to the Eratosthenian
Period within ~3.20- ~ 1.0 Ga; Stoffler and Ryder, 2001; Wilhelms
et al., 1987), which is the age accepted by Gnos et al. (2004) for pin-
pointing source region of meteorite SaU 169. However, both the pro-
nounced ray system and the well-preserved sharp rim crest of Lalande
crater (Fig. 1b) support that it is highly likely to be a Copernican crater
(<~1.0 Ga; Wilhelms et al., 1987; Stoffler and Ryder, 2001) rather than
of Eratosthenian-era, although some ray craters can be older than ~1.0
Ga if their rays contain compositional distinct feldspar-rich ejecta (e.g.,
Hawke et al., 2004). In addition, the most recent lunar geologic map of
Fortezzo et al. (2020), a unified global lunar geologic map at a
1:5,000,000-scale, also designated Lalande as a Copernican crater.
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Fig. 1. Geologic context around Lalande crater. (a) Thorium (Th) composition distributions of Procellarum KREEP Terrane (PKT) with its boundary (Th = 3.5 ppm)
outlined by the solid black curve. Lalande crater locates in one of the Th hot spots of this region. The base map is Lunar Reconnaissance Orbiter Wide-Angle camera
(LRO WAC) image (100 m/pixel) overlaid with Lunar Prospector Th abundance data (2° x 2°/pixel; Prettyman et al., 2006). “A” and “L” represent the locations of
Apollo and Luna sampling sites, and CE-5 represents the sampling site of Chang’e-5. The projection is Mercator centered at Mare Imbirum. (b) The prominent ray
system around Lalande shown by LRO WAC image. The projection is Mercator centered at Lalande crater. Credit of WAC image: NASA/GSFC/Arizona State Uni-
versity; credit of Lunar Prospector Th abundance data: NASA/Washington University, St. Louis.
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Furthermore, even though in the same Copernican period, the absolute
ages of Lalande estimated from different studies also range a lot: Li et al.
(2018) obtained AMAs of ~40-90 Ma by the cumulative size-frequency
distributions (CSFDs) inside the rim and on the ejecta deposits near the
rim of Lalande based on Lunar Reconnaissance Orbiter Narrow Angle
Camera (LROC NAC) images (Robinson et al., 2010), while Mazrouei
et al. (2019) estimated an age of 495 Ma for Lalande based on the rock
abundance (RA) of crater ejecta obtained from LRO Diviner thermo-
physical measurements (Bandfield et al., 2011; Ghent et al., 2014). Is the
formation age of Lalande consistent with the other radio-isotopic ages
recorded in SaU 169 (e.g., ~200 Ma)?

In this work, we re-evaluate the crater statistics of Lalande ejecta
blanket and estimate its formation age in a thorough way to verify
whether this crater is possible to be one source region of SaU 169
meteorite, the most KREEP-rich sample. The possible influence of pre-
existing craters of Lalande impact is also quantitatively analyzed to
obtain a more reliable model age. Our clearance on the source region of
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SaU 169 meteorite can be used to interpret previous measurements
concerning this rock and improve our understanding of lunar KREEP.

2. Data and method
2.1. CSFD measurements and image data

Continuous ejecta blankets and impact melt ponds are among the
most obvious terrains formed during the impact cratering processes
(Melosh, 1989) and are thus commonly used as crater population
working areas to date the host crater. However, considerable age dis-
crepancies are often observed among the two types of terrains: mea-
surement on the impact melt ponds usually yielded younger ages than
those from the continuous ejecta blankets (e.g., Hartmann, 1968; Strom
and Fielder, 1968; van der Bogert et al., 2010; Hiesinger et al., 2012).
These crater population differences from coeval surface terrains are
commonly attributed to a range of factors including different target
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Fig. 2. Crater count working areas for dating the Lalande crater. (a) Regional geologic context, Kaguya Terrain Camera (TC) morning Map (10 m/ pixel; Haruyama
et al., 2008). (b) Slope map derived from the SELENE/Kaguya TC + Lunar Reconnaissance Orbiter (LRO) Lunar Orbiter Laser Altimeter (LOLA) merged Digital
Elevation Model (SLDEM2015; 512 pixel/degree; Barker et al., 2016) overlaying on the TC morning images of (a). The boundaries of Lalande’s ejecta blankets
(Fortezzo et al., 2020), ejecta blankets on mare (Nelson et al., 2014) and rocky rim region are delineated by solid black, dashed blue, and dashed black curves,
respectively. The regions of secondary crater clusters are marked by filled grey polygons. (c)-(d) TC morning images showing the morphological characteristics of
rocky regions in the vicinity of the rim crest. (e) An TC image of an obvious secondary crater cluster. All figures are projected in Mercator projection centered at
Lalande and north is toward the top. Credit of Kaguya TC image: JAXA,; credit of SLDEM2015 topography data: NASA/JAXA/GSFC/Washington University, St. Louis.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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characteristics and self-secondary cratering (e.g., Shoemaker et al.,
1968; Schultz et al., 1977; Dundas et al., 2010; Xie et al., 2019). As
crater count measurement on the ejecta blankets of major impact ba-
sins/craters, for instance, Nectaris, Imbrium, and Copernicus, are
traditionally used to establish and calibrate the lunar cratering chro-
nology function (e.g., Neukum et al., 2001; Robbins, 2014), model ages
derived from crater counts on ejecta blankets are usually more consis-
tent with the radio-isotopic and exposure ages of Apollo samples than
those from impact melt ponds, especially for the crater dating of young
craters (e.g, Hiesinger et al., 2012). Therefore, we carefully select three
regions termed CE1, CE2, and CE3 on the ejecta blankets (Fig. 2a,b) as
crater population working areas to date the Lalande crater. The
boundary of Lalande’s continuous ejecta blankets (Fig. 2) is delineated
according to the geologic map of Fortezzo et al. (2020). In order to verify
the difference of the CSFDs between lunar mare and highlands, CE1 and
CE2 are superposed on the extensive mare plains to the north and CE3 is
superposed on the hummocky highland terrains in the south of Lalande
crater, with the boundary of mare delineated by Nelson et al. (2014).
Obvious secondary clusters (based on their morphological characteris-
tics, Fig. 2a, b, e; Oberbeck and Morrison, 1974; Shoemaker, 1962),
steep topography (with SLDEM slope larger than 10° for CE1 and CE2
and slope larger than 15° for CE3; Fig. 2b; Xiao and Strom, 2012), and
rocky regions surrounding the Lalande rim (Fig. 2 a-d; Williams et al.,
2014) are excluded from CE1-CE3 areas to minimize the influence of
complicated topography and surface textures on the crater retention and
identification, and hence improve statistic reliability of crater dating.
The crater counts on the rocky rim region (an annulus region encircling
Lalande’s rim crest with steep slopes and abundant rocks, Fig. 2a-d) are
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also conducted for comparison.

Kaguya Terrain Camera (TC) images (10 m/pixel; Haruyama et al.,
2008) with variable illumination conditions (morning, evening, and
ortho) are used for crater identification and measurement. Given the
Kaguya TC image resolution and the required 10 image pixels for
complete and accurate crater counts (e.g., Wang et al., 2020), we only
measure impact craters with diameters (D) larger than 100 m using the
CraterTools software extension for ESRI’s ArcGIS, which creates each
crater circle using three manually picked points on the crater rim
(Kneissl et al., 2011). For the working areas in this study, the resolution
of Kaguya TC is sufficient to count an adequate number of craters.

By morphological investigations, we find that the ejecta of Lalande is
not thick enough to completely bury all the craters formed before the
Lalande crater (Fig. 3). For convenience, we term craters formed prior to
the Lalande crater as “pre-Lalande craters”, and accordingly, we term
craters formed after the emplacement of Lalande’s ejecta blankets as
“post-Lalande craters”. Based on the morphological criteria that craters
with destructive rim crests and filled by ejecta radial to Lalande crater,
we exclude those obvious pre-Lalande craters in CE1 to CE3 area with
the assist of LROC NAC images (~1 m/pixel) (Fig. 3). We need to note
that, in practice, the identification of pre-Lalande craters is sometimes
difficult and less complete, but fortunately the influence of these craters
can be separated in the CSFD plots (see further descriptions in section
3.2).

To investigate the effects of pre-Lalande craters on the age deter-
mination, we count all impact craters (D > 100 m) on Lalande’s ejecta
blankets on the mare (Fig. 2a) without the exclusion of pre-Lalande
craters. Obvious secondary clusters are excluded in all the crater

Fig. 3. LROC NAC images of examples of pre- and post-Lalande craters on the ejecta blankets of Lalande: (a) A pre-Lalande crater (3.74°S, 9.16°W) of ~1.1 km in
diameter, (b) a pre-Lalande crater (3.97°S, 7.52°W) of ~1.0 km in diameter, (c) two pre-Lalande craters (3.69°S, 9.51°W and 3.73°S, 9.50°W) of ~560 m and ~ 1.3
km in diameter, and a post-Lalande crater (3.74°S, 9.44°W) of ~650 m in diameter, and (d) two pre-Lalande craters (3.39°S, 9.48°W and 3.36°S, 9.44°W) of ~1.0 km
and ~ 440 m in diameter, and a post-Lalande crater (3.41°S, 9.41°W) of ~220 m in diameter. The orange dashed arrows show the directions of Lalande’s ejecta
flows. All figures are projected in an equidistant cylindrical projection and north is toward the top. Credit of NAC images: NASA/GSFC/Arizona State University.
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counts and steep topography is only excluded in CE1-CE3 regions
(Fig. 2a, b).

2.2. Age determination from CSFDs

The basic principle of crater population dating is that on a homo-
geneous geologic unit, the older surface has a higher cumulative primary
crater density p (i.e., frequency) for a given crater size range before the
crater equilibrium/saturation status is reached. We derive the CSFDs of
the identified craters according to the standard procedures, which have
been described in many classical literatures (e.g., Crater Analysis
Techniques Working Group, 1979; Neukum, 1983; Hiesinger et al.,
2000; Fassett, 2016).

By fitting the observed CSFDs to the crater production function (PF),
we can derive the cumulative crater density for D > 1 km (i.e., N(1) in
km™2). The fitting procedures are performed by the CraterStats software
(Michael and Neukum, 2010; Michael, 2013), and the crater PF of
Neukum et al. (2001) is adopted in this study:

1
logwN(D) = ap+

n=

a,(logioD)" (10 m < D < 300 km) (@D)
i

where N(D) (in km™2) is the cumulative crater density with craters
larger than D (in km).

Three chronology functions (CFs) of Neukum et al. (2001; Neukum
CF hereafter), Robbins (2014; Robbins CF hereafter), and Yue et al.
(2022; Yue CF hereafter) are employed to calculate the AMAs from N(1)
values obtained in this study:

Neukum CF : N(1) = 5.44-107" (exp(6.93T) — 1) +8.38-10°* T 2

Robbins CF : N(1)
=7.2610* (exp(22.6 T) —1)+9.49-10* T+ 1.88-10* 7
3

Yue CF : N(1) = 1.089-10™" (exp(6.757 T) — 1) +7.660-10* T 4

where T is the AMA in billion years (Ga).

The former two chronology functions are established from the
similar anchor points of radio-isotopic ages of returned lunar samples,
but different crater counts on Apollo and LROC image data for the
sampling areas, respectively. The most recent CF of Yue et al. (2022) is
updated by incorporating the radiometric age of Chang’e-5 samples.

Nevertheless, for the age ranges (T < 0.5 Ga and T > 3.8 Ga) dis-
cussed in this study, both AMAs derived from the Robbins CF and Yue CF
have minor differences compared with that from Neukum CF (<70 Ma
for T < 0.5 Ga and <90 Ma for T > 3.8 Ga, see Table 1 for details).
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Therefore, we prefer to use the ages derived from the Neukum CF for
direct comparisons since previous age estimations are commonly based
on the Neukum CF.

2.3. The distribution of Lalande’s ejecta thickness and the smallest
survival pre-Lalande craters

The primary ejecta materials surrounding the primary crater are
generally the thickest at the crater’s rim crest and decay exponentially
with increasing range from crater center (e.g., McGetchin et al., 1973). If
the ejecta are not sufficiently thick to completely bury all the pre-
existing craters around the host crater, crater populations formed both
before and after the host crater could co-exist on the primary crater
ejecta blankets, which may potentially affect the crater counts and
biased the age determination of the primary crater. Here, we quantita-
tively estimate the influence of pre-existing craters on the age deter-
mination of Lalande crater based on the empirical distribution model of
ejecta thickness.

Assuming the ejecta distribution is symmetric and not affected by the
pre-existing topography, the ejecta thickness distribution surrounding a
primary crater can be estimated by the model of Pike (1974):

1(r) = 0.033R,(r/R,)>° C))

where t(r) is the primary ejecta thickness at one location outside the
crater rim, r is the spherical distance from this location to the crater
center, and R, is the transient rim radius of the crater. The transient rim
radius of Lalande can be computed by the expression R, = R3¢ °R%®5 for
complex craters (Croft, 1985), where R = 11.8 km is the final rim radius
of Lalande, and Rgc = 9.5 km is the transition radius from simple to
complex craters on the Moon (Pike, 1980). In addition, since the range of
Lalande’s continuous ejecta blankets from the crater crest (up to ~40
km) is much smaller than the lunar radius (1737.4 km), the effect of the
curvature of the Moon on ejecta deposition can be very negligible and
neglected (Haskin et al., 2003; Xie et al., 2020; Xu et al., 2021).
According to the case studies of the Orientale and Schrodinger ba-
sins, the thickness of ejecta filling in a pre-existing crater is approxi-
mately 3 times of the ejecta deposited on a flat terrain due to the
concave-upward shape of crater cavity (Xie and Zhu, 2016; Xu and
Xie, 2020). Applying this relationship established from huge impact
basins to smaller complex craters, the thicknesses of ejecta deposited
inside pre-Lalande craters Tipr are estimated correspondingly.
Furthermore, given the depth-to-diameter (d/D) ratios of small fresh
lunar craters (class A) measured by Stopar et al. (2017) and without the
consideration of crater degradations, the critical diameters D(r) of the
craters that are just completely buried by Lalande’s primary ejecta (i.e.,

Table 1
Summary of the Cumulative Size-Frequency Distributions (CSFDs) and Absolute Model Ages (AMAs) of various areas on the Lalande crater ejecta.
Unit Crater counting area Crater diameter for age =~ Number of craters for NQ1) AMA (Neukum AMA (Robbins AMA (Yue
(km?) fitting age fitting (km~?) CF) CF) CF)
100-160 m 179 :1;62,54 (0.20) x 390 + 20 Ma 320 + 20 Ma :/[230 +30
E1 2
¢ 53 1.86 (+ 0.40) x
> 350 m 21 10-2 2.2+ 0.5Ga 1.5+ 0.3 Ga 2.4+ 0.5Ga
.62 (£ 0.2 +
CE2 118 100-170 m 132 ?06,4( 0.29) x 430 + 30 Ma 360 £+ 30 Ma :/[7: 40
CE3 152 100-170 m 140 i"06i (£ 0.27) x 430 + 30 Ma 360 + 20 Ma 4M7: +40
. +0.1 =+ 2
Sum of CE1 to CE3 523 100-170 m 462 f04,:i( 0.14) x 410 + 20 Ma 340 £ 10 Ma ;[5;) 0
Rocky rim rgion 334 >100 m 232 1683 (+0.12) % 230 + 10 Ma 190 4+ 10 Ma ;[530 +20
. 100-170 m 1540 3'3,24 (£ 0.07) x 400 + 9 Ma 330 £ 7 Ma 430 £ 10
Ejecta blankets on the 10 Ma
mare 1780 1.86 (+ 0.53) x
>1.2km 12 02 3.8'0:0¢ Ga 3.910:03 Ga 3.873:08 Ga

" The ages in bold fonts are results used to compare with previous studies.



L. Xu et al.

the smallest survival pre-Lalande craters) can be estimated as:

Tinncr/o'lzs%
Tinner/o' 152

40m < D < 100 m
100 m < D < 200 m

D. = Tinner/0.166, 200 m < D < 400 m ®)
Tinner/0.209, 400 m < D < 10 km
3. Results

3.1. Crater CSFD measurements of Lalande’s ejecta blankets

For the crater counts in regions CE1 to CE3 (Supplementary Table S1-
S3), the CSFD plots in the diameter range of ~100-170 m lies very close
to certain isochrons, and have similar fitted N(1) values of (3.25 =+ 0.20)
x 107 km™2, (3.62 + 0.29) x 10~* km™?, and (3.64 + 0.27) x 10~*
km_z, respectively. Under the Neukum CF, these N(1) values would
project AMAs of 390 + 20 Ma, 430 + 30 Ma, and 430 + 30 Ma,
respectively (Fig. 4a-c and Table 1). These ages are very close to each
other within their uncertainties, suggesting that the different CSFDs of
pre-Lalande craters on mare and highlands do not affect the observed
CSFDs and age determination on Lalande’s ejecta blankets. We derive an
AMA of 410 + 20 Ma (CSFD-fitted N(1) value of (3.43 & 0.14) x 10~*
km™~2) by combing all the crater counts in CECE1-CECE3 areas (Fig. 4d).
For craters larger than ~170 m, the CSFDs for CECE1-CE3 show some
degrees of deviations from the isochrons. The CSFDs for craters >350 m
in CE1 can be fitted with an isochron and report a much older age of 2.2
+ 0.5 Ga (N(1) = (1.86 & 0.40) x 103 km’z), indicating a possible re-
surfacing event and the mixture of two crater populations on the
continuous ejecta blankets of Lalande.

Two crater populations are also observed on the entire ejecta blan-
kets on the mare (Fig. 4e, Supplementary Table S4): 1) Fitting of craters
~110-170 m in diameter derives an AMA of 400 + 9 Ma (N(1) = (3.32
+ 0.07) x 10~* km™2), very close to the age of combined CE1- CE3
regions. 2) Fitting of craters >1.2 km in diameter obtains a much older
AMA of 3.873:0¢ Ga (N(1) = (1.86 + 0.53) x 1072 km™?), indicating an
older deposits emplaced before the Lalande impact event.

For crater counts on the rocky rim region (Fig. 4e), the CSFDs yield
an considerably younger AMA of 230 + 10 Ma (N(1) = (1.89 £+ 0.12) x
10~*km™2). This younger AMA is likely caused by the presence of large
boulders that hinder the efficiency of crater formation (e.g, Williams
et al., 2014) and steep topography that erases small craters efficiently
due to the mass wasting process (e.g., Xiao and Strom, 2012). Therefore,
the crater counts on this region tend to underestimate the formation
time of Lalande crater.

3.2. The effect of ejecta burial and pre-Lalande craters

Based on the empirical distribution of ejecta thickness model
described in section 2.3, we calculate that the ejecta thicknesses of
Lalande crater are ~340 m at the rim crest and decrease to ~9 m at a
distance of ~40 km, the farthest location for our crater count working
areas CE1-CE3. Correspondingly, the thicknesses of ejecta deposited
within pre-Lalande craters Tinn.r are estimated to be ~1 km-26 m
(Fig. 5a). As a result, the diameters of smallest survival pre-Lalande
craters D (r) are ~5 km at Lalande’s rim crest and decrease rapidly to
~170 m at a distance of ~40 km from crater center (Fig. 5b). As shown
in Fig. 5b, at a certain distance from Lalande’s center, all pre-existing
craters smaller than the smallest survival diameter would be
completely buried by Lalande’s ejecta and cannot survive the Lalande
impact event. Conversely, all observed craters smaller than this critical
diameter should basically postdate the Lalande impact, while all pre-
existing craters larger than this critical diameter can be only partially
buried and thus can potentially survive and been observed. So, all
observed craters on the Lalande ejecta blankets larger than these critical
diameters contain a combination of almost all pre-existing and subse-
quent craters.
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For the range of CE1-CE3 areas (~20-40 km from Lalande crater
center), the corresponding smallest survival pre-Lalande craters are
estimated to be ~1 km-170 m in diameter. All pre-Lalande craters
smaller than ~170 m and a portion of pre-Lalande craters of ~170 m-1
km in diameter should have been completely buried by Lalande’s ejecta
materials (Fig. 5b). Based on these modelling estimations, we conclude
that the effect of pre-Lalande craters on the dating results (410 + 20 Ma)
by fitting small craters <~170 m in diameter can be negligible (if any)
and this age reflect the formation age of Lalande crater. The very close
dating results from different working areas (CE1-CE3) further validate
our small crater population measurements. In addition, because all
craters D < ~170 m on CE1-CE3 are expected to accumulate from the
same reset surface conditions (i.e., totally re-surfaced by Lalande’s
ejecta), there should have been negligible difference between mare (CE1
and CE2) and highlands (CE3) in the CSFDs of this diameter range, as we
observed in Fig. 4a-c.

The pronounced deflections from isochrons observed at larger di-
ameters (> ~ 170 m; Fig. 4a,e) can be attributed to the population of
some survived pre-Lalande craters (~170 m-1 km), which may cause an
overestimated age as we observed for craters >350 m in CE1 area. We
suggest this older age (2.2 £+ 0.5 Ga) is of very little geological signifi-
cance and cannot be linked to any geological event because the crater
population is incomplete (a part of the pre-Lalande craters should have
been erased). This observation also shows that although we have suc-
cessfully excluded almost all pre-Lalande craters in 2CE2 and CE3 areas
through morphological examinations (Figs. 3 and 4b, c), a small portion
of pre-Lalande craters still remain in the crater measurements in CE1
area. This practice demonstrates the very challenging task for identi-
fying pre-existing small craters on aged surface, as various modification
processes (impact gardening, topographic degradation, etc) can modi-
fied the very subtle morphological evidence of the burial trace of ejecta
flows.

4. Discussion
4.1. The formation age of Lalande crater

On the basis of optical maturity parameter (OMAT) value profiles
derived from large (D > 20 km) lunar ray craters, Grier et al. (2001)
classified Lalande crater as the “intermediate age group”, which has
inferred ages between Tycho (~109 Ma) and Copernicus (~810 Ma)
crater. In this study, we determine that Lalande crater has a formation
age of 410 + 20 Ma based on our crater counts on CE1-CE3 (Fig. 4a-d)
and quantitative model-based estimations (Fig. 5b) and confirm that it is
of Copernican period. Our age is very close to the age of 495 Ma ob-
tained by Mazrouei et al. (2019) from LRO Diviner rock abundance
measurements, and both these two ages fall well within the age range of
~109 Ma - 810 Ma (Grier et al., 2001), indicating that all the three re-
sults are broadly consistent with each other.

Similar to CE1 (Fig. 4a), the CSFDs for larger crater diameters (D >
1.2 km) on the entire ejecta blankets on the mare (Fig. 4e) also fit a much
older age of 3.873:3¢ Ga (Fig. 4e) comparing to Lalande’s formation age.
Based on our estimations (Fig. 5b), none of the pre-Lalande craters D >
~1.2 km would have been completely buried by Lalande’s ejecta within
the distance range of CE1-CE3, and thus, almost all craters form before
and after Lalande on these regions could remain to now, if we do not
consider the influence other re-surfacing processes. Therefore, we
consider that the AMA of 3.873:3¢ Ga represents the cumulative distri-
butions of the combined all pre- and post-Lalande craters and reflects the
age of local basalt unit (noting that we do not exclude pre-Lalande
craters in this region as we do in regions CE1 to CE3) on which the
ejecta blankets of Lalande crater is superposed. This age is close to the
older age of IN4 mare unit (2.9/3.5 Ga; Hiesinger et al., 2003) which
locates in the northern region near Lalande.
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4.2. Implication for the source region of the KREEP-rich lunar meteorite
SaU 169

Integrating ages of many lunar craters estimated from Lunar Orbiter
images obtained the 1960s (Baldwin, 1985) and elemental composi-
tional mapping results (especially regolith Fe-Ti-Th concentrations),
Gnos et al. (2004) suggested that the characteristics of the Lalande crater
is most consistent with the age and compositional data of SaU 169.
However, our updated crater population dating analysis using modern,
uniform, high-resolution imagery and the latest understanding of lunar
impact flux and radio-isotopic dating results cratering chronology model
revealed that the age of Lalande is inconsistent with any of the radio-
isotopic ages (~3.9 Ga, ~2.8 Ga, ~200 Ma, and <0.34 Ma; Gnos
et al., 2004) recorded in SaU 169. Therefore, we conclude that Lalande
crater is unlikely to be a source region of lunar meteorite SaU 169
because this impact event occurring at the timescale of 410 + 20 Ma was
not recorded in the meteoroid.

As for the much older age of 2.2-2.8 Ga obtained by Baldwin (1985),
we consider the main reason is that his CSFDs measurements were mixed
by the populations of pre-Lalande craters. The crater counts and dating
of Baldwin (1985) are based on an assumption that the formation of an
impact crater can totally erase the original surface and completely bury
all the pre-existing craters in the locations of crater interior and ejecta
blanket. However, our morphological investigations (Fig. 2), crater
counts (Fig. 4 and section 3.1), and theoretical estimations (Fig. 5 and
section 3.2) show that this assumption cannot be applied to the situation
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of Lalande, and the mixing of pre-Lalande craters will inevitably lead to
an overestimated model age (Fig. 4a and section 4.1), especially
considering that his crater counts are mainly conducted for relatively
larger craters (D > 0.5 km) due to the limitation of image quality, the
influence of larger craters (D > ~1 km) pre-Lalande craters may be more
dominant (Fig. 5b). In addition, the possible influence of secondary
craters cannot be ruled out, and Baldwin (1985) also noted that “the
presence of substantial numbers of secondary craters” is suggested in the
CSFDs measurements of Lalande. Besides, the widely accepted PFs and
CFs such as Neukum et al. (2001) have not been well established at that
time, which may also affect the accuracy of crater dating.

In addition, the similarities in chemistry, mineralogy, texture, and
isotopic age between the high-Th IMBs of SaU 169 and Apollo 12 sam-
ples support that these high-Th IMBs may form in the same primary
impact event (most likely to be the Imbrium event), experience one or
more subsequent impacts and remobilizations, and then be delivered
from the same area of the Procellarum KREEP Terrane to their launch/
current locations (Zeigler et al., 2006; Liu et al., 2012). However, sam-
ples collected by the Apollo 14 mission from a location between Lalande
crater and Apollo 12 site do not contain such high-Th IMBs (e.g., Jolliff
et al., 1991; Korotev et al., 2011). These observations also disapprove
Lalande as a source region of the Apollo 12 and SaU 169 IMBs, other-
wise, similar IMBs should have also been delivered to the Apollo 14 site.
In combination with our age determination results, the impact event of
Lalande is unlikely to play a role in the excavation and remobilization
processes of SaU 169, and the unique high-Th meteorite SaU 169 is yet to
search other more likely source region linking to its recorded impact
events at ~2800 Ma and ~ 200 Ma. Since this study has excluded
Lalande crater as the potential source of SaU 169, a revisit to the other
Th hotspots such as regions around Aristarchus crater, Aristillus crater,
and Montes Carpathus-Fra Mauro (Gnos et al., 2004) are a promising
effort.

5. Conclusion

In this study, we conduct crater counts on several regions of
Lalande’s ejecta blankets and quantitatively assess the influence of pre-
existing craters on the age determination of Lalande crater. Based on
these analyses, we obtain that Lalande crater is a Copernican crater with
a formation age of 410 + 20 Ma. The formation age of Lalande is
inconsistent with any impact events recorded in meteorite SaU 169, so
Lalande crater is unlikely to be the source region of this meteorite.

We find that the crater statistics of Lalande are heavily influenced by
the existence of pre-Lalande craters larger than ~170 m in diameter.
Incorporating these pre-existing craters would lead to a largely over-
estimated age of Lalande crater and may be the main reason of the much
larger age of ~2.5 Ga obtained by the crater dating of Baldwin (1985).
According to our quantitative estimation, it is expected that all pre-
Lalande craters larger than ~1 km on the counting regions in this
study could survive Lalande’s ejecta burial and remain observed. The
population of these larger craters contains surface age information of the
underlying mare deposits with an Imbrian age of 3.8*3:3¢ Ga.

Our case study of Lalande crater sheds light on the source region of
lunar meteorite SaU 169 and indicates that the age determination using
small crater populations should be treated with very caution, and fully
understanding the geologic context of the surface is extremely essential
for a more reliable dating result.
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