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Abstract China's Chang'E-5 (CE-5) mission landed at 43.06°N and 51.92°W on 1 December 2020, within
the Northern Oceanus Procellarum region of the Moon. The CE-5 landing site is situated within a young lunar
basalt unit estimated to be around 2.0 Ga. A comprehensive understanding of the lunar regolith composition
within the CE-5 region is pivotal as it furnishes additional scientific evidence concerning its origin. This, in
turn, would further improve our understanding of lunar geology and evolution. In our studies, we employed

a variety of spectral data and derived products including the CE-5 Lunar Mineralogical Spectrometer data,

the ferrous mineral abundance derived from Kaguya Multiband Imager, and the Chandrayaan-1 Moon
Mineralogical Mapper data. These data enabled us to determine and analyze the compositions of the diverse
materials present in the CE-5 region and to pinpoint the origins of exotic materials found therein. Our results
indicated that the exotic material within the CE-5 region is principally composed of clinopyroxene and
plagioclase (P1). Further analysis unveils that the CE-5 regolith embodies a blend of two distinct varieties

of clinopyroxene, designated as Type A and Type B, along with feldspar. This discovery markedly diverges
from the conclusions drawn by preceding studies, which relied solely on remote sensing data. Moreover, the
exotic materials are predominantly constituted by the ejecta of Harpalus and Aristarchus craters. This finding
furnishes a substantial geological background for the analysis of exotic materials in the samples returned by the
CE-5 mission in forthcoming studies.

Plain Language Summary China's Chang'E-5 (CE-5) mission successfully landed on the Moon
within a young basalt unit. Understanding the composition of the lunar soil in this region is imperative

for propelling our comprehension of lunar geology and its origin. Our analysis revealed that the lunar soil
within the CE-5 region is an amalgam of three distinct mineral types. This finding challenges the previous
understanding, which was primarily predicated on remote sensing data. Moreover, our investigation unearthed
that the exotic materials found in the region primarily originate from the Harpalus and Aristarchus craters. This
study endeavor furnishes novel insights regarding the provenance of exotic materials in the returned samples,
thereby laying a substantial foundation for the ensuing examination of the CE-5 samples.

1. Introduction

On 1 December 2020, China's Chang'E-5 (CE-5) spacecraft landed at 43.06°N and 51.92°W (Wang et al., 2021)
within the Northern Oceanus Procellarum (Figure 1). This mission marks the most recent robotic lunar sample
return since Luna-24 in 1976. The landing site is located in one of the youngest lunar basalt fields (Qian, Xiao,
Wang, et al., 2021) with an age of ~2.0 Ga (Che et al., 2021; Li et al., 2021). Subsequent analysis of the returned
samples indicates that the CE-5 lunar soils predominantly consist of plagioclase and clinopyroxene, with minimal
trace amounts of olivine and other minerals (Li et al., 2022). The lunar soils at the CE-5 landing site embody
a blend of both local and exotic components. Previous studies have indicated that the majority of the returned
samples originate from local basalts (He et al., 2022; Li et al., 2022), specifically the Em4 mare unit (Qian, Xiao,
Head, et al., 2021; Qian et al., 2018). The Em4 unit (or named P58) is the Eratosthenian-aged moderate-Ti mare
basalts (1.6—1.7 Ga) (Hiesinger, 2003; Qian et al., 2018). However, the presence of small quantities of exotic
clasts (Zeng et al., 2023) and glass (Yang et al., 2022), characterized by compositions distinctly divergent from
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Figure 1. The CE-5 landing site is located at 43.06°N and 51.92°W (red star), while Aristarchus, Kepler, Copernicus,
Harpalus, and Sharp B craters (green circles) are candidate sources of exotic ejecta. The basemap is the Chang'E-1 global
mosaic, which can be accessed at planets.cug.edu.cn

the local materials, has also been discerned within the returned samples. The CE-5 exotic material may have
been transported to the landing site from distant impact craters located outside the Em4 unit (Hou et al., 2022;
Jia et al., 2021; Qian, Xiao, Wang, et al., 2021; Xie, Xiao, et al., 2020). Nonetheless, a consensus regarding the
relative contribution of the candidate source craters remains elusive.

Xie, Xiao, et al. (2020) were the first to utilize a new ballistic sedimentation model to analyze the origin of exotic
materials within the landing region. According to their findings, the volumetric abundance of the exotic material
in the CE-5 regolith ranges approximately between 12% and 20%, with the Aristarchus crater contributing around
7% and the Pythagoras crater about 5% as the primary sources. Subsequently, Qian, Xiao, Wang, et al. (2021)
also leveraging this model in their analysis, propose an alternative perspective. They posited that the predom-
inant ejecta, categorized based on a morphologically-defined age classification, originates from the Harpalus
crater, exhibiting a NE-SW orientation. Conversely, Jia et al. (2021) proposed that the NE-SW orientated ejecta
derived from Sharp B crater, rather than Harpalus crater. Hou et al. (2022) re-determined the ages of all exotic
source craters based on previous studies employing the crater size frequency distribution (CFSD) method. They
proposed that Aristarchus, Copernicus, Harpalus, Kepler, and Sharp B craters are relatively younger than the
CE-5 landing region, suggesting that these craters (green circles in Figure 1) could plausibly serve as the principal
sources of the exotics at the CE-5 landing site. However, it is noteworthy that none of these studies delved into the
composition of the CE-5 landing area and the exotic craters. In this study, building upon the five candidate craters
delineated by Hou et al. (2022), we analyzed the material compositions to ascertain the more likely potential
sources of exotic material within these five craters.

A profound comprehension of the lunar regolith composition within the CE-5 region will help provide additional
scientific evidence regarding its origin, which, in turn, would further improve our understanding of lunar geology
and dynamic processes. Such understanding can be achieved by analyzing the composition of in situ materials,
exotic materials, and regolith materials present within the landing area. In this study, we utilized the in situ spec-
tral measurements collected by the Lunar Mineralogical Spectrometer (LMS) aboard the Chang'E-5 lander, in
conjunction with orbital spectral data, to investigate the source craters of the exotic materials.

2. Spectral Characteristics of Typical Lunar Minerals

Typical materials constituting the lunar surface encompass plagioclase, pyroxene, olivine, ilmenite, glass, and
other minor minerals (Papike et al., 1991). The CE-5 returned samples primarily contain plagioclase and pyrox-
ene as the main minerals (Li et al., 2022).

Olivine (Ol) exhibits a broad and asymmetric absorption band near 1.05 pm, yet it lacks a 2 pm absorption band
(Cloutis & Gaffey, 1991; King & Ridley, 1987; Sunshine & Pieters, 1998). The spectral characteristics of pyroxene
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are more varied. Pyroxenes (PX) can be broadly classified into two main types based on the differential amount
of calcium present: orthopyroxenes and clinopyroxenes. Orthopyroxene (OPX) displays a relatively narrow and
symmetrical absorption band near 0.9 pm, alongside a broad absorption band near 1.9 pm (Adams, 1975; Cloutis
& Gaffey, 1991). In contrast, clinopyroxene (CPX) can be categorized into two spectral types: Type A CPX and
Type B CPX. Type A CPX refers to high-Ca clinopyroxene, which exhibits a complex absorption band near 1 pm
yet lacks a 2 pm absorption band, akin to Ol (Cloutis & Gaffey, 1991; Schade et al., 2004). Conversely, Type
B CPX spectrally corresponds to low-Ca clinopyroxene, exhibits a narrow, symmetrical 1 pm absorption band
centered between 0.95 and 1.05 pm, as well as a broad 2 pm absorption band centered between 2.1 and 2.32 pm
(Adams, 1975; Cloutis & Gaffey, 1991). The distinctive spectral features of Type A CPX arise from the filling of
the M2 site with Ca®* ions (Cloutis & Gaffey, 1991; Klima et al., 2011; Warren & Lawrence Bragg, 1929). When
the Wollastonite (Ca,Si,O,, or Wo) content is high (as observed in certain diopside, hedenbergite, and augite
compositions), the spectral features of Type B CPX transform into those characteristic of Type A CPX (Klima
et al., 2011).

Certain variants of plagioclase (P1) exhibit a broad absorption band centered between 1.10 and 1.35 pm when Fe?*
substitutes for Ca, although this band is typically quite weak (Adams & Goullaud, 1978; Cloutis & Gaffey, 1991).

3. Data and Methods
3.1. CE-5 Lunar Mineralogical Spectrometer Hyperspectral Data

The Lunar Mineralogical Spectrometer (LMS) constitutes one of the scientific payloads aboard the CE-5 lander
(Zhou et al., 2022). It covers a spectral range from 480 to 3,200 nm, encompassing four distinct channels: visi-
ble (VIS; 480-950 nm), near-infrared (NIR; 900-1,450 nm), shortwave infrared (SWIR; 1,400-2,300 nm), and
mid-wave infrared (MWIR; 2,200-3,200 nm) (Xu et al., 2022). The spectral resolution varies from 2.4 to 24.8 nm
(Zhou et al., 2022).

LMS has two in-flight operation modes: (a) the full-band target mode (hyperspectral mode) and (b) the full-view
scanning mode (multispectral mode) (Xu et al., 2022). The multispectral mode covers the entire sampling region,
whereas the hyperspectral mode collects only a limited number of hyperspectral spectra in a region of interest.
The data utilized in this study were acquired in the full-band target mode.

In this paper, the LMS spectral data covering the range of 480-2,650 nm were utilized to analyze the in situ
spectra of CE-5. The VIS, NIR, and SWIR data were employed to delve into the mineralogy (Lv et al., 2022).
A segment of the MWIR range (2,655-3,200 nm) was omitted from the analysis due to thermal effects (Lin
et al., 2021). Beyond the 2,000 nm threshold, thermal emissions progressively dominate the signal, overpow-
ering the near-infrared reflectance signals (Clark et al., 2011). The level 2B data of LMS were used in this
study, which have gone through dark current subtraction, scattering-background correction, flat field, instrument
temperature correction, radiometric calibration, and geometric calibration (J. J. Liu et al., 2022). The spectra were
calibrated with respect to relative reflectance using solar irradiance (Gueymard, 2004) as per the methodologies
delineated by Zhang et al. (2015) and Huang et al. (2020). Reflectance expressed in terms of the reflectance
factor (Hapke, 2012) was obtained by using the solar irradiance calibration method (Zhang et al., 2015). Spec-
tra derived from different detectors were merged by scaling at overlapping wavelengths to accommodate their
varying responses. While the MWIR data remained unscaled, the SWIR, NIR, and VIS data were connected and
scaled to the longer wavelength data (Figure 2). Due to data anomalies within the 940-950 nm range, the prob-
lematic bands in the merged scaled VIS spectra (Figure 2) were excised from the analysis.

3.2. Kaguya Ferrous Mineral Abundance Mosaic

The Multiband Imager (MI) is one of the 14 instruments on the Kaguya mission (Ohtake et al., 2008). The MI
is a high-resolution multiband imaging camera that encompasses nine spectral bands in the VIS and NIR ranges
(Kodama et al., 2010). Utilizing these multispectral images, nine near-global maps have been derived, including
olivine, clinopyroxene, orthopyroxene, plagioclase, FeO, optical maturity, the abundance of SMFe, and the grain
size for plagioclase (Lemelin et al., 2015, 2019). The derivation of these maps were derived employed Hapke's
radiative transfer equations and the optical constants of Lucey et al. (2000), which were further refined by Lucey
et al. (2014) (Lemelin et al., 2015, 2019). Validation of the method using spectra of lunar soil of known compo-
sition reveals an error in the mineral abundance estimation of +8 wt.% (Lemelin et al., 2015).
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Figure 2. An example (D8) of the original and the processed LMS spectra. The black line represents the merged spectra
scaled to the MWIR region. The red, green, and blue lines represent the original VIS data, original NIR data and original
SWIR data, respectively. The vertical lines represent the spectral ranges of each spectrum.

In this study, where the discussion encompasses Type A CPX, it is pertinent to note that the CPX abundance is
computed as the aggregate of a fraction of Type A CPX and the entirety of Type B CPX. Similarly, the olivine abun-
dance is determined as the sum of a portion of Type A CPX and all olivine, based on Lemelin et al. (2015, 2019).

While the ferrous minerals weight percentage of derived from the MI may not reflect the ground truth weight
percentage, it retains its utility in discerning the relative mineral content, chiefly the relative abundance of
Orthopyroxene (OPX). Initially, we utilized the four mineral maps (olivine, clinopyroxene, orthopyroxene, and
plagioclase) of the four candidate source craters (Aristarchus, Kepler, Copernicus, and Sharp B) and CE-5 land-
ing region produced by Lemelin et al. (2019) to investigate candidate exotic material sources for the landing site.

While the ferrous mineral weight percentage ascertained from the Multiband Imager (MI) may not reflect the
precise ground truth weight percentage, it retains its utility in discerning the relative mineral content, chiefly
the relative abundance of Orthopyroxene (OPX). Initially, we employed a quartet of mineral maps encompass-
ing Olivine, Clinopyroxene, Orthopyroxene, and Plagioclase of the four prospective source craters (Aristarchus,
Kepler, Copernicus, and Sharp B) alongside the CE-5 landing vicinity, as delineated by Lemelin et al. (2019), to
probe into the plausible exotic material origins for the landing site.

3.3. Moon Mineralogy Mapper Data

The Moon Mineralogy Mapper (M3) is a high-resolution, high-precision imaging spectrometer on Chandrayaan-1,
with a spatial resolution of 140 m/pixel and 86 spectral bands spanning from 430 to 3,000 nm (Pieters et al., 2009).
The M3's level 2 reflectance data, which were downloaded from the NASA Planetary Data System, has been
subjected to several corrections, including radiometric correction (Green et al., 2011) geometric correction
(Boardman et al., 2011), thermal correction (Clark et al., 2011), photometric correction (Besse et al., 2011; Hicks
et al., 2011), and ground truth correction (Isaacson et al., 2013). This data is used as an integral part of our study.

As previously articulated, the categorization of Type A clinopyroxene (CPX), Type B CPX, and olivine predi-
cated based on the MI-derived ferrous mineral weight is a challenge. To delve deeper into the intricacies of the
material composition within the region, we collected hyperspectral M3 data of the potential source craters follow-
ing the analysis predicated on MI. The M3 data were obtained at equidistant points from the center of the craters
toward the landing site. The spectra of the Aristarchus and Harpalus craters were extracted from the M3 images
M3G20090418T132620 (OP2A) and M3G20090209T033051 (OP1B), respectively.

3.4. Spectral Band Parameters

We utilize several band parameters devised by Horgan et al. (2014) that are sensitive to lunar mineralogy to quan-
titatively characterize the spectral features. The calculation of the band parameters requires the processing of the
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original spectra into continuum removed spectra. We removed the continuum

0 of the LMS and M3 spectrum by fitting a second-order polynomial convex.

The tie points adjusted to the maximize band area near 0.7, 1.5, and 2.5 pm.

-500 The parameters we utilize in this manuscript include the band center, asym-
metry, and band Area Ratio for the 1 and 2 pm iron bands. The 1 pm center
-1000 (Blcen) represents the wavelength position within a 75 nm range around the
2 -1500 band minimum in the 1 pm absorption band. It is determined by fitting a
g fourth-order polynomial to all channels and finding the minimum. Similarly,
> 2000 the 2 pm center (B2cen) represents the wavelength position within a 75 nm
range around the band minimum in the 2 pm absorption band. It also involves
-2500 fitting a fourth-order polynomial to all channels but differs from Blcen in
being focused on the 2 pm band. The percentage of the total area corresponds
-3000 to the 1 pm asymmetry (Blasy), which is calculated as the difference between
the band area to the left and right of Blcen. The area ratio is the ratio of the
=300 2 pm area to the 1 pm area. The area is calculated by subtracting the value
23000 -2500 -2000 -1500 -1000 -500 0 500 of each channel in the given range from one (1) and then multiplying it by
X(mm) the spectral resolution at that channel. These parameters are typically plotted
in combinations, such as band center versus asymmetry for the 1 pm band,

Figure 3. A diagram of the Lunar Mineralogical Spectrometer (LMS) 1 versus 2 pm band centers, and 1 pm band centers versus band Area Ratio.

working area. The red squares represent the footprints of the measurements of
the LMS hyperspectral mode. The red arrow indicates the rock observed by the

LMS instrument.

4. Results
4.1. CE-5 Landing Site

The CE-5 landing site is located within the Em4 unit in the Northern Oceanus

Procellarum (Qian et al., 2018). The Em4 unit is a young and relatively flat
mare unit. This study encompasses the analysis of nine spectra acquired by the CE-5 Lunar Mineralogical Spec-
trometer (LMS), designated as DS, D9, D10, D11, D12, D14, D15, D16, and D17, respectively. The spatial
distribution of these spectra is illustrated in Figure 3. It merits mention that the LMS hyperspectral data cover-
age encompasses a relatively small area of approximately 3 X 3 m? in proximity to the landing site. The spectra
were sampled from the lunar soil, with the exception of D11, which was sampled on a rock near the landing area
(Figure 3).

All of the spectra exhibit a significant red slope in the VIS and NIR band due to space weathering (Pieters,
Taylor, Noble, et al., 2000). For the soil spectra (D8, D9, D10, D12, D14, D15, D16, and D17), the Blcen values
range from 0.97 to 1.03 pm, the Blasy values range from 0.15 to 0.35, and the B2cen values range from 1.97 to
2.15 pm. Additionally, the Area Ratio ranges from 0.24 to 0.52. Based on the three combination diagrams of the
band parameters, the soil spectra can be divided into three distinct groups. The first group is characterized by
lower Blcen, higher Blasy, higher B2cen, and lower Area Ratio (such as D12) compared to all the LMS spectra.
The second group shows a higher Blcen, lower Blasy, lower B2cen, and higher Area Ratio (like D14 and D15).
The residual samples can be deemed transitional between the two initial groups (Figures 4c—4e). D11 represents
the only spectra obtained from lunar rock. The spectra of D11 exhibit more prominent 1 and 2 pm spectral
features than the other soil spectra (Figure 4a). The band parameters of D11 are similar to those of D12, with
Blcen at 0.97 pm, Blasy at 0.46, B2cen at 2.11 pm, and an Area Ratio of 0.23.

According to the Kaguya MI ferrous mineral abundances, the absolute mineral abundances of CPX, OPX, Ol,
and PI (Lemelin et al., 2015, 2019) are estimated surrounding the CE-5 site. We discerned two kinds of vertical
striping within the study area (depicted as yellow and purple unit in Figure 5). We believe that the yellow unit is
more plausible and the center of the landing zone is also located on the yellow unit. It has an CPX ~37 wt.%, OPX
~9 wt.%, Ol~14 wt.% and Pl ~40 wt.%, assuming CPX + OPX + Ol + P1 = 100 wt.% (white square in Figure 5).
The abundances of CPX and P1 are high and Ol and OPX are low.

4.2. Candidate Source Craters of the Ejecta in CE-5 Landing Site

The composition of ejecta can exhibit significantly in different directions due to factors such as impact angle,
velocity, target composition, and topography (Collins et al., 2012; Melosh, 1989). In scrutinizing the composition
of candidate exotic materials at the landing site, the relative position of the impact crater in relation to the landing

YANG (%% #) ET AL.

Sof 16

851807 SUOWILLIOD AIKERID 3ol jdde aup Aq peuseob aJe 3o le YO ‘8sn Jo SaIn1 10} Aq)TaUIIUO AB]IM UO (SUOTPUOD-pUR-SLLBIALI0D" A3 1M ARe.d jBu JUO//Sd1IY) SUORIPUOD Pue SWLB | 8U3 88S *[£202/TT/80] U0 AkiqiTauluo A8|IMm 'O AIsieAlun BuyO-S1eD Ad 806/003rE202/620T OT/I0PALI0Y A8 | AReiq puljuo'sgndnBe//:sdny woly papeo|umoq ‘0T ‘€202 ‘00T669TZ



Aru g
AUV
ADVANCING EARTH

AND SPACE SCIENCES

Journal of Geophysical Research: Planets

10.1029/2023JE007908

0.25

0.20

Reflectance
o
&

o
s

0.00

00s— #

(b)

o w

Stacked Continuum Removed Reflectance
=]
o

0.5 1.0 1.5 2.0 25 0.5 1.0 1.5 2.0 2.5,
Wavelength (um) Wavelength (um)
R N T 10 T
YT
R d ] @ Group1
L (e DIt | AR (1)) 3 (e)

04 ( ) mz||. o ® Group2
19\ | 08} @ Group3 ||
| D@1 | & ra
I @@V I rod

g o2- I’ o \\ls‘\ I i f
g D8 5 06 .
: F——-'®9_ J‘.t o= i 5 D12 2 L
B - =7 S N g 0 O
2 | D15 | N 9N 1z , pis @)
E | | 2 21 ‘\ ])l[\\ < o4 ll.l)s .1)17___[){_
2 00 S \ DI\ ) ! l/ »
= I I “ | .\\ D15 1 piol
| | ID."’ D9 —", Dlz‘\ o
Lo a 20 ll ®pi 7, E 02 wu/’m 7
.__0 -

02+ . Dg =——""

1 L I 1.9 1 L L 00l . PR B PR B P R

0.90

095

1 jum Band Center

1.00
1 pm Band Center

0.90 1.00 0.90 1.10

1 pm Band Center

1.00 1.05 1.10

Figure 4. Lunar Mineralogical Spectrometer (LMS) hyperspectral data. (a) Reflectance of the processed spectra. (b) Continuum-removed reflectance. (c—e)
Comparison of 1 and 2 pm band parameters for the CE-5 LMS data. The purple, green, and blue points represent the soil spectrum of Group 1, Group 2, and Group 3,
respectively. The red star represents the rock's spectra (D11). Specific sample information is listed in Table S1 in Supporting Information S1.

site must be considered. For the Aristarchus, Kepler, and Copernicus craters, their northern ejecta is oriented
toward the CE-5 landing site, whereas for the Harpalus and Sharp B craters, their southwest ejecta is directed
toward the CE-5 site (Figure 1). Additionally, the thickness of the ejecta augments in proximity to the crater rim
(Collins et al., 2012; Xie, Liu, & Xu, 2020). The more pronounced the ejecta thickness, the more discernible the
spectral characteristics of the ejecta minerals compared to the background. The material ejected from the impact
crater retains the same orientation, relative to the center of the impact crater, as the pre-impact material (Collins
et al., 2012; Xie, Liu, & Xu, 2020). Hence, we selected spectra from the corresponding directions near the rim
of the ejecta and their background for the analysis of spectral properties and composition of any candidate exotic
materials from these five craters.

4.2.1. Kepler

Kepler crater is located at 8.11°N and 38°W, southeast of the landing site, and has a diameter of 30.12 km.
The study area for this crater spans between 3.5 and 12°N and 34—42.5°W (Figure 6a). The crater is positioned
between Mare Insularum and Oceanus Procellarum. We selected spectra corresponding to two ejecta blankets
and Oceanus Procellarum basalts. The absolute mineral abundances of the nearby ejecta unit are CPX ~ 19
wt.%, OPX ~ 24 wt.%, Ol ~ 4 wt.% and Pl ~ 53 wt.%. In contrast, the absolute mineral abundances of the
distant ejecta unit are CPX ~ 14 wt.%, OPX ~ 23 wt.%, Ol ~ 7 wt.% and Pl ~ 56 wt.%. As a comparison, the
background absolute mineral abundances are CPX ~ 2 9 wt.%, OPX ~ 19 wt.%, Ol ~ 13 wt.% and P1 ~ 38
wt.%.
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Figure 5. The basemap is the RGB composite of ferrous mineral abundance
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51°0'W 50°0'W  49°0'W 4.2.2. Copernicus

Copernicus crater is located at 9.64°N and 20.06°W, and has a diameter
of 94.30 km. The study area associated with this crater covers a quadrant
within 7-12.7°N and 17.3-22.5°W (Figure 6b). The mineral composition
of Copernicus ejecta exhibits heterogeneity in the azimuthal direction.

44°0N

The ejecta predominantly extends in a northwest direction (toward the
landing site), although a small amount diverges in other directions. The

43°0'N

composition of the ejecta appears relatively uniform and is depicted as
green in the mineralogical composition map known as the "red spots”
(Whitaker, 1972). Shkuratov et al. (2016) suggested that the asymmetry of
the ejecta is related to the inclination of the impactor trajectory. Reflect-

42°0'N

ing the analytical approach to the Kepler crater, two ejecta blankets from
Copernicus were selected for the study. The absolute mineral abundances
of the red spots unit are CPX ~ 6 wt.%, OPX ~ 1 wt.%, Ol ~ 7 wt.% and
P1 ~ 86 wt.%. In contrast, the absolute mineral abundances of the distant
ejecta unit are CPX ~ 15 wt.%, OPX ~ 20 wt.%, Ol ~ 2 wt.% and P1 ~ 63

51°0'W 50°0'W 49°0'W

(Lemelin et al., 2015, 2019) covering the CE-5 landing site. The red wt.%.

channel corresponds to CPX, green channel represents Ol, and blue channel

corresponds to OPX. The red star is the CE-5 landing site. The white square 4.2.3. Sharp B
is the area to calculate the average mineral abundance for CE-5 landing site

(Table 1).

Sharp B crater is located at 47°N and 45.34°W, northeast of the landing site,

and has a diameter of 20.96 km. The study area associated with this crater

bounds of 46.6—48°N and 44.1-46.5°W (Figure 6¢). The Sharp B crater does
not manifest conspicuous ejecta. Nonetheless, we have selected two distinct areas in the southwest that display
differences in composition. The absolute mineral abundances of the area near the crater are CPX ~ 12 wt.%,
OPX ~ 17 wt.%, Ol ~ 8 wt.% and Pl ~ 63 wt.%. Conversely, the absolute mineral abundances of the area farther
away from the crater are CPX ~ 11 wt.%, OPX ~ 7 wt.%, Ol ~ 17 wt.% and Pl ~ 65 wt.%.

4.2.4. Aristarchus

Aristarchus crater is located at 23.74°N and 47.49°W, south of the landing site. It has a diameter of 40.14 km. The
study area for Aristarchus encompasses the region within 22.5-25°N and 46.3—49.5°W (Figure 6d). Significant
differences in the mineral composition exist between the northern and southern parts of the Aristarchus ejecta. In
this study, our study is exclusively directed toward the northern ejecta orientated toward the CE-5 site (indicated
by the red square in Figure 6d). We have selected three ejecta blankets and Oceanus Procellarum basalts for analy-
sis. The absolute mineral abundances of the nearby ejecta unit are CPX ~ 28 wt.%, OPX ~ 17 wt.%, Ol ~ 11 wt.%
and Pl ~ 44 wt.%. The unit corresponding to the ejecta at a medium distance from the crater exhibits absolute
mineral abundances of CPX ~ 32 wt.%, OPX ~ 17 wt.%, Ol ~ 11 wt.% and Pl ~ 41 wt.%. Additionally, the distant
ejecta unit displayed absolute mineral abundances of CPX ~ 27 wt.%, OPX ~ 19 wt.%, Ol ~ 13 wt.% and P1 ~ 44
wt.%. For comparative elucidation, the background absolute mineral abundances in the area are CPX ~ 25 wt.%,
OPX ~ 17 wt.%, Ol ~ 16 wt.% and Pl ~ 43 wt.%.

4.2.5. Harpalus

Harpalus crater is located at 52.73°N and 43.49°W, northeast of the landing site, and has a diameter of 39.77 km.
The study area for Harpalus is limited to the region encompassed by 7-12.7°N and 17.3-22.5°W. However, the
Kaguya mineralogical composite map (Lemelin et al., 2015, 2019) is not available for this region.

5. Discussion
5.1. Mineral Composition of the CE-5 Regolith Materials

Upon meticulous examination of the LMS hyperspectral data, we observed that most of the data exhibited high values
for Blasy, Blcen, and Area Ratio, which are similar to the spectral features of olivine (Figures 4c and 4¢). Nonethe-
less, the analysis of returned samples from the CE-5 mission indicated very low olivine abundance (He et al., 2022;
Jiang et al., 2022; Li et al., 2022; D. Liu et al., 2022; Tian et al., 2021; Zhang et al., 2021). This indicates that the cause
of this special spectral feature is not attributable to olivine. The spectral features of Type A CPX are very similar
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Figure 6. The candidate impact craters are considered as potential contributors of a relatively significant number of materials to the CE-5 landing site. These craters
include (a) Kepler, (b) Copernicus, (c) Sharp B, and (d) Aristarchus. The basemap is the RGB composite of ferrous mineral abundance (Lemelin et al., 2015, 2019).
The red channel corresponds to CPX, green channel represents Ol, and blue channel corresponds to OPX. The red and white squares represent the area to calculate the
average mineral abundance for candidate crater ejecta and corresponding background basalt, respectively (Table 1).

to those of olivine, with only a single absorption band at 1 pm and a low Area Ratio, rendering the differentiation
between Type A CPX and olivine a challenging endeavor when solely reliant on spectroscopy (Cloutis, 2002).

Moriarty and Pieters (2016) orchestrated a meticulous organization of the pyroxene composition and spectrum
in Apollo samples, as cataloged within the Lunar Rock and Mineral Characterization Consortium (LRMCC) and
Lunar Soil Characterization Consortium (LSCC). For the LRMCC basalt samples, both high and low calcium
pyroxene were observed in all basalt samples (Isaacson, Pieters, et al., 2011; Isaacson, Sarbadhikari, et al., 2011;
Klima et al., 2008). The high-calcium pyroxene not only aligns impeccably with the requisites delineated for Type
A CPX spectral characterization in Klima et al. (2011) in terms of chemical composition but also conspicuously
exhibits Type A CPX spectral characteristics. Similarly, the LSCC soil samples also show the presence of high
Wo and Type A CPX spectral characteristics (Pieters, Taylor, McKay, et al., 2000; Taylor et al., 2001, 2010). This
suggests that the existence of Type A CPX on the Moon.

Through the analysis of returned samples, we have determined that the high Blasy, Blcen, and low Area Ratio
are more plausibly ascribed to the abundant presence of Type A CPX, intermingled with a modest quantity of
olivine. Type A CPX is typically characterized by a higher calcium (Ca) content compared to Type B CPX
(Adams, 1975), and the pyroxene content within the CE-5 samples is relatively rich in Ca, consistent with the

YANG (75 F) ET AL.

8of 16

851807 SUOWILLIOD AIKERID 3ol jdde aup Aq peuseob aJe 3o le YO ‘8sn Jo SaIn1 10} Aq)TaUIIUO AB]IM UO (SUOTPUOD-pUR-SLLBIALI0D" A3 1M ARe.d jBu JUO//Sd1IY) SUORIPUOD Pue SWLB | 8U3 88S *[£202/TT/80] U0 AkiqiTauluo A8|IMm 'O AIsieAlun BuyO-S1eD Ad 806/003rE202/620T OT/I0PALI0Y A8 | AReiq puljuo'sgndnBe//:sdny woly papeo|umoq ‘0T ‘€202 ‘00T669TZ



) ¥l .
M\I Journal of Geophysical Research: Planets 10.1029/2023JE007908

ADVANCING EARTH
AND SPACE SCIENCES

sample results (He et al., 2022; D. Liu et al., 2022). Moreover, the dominant

Table 1
Averaged Mineral Abundances of the CE-5 Region and Candidate Exotic pyroxene mineral in the CE-5 landing region is mainly augite, with an aver-
Material Sources Using the Kaguya Ferrous Mineral Abundance Mosaic age composition of Wo,, jEn ¢ ,Fs.. o (Li et al., 2022). Klima et al. (2011)
(Lemelin et al., 2015, 2019) obtained spectra of different pyroxene compositions through synthesized
CPX OPX Ol Pl pyroxene, and the spectral features of DL-CMP-068 (Wo,,En,Fs,,) were
(wt.%)  (wt%)  (Wt%) (Wt%)  found to be akin to our LMS data (especially D11 in this study), which are
CE-5 37 9 14 40 essentially similar in composition to the returned samples. Hence, we have
el St e 19 o 4 53 determined that the m1nera¥s present in the CE-5 materials are.prlmarlly
composed of two types of clinopyroxene (Type A and B) and plagioclase, as
Distant ejecta 14 23 7 56 C . . ..
opposed to a significant admixture with olivine.
Background 29 19 13 38
Copernicus  Red spots * 6 1 7 86
5.2. Mi 1 f the CE-5 Landing Sit
Distant ejecta 15 20 2 63 tneralogy ot the anding Stte
Sharp B Nearby unit ® 12 17 8 63 Regarding the LMS soil samples, all of them exhibit slight asymmetry in the
Distant unit ® 1 7 17 65 lipm band, which %s attributed to the s.1gn1f.10ant feldspar content (Cheek &
- - - Pieters, 2014). In Figure 4c, all data points lie above the PX-phase and to the
Aristarchus  Continuous ejecta 28 17 11 44 . .
left of the Ol-phase. Horgan et al. (2014) categorized such samples as being
Medium ejecta 32 17 1 L in the PX-Ol mixing phase. However, their analysis of the band parameter
Distant ejecta 27 19 13 44 diagrams did not encompass Type A CPX. Considering the presence of Type
Background 25 17 16 43 A CPX, all samples are situated within the mixing phase of Type A CPX and

Note. Validation of the method using

Type B CPX rather than the Ol mixing phase (Figure 4c). This occurrence

spectra of lunar soil of known

composition reveals an error in the mineral abundance estimation of +8 wt.% may be attributed to the influence of partial Ca-rich CPX, which exhibits

(Lemelin et al., 2015).

high Blasy and high B1cen characteristics.

“Red spots unit is a high albedo unit (Whitaker, 1972) outside the northwest
rim of the Copernicus crater. ®No obvious ejecta blanket of Sharp B crater The sample points delineated in Figures 4c—4e sketch a roughly L-shaped

was observed. We selected units at different distances to analyze different domain. We have provided detailed characterization of the previously

mineral characteristics.

proposed three groups of soil spectra in Table 2. Most of the soil spectra

exhibit moderate-to-high Blcen values (>0.95 pm), moderate-to-high Blasy

values (>0.15), moderate B2cen values (>1.95 pm), and low Area Ratio
values ( < 1). Group 1 consists of only one member, D12. The characteristics of moderate Blcen and high B2cen
in Group 1 are similar to those of the augite phase, but with higher Blasy and lower Area Ratio values. Based
on these observations, we propose that Group 1 is predominantly composed of Type A CPX, Type B CPX, and
plagioclase. Conversely, Group 2 is characterized by high Blcen values, evoking the diopside phase. However,
most members of Group 2 also exhibit moderate Blasy values greater than 0.15, which is a characteristic of Type
A CPX, although not as pronounced as in Group 1. Group 2 thus appears to be primarily composed of Type B
CPX and plagioclase. In comparison, Group 3 represents a transitional group between the other two groups. It
exhibits band center features similar to augite with a slight Type A CPX band feature.

D11 exhibits the same band parameter characteristics as Group 1. Moreover, D11 has an even higher Blasy value
compared to the soil spectra. This suggests that the rock situated within the CE-5 landing zone shares a similar
composition with the CE-5 lunar soil material. The rock may either represent in situ material that has not under-
gone weathering into soil or exotic material with a composition akin to that of the landing site.

g?alt)sl;;cation by Band Parameters of Lunar Mineralogical Spectrometer (LMS) Hyperspectral Spectra
Blcen Blasy B2cen Area ratio CPX type (avg.) Ca content Members
Soil Group 1 moderate (0.97—1 pm) High (> 0.35) Moderate Low Augite High D12
Group 2 high (> 1 pm) Moderate (0.15-0.35) Moderate Low Diopside Moderate D14, D15
Group 3 Moderate Moderate-high Moderate Low Augite Moderate-high D8, D9, D10,
D16, and D17
Rock Moderate High High Low Augite High D11
YANG (#77%7t) ET AL. 9of 16
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Based on the analysis of LMS spectra, we have suggested that the material composition of the CE-5 landing site is
a mixture of two types of clinopyroxene (CPX) and plagioclase (P1). Furthermore, the composition of CPX within
the soil exhibits a lack of uniformity, particularly in the context of calcium (Ca) content.

To compare the laboratory spectra of the returned samples with the LMS spectra. We analyzed the spectra of
the returned samples utilizing the spectra provided by D. Liu et al. (2022). D. Liu et al. (2022) procured labo-
ratory spectra of CE5C-S1, CE5C-S2, and CE5C-S3 (CE5C0800YJFMO001-1, CESC0100YJFMO002-1, and
CE5CO0100YJFMO002-2). We used this spectrum (450-2,500 nm) to recalculate the band parameters. The recal-
culated band parameters for the laboratory spectra are elucidated in Table S1 in Supporting Information S1. The
results show that the band parameters (Blcen, Blasy, B2cen, and Area Ratio) obtained from the three laboratory
spectra are exceedingly analogous. The mean B1cen value is 1.02 pm. The mean Blasy is 0.26. The mean B2cen
is 2.19 pm. The mean Area Ratio is 0.50. Barring B2cen, the characterization of the other parameters (Blcen,
Blasy, and area ratio) is similar to Group 2 of LMS spectra, showing high Blcen (> 1 pm), moderate Blasy
(0.15-0.35), and low Area Ratio (< 1). This is the spectral characterization of Type A CPX. B2cen surpassed
the value of all LMS spectra. However, since the B2cen of Type B CPX ranges from 2.1 to 2.35, we considered
that both the B2cen of the laboratory and LMS spectra exhibit the characteristics of Type B CPX. In summary,
we considered that the laboratory spectra are similar to the LMS spectra in that they are dominated by the two
kinds of CPX.

5.3. Mineralogy of Candidate Source Craters

The dominance of clinopyroxene (CPX) and plagioclase (Pl) as the main components of the exotic material at
the CE-5 landing site may be attributed to the mineral composition of the site itself. Consequently, it is crucial
to determine the relative content of CPX, orthopyroxene (OPX), and olivine (Ol) in the candidate source craters
(Kepler, Copernicus, Sharp B, Aristarchus, and Harpalus).

Owing to the spectral similarities between Type A CPX and olivine, we suggest that a significant amount of
Type A CPX may have been misidentified as olivine in previous studies based on the MI-derived ferrous mineral
weight percentage (Qian, Xiao, Wang, et al., 2021). This misidentification has engendered the erroneous identifi-
cation of CPX-enriched zones as olivine-enriched areas based on remote sensing data, such as in the CE-5 region.
The mineral content derived from the MI also concurs with these previous findings. Although the MI-derived
mineral content measurements may not reflect the precise ground truth compositions, they remain instrumental
for comparing the content of optical minerals. Considering that OPX was rarely found in the returned samples
from CE-5 (He et al., 2022; Li et al., 2021, 2022), the craters dominated by OPX and corresponding to the ejecta
material are unlikely to have made a significant contribution to the exotic material in the CE-5 region. In this
discussion, we analyze the content of CPX + Ol as a combined parameter, alongside the individual mineral
contents of OPX and P, considering the mixing of Type A CPX in both parameters.

Both the distal and near northwestern ejecta units of Kepler crater (denoted as red and blue unit in Figure 6a)
exhibit lower content of CPX and Ol, and higher content of OPX and Pl compared to the Oceanus Procellarum
basalt unit. The CPX + Ol content is about 20 wt.% lower than the background, whilst the OPX content is about
5 wt.% higher, and the P1 content is approximately 5 wt.% lower than the background. These findings signify that
the mineral composition of the northwestern crater ejecta is primarily composed of Pl and OPX. This compo-
sition differs markedly from the anticipated composition of the exotic material that is conjectured to contribute
significantly to the CE-5 landing site. Consequently, the Kepler crater is not regarded as the source of the CE-5
exotic material.

The red spots observed in the Copernicus crater are unique in nature. The red spot unit (illustrated as the green
unit in Figure 6b) is believed to have formed through extrusion and is unlikely to have been ejected far away from
the crater (Shkuratov et al., 2016). According to Pieters et al. (1985), the uppermost strata of a deposit in locales
with continuous ejecta are not as influenced by basal substrate mixing. In our investigation, we explored whether
the distant ejecta unit (depicted as the purple unit in Figure 6b) could serve as a possible source for the exotic
CE-5 material. The Copernicus ejecta is widely distributed around the crater. The absolute mineral abundances
of the distant ejecta unit are CPX + Ol ~17 wt.%, OPX ~20 wt.% and P1 ~63 wt.%. This indicates that the distant
ejecta unit is characterized by a high plagioclase content along with some other ferrous minerals. However, the
compositions of both the CPX + Ol and OPX contents are similar, whereas there is no significant manifestation
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of OPX in the CE-5 landing region. Hence, we propose that the Copernicus crater is not the source of the exotic
materials discovered at the CE-5 landing site.

Sharp B crater, located in the highlands, lacks obvious ejecta blankets. The units present in the southwest region
outside the crater rim do not exhibit significant differences in composition compared with the surrounding high-
lands. The unit represented by the green spot was found near the southwest side of the crater, close to the rim
(Figure 6¢). These spots could potentially be olivine-enriched melts. However, upon examination, we found that
the composition of the Sharp B crater ejecta is similar to that of the highlands, primarily composed of plagioclase
(P1). Therefore, the Sharp B crater is not considered a major source of the exotic material found at the CE-5
landing site.

The mineral abundance features of the Aristarchus crater ejecta on the northwest side exhibit a metamorphosis
with an escalating radial distance from the center. We have selected three sub-units within the northwest ejecta
unit that exhibit different characteristics based on their distance from the crater center. The near ejecta unit shows
characteristics similar to the distant ejecta unit. Both units exhibited lower Ol content (~11 wt.%) in comparison to
the Oceanus Procellarum basalts (~13 wt.%). The ejecta unit located between the far and near units shows a higher
CPX content compared to the other ejecta units. Nonetheless, the disparities in mineralogical contents among
these three ejecta units and the backdrop are marginal, less than 2 wt.%. This suggests that these three ejecta units
are similar in composition to the background components. The overall composition of the three ejecta units is
characterized by a high content of CPX + Ol and low content of OPX, as derived from the mineral abundance
data obtained from the MI. However, owing to the presence of Type A CPX being mistakenly identified as Ol,
we cannot determine the exact composition of the Aristarchus crater northwest ejecta based solely on the mineral
abundance data. However, owing to the misidentification of Type A CPX as olivine, the precise composition of
the northwest ejecta from Aristarchus crater remains elusive when solely reliant upon the mineral abundance data.

5.4. Analysis of Potential Source Craters

Owing to the constraints of the ferrous mineral abundance mosaic in fully capturing all the optical features of
potential craters, further analysis of specific craters is necessary. Considering the composition of the lunar soil
in the CE-5 landing region, the exotic ejecta that significantly contribute to the landing region are expected to be
rich in CPX (either Type A or B), while being poor in OPX and Ol. The spectral information of the Aristarchus
ejecta also exhibits mineralogical characteristics akin to those observed at the CE-5 landing site, suggesting that it
could have made a significant contribution to the material comprising the landing region. In contrast, the Kaguya
mineralogical composite map is not available for the Harpalus crater region. Hence, we consider both the Aris-
tarchus and Harpalus craters as potential impact craters meriting further analysis. The M3 spectral data covers
both the two craters and will be utilized for additional investigations into their mineral composition.

The M3 data were collected from the northern ejecta of the Aristarchus crater, extending from the rim toward
the landing site (Figure 7a). Table S2 in Supporting Information S1 presents the band parameters for the
continuum-removed spectra. No notable compositional variations are discerned across the examined points The
Blcen values are approximately 0.99 um, whilst the B2cen values are above 2.0 pm. All 1 pm absorption bands
exhibit symmetrical shapes, and the Blasy values are low. These results indicate that the spectral features of
the Aristarchus northern ejecta are predominantly characterized by Type B CPX, with some OPX mixing. The
mineral composition of this ejecta unit is primarily composed of Type B CPX, Pl, with a small amount of OPX.

The Kaguya mineralogical composite map for Harpalus crater is not available; therefore, we solely used M3
data in the analysis. The M3 data for Harpalus was collected as a series of points extending from the crater rim
toward the landing site in a southwest direction (Figure 8). Table S3 in Supporting Information S1 presents
the band parameters for the continuum removed spectra. HA-1 to HA-6 correspond to the continuous ejecta
along the southwest direction of Harpalus. The majority of the Blcen values are below 0.9 pm, except for
HA-3, which is higher than 1 pm. The Blasy values in this area are predominantly lower than O or slightly
higher than 0, indicating the dominance of pyroxene (PX). Conversely, HA-7 to HA-13 represent the south-
west discontinuous ejecta of Harpalus crater. In this instance, the Blcen values are higher than those of the
continuous ejecta, ranging from 0.97 to 1.3 pm. The B2cen values range from 1.91 to 2.0 pm, whilst the Blasy
values are mostly higher than 0.08 with a maximum value of 0.15. These spectral band parameters suggest that
the spectral features of the southwest discontinuous ejecta of Harpalus are predominantly influenced by Type
B clinopyroxene (CPX) and plagioclase (P1), with some orthopyroxene (OPX) mixing. The mineral compo-
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Figure 7. (a) Aristarchus crater, with the basemap is from LROC WAC global mosaic (NASA/ASU). (b) Continuum-removed spectra obtained from M3 observation
M3G20090418T132620. The eight spectra were obtained from the north ejecta, at a distance equal to the rim of the Aristarchus crater, extending toward the CE-5
landing site. The positions shown in (a) correspond to the direction of the yellow arrow. (c—e) Comparison of the 1 and 2 pm band parameters between the spectra from
the Aristarchus ejecta (black points) and the CE-5 landing site. The region enclosed by the dashed line indicates the range of the CE-5 LMS data, like Figures 4c—4e.
For additional details regarding the samples, please refer to Tables S1 and S2 in Supporting Information S1.

sition of this ejecta unit is primarily composed of Type B CPX, Pl, with a modicum of OPX. The continuous
and discontinuous ejecta exhibit different spectral characteristics, but both spectra are dominated by PX.
Both OPX and CPX are present in the pyroxene mixture. Whilst the discontinuous ejecta may be mixed with
bedrock material, we propose that the composition of the southwest ejecta of Harpalus is primarily CPX and
PI, with some OPX.

In terms of the related ejecta from the five investigated craters, the Kepler crater is characterized by a higher abun-
dance of OPX and PI. Copernicus and Sharp B craters exhibit higher abundance of P1. Conversely, Aristarchus
and Harpalus craters are characterized by a higher abundance of CPX and Pl, with a smaller amount of OPX.
Consequently, it is plausible that Aristarchus and Harpalus craters have contributed a greater quantity of exotic
materials to the CE-5 landing site compared to other distant impact craters. Moreover, the abundance of OPX in
the ejecta of Aristarchus and Harpalus does not plummet to the low levels observed at the CE-5 site, suggesting
that the presence of exotic materials at the CE-5 landing site is minimal.
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Figure 8. (a) Harpalus crater. The basemap is from the LROC WAC global mosaic (NASA/ASU). The green and blue points represent the continuous and
discontinuous ejecta, respectively. (b) Continuum-removed spectra obtained from M3 observation M3G20090209T033051. The 13 spectra were collected within

the northern ejecta, at a distance equal to the distance from the rim of the Harpalus crater to the CE-5 landing site. The positions shown in (a) and the spectra in (b)
correspond to the direction of the yellow arrow. (c—e) Comparison of the 1 and 2 pm band parameters between the spectra from the Harpalus ejecta and the CE-5
landing site. The black upward-pointing triangles indicate the Harpalus continuous ejecta, while the black inverted triangles indicate the Harpalus discontinuous ejecta.
The range outlined by the dashed line mirrors the LMS data range, as in Figures 4c—4e. For additional details regarding the samples, please refer to Tables S1 and S3 in

Supporting Information S1.

6. Conclusions

In this study, we examined the spectra obtained by the LMS instrument from the area surrounding the CE-5
lander, in conjunction with MI and M3 data from distant ejecta source craters. By analyzing the in situ CE-5
spectra as ground truth and comparing them with the results of returned samples, we determined that the samples
collected at the landing site consist predominantly of a mixture of two types of CPX and P1. We also found that the
composition of CPX in the soil was not consistent throughout the region. The similarity in spectral characteristics
between CPX type A and Ol highlights the need for corrections in olivine-rich mare regions based on remote
sensing data. Moreover, our analysis suggests that exotic materials constitute a relatively small proportion of the
composition at the CE-5 landing site. The main sources of these exotics are Harpalus and Aristarchus craters,
both of which are characterized by a high abundance of Type B CPX and PI.
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