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Table 1 Laser irradiation experimental information

Sample Irradiation parameters® Sample status References
Meteorites
Xingyang (H6) 28 mJ * 10 Fresh fragments [31]
Kheneg Ljouad (LL5/6) 28 mJ * 10 Fresh fragments [31]
Appley Bridge (LL6) 20 mJ, 20 mJ * 2 Chip RELAB

20 mJ, 20 mJ * 2,

Chateau Renard (L6) 20 mJ * 3, 20 mJ * 4 Chip RELAB
Minerals

Green olivine 15 mJ, 15 mJ * 2 Pellets 45-75 um RELAB

San Carlos olivine 1# 15 mJ Particulate RELAB
San Carlos olivine 24 30 mJ, 30 mJ * 5,30 mJ * 10  Pressed powder < 75 um [38]
San Carlos olivine 3# 15 mJ * 20 Pressed powder < 160 pm [39]
Bamble orthopyroxene 1# 15 mJ * 20 Pressed powder < 160 um [39]
Bamble orthopyroxene 2# 43 J/cm? Pressed powder ~200 pm [40]
Clinopyroxene 57 J/cm? Pressed powder ~200 pm [40]

Mineral mixture®

EN 50 mJ * 2 Grain size < 75 pm [41]
OL1EN4 50 mJ * 2 Grain size < 75 um [41]
OL2EN3 50 mJ * 2 Grain size < 75 pm [41]
OL3EN2 50 mJ * 2 Grain size < 75 pm [41]
OL4EN1 50 mJ * 2 Grain size < 75 pm [41]
OLV 50 mJ * 2 Grain size < 75 pm [41]

# Note that some samples underwent different irradiated energies and times.
> Mixed minerals at different proportions (wt.%) of olivine and pyroxene, where EN represents enstatite
and OL represents olivine. For example, OL1EN4 represents a mixture of 80 wt.% pyroxene and 20

wt.% olivine.
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Fig.1 Reflectance spectra of samples before and after laser irradiation. (a)—(d) samples are olivine, pyroxene, ordinary

chondrites and mineral mixtures (all data are normalized at 0.55 pm).
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Table 2 Spectral parameters of all samples before and after laser irradiation

Sample Irradiation parameters Ross Slope/um™' BC1/um BC2%/um BAl  BA2* BAR?
Meteorites
unirradiated 0.17 —0.032 0.946 1.928 112.098 84.562 0.754
Xingyang (H6)
28 mJ * 10 0.10 0.255 0.942 1.913 76.076 58.807 0.773
unirradiated 0.19 —0.027 0.993 1.969  159.624 48.307 0.303
Kheneg Ljouad (LL5/6)
28 mJ * 10 0.11 0.297 0.981 1.944 83.440 28.354 0.340
unirradiated 0.27 —0.069 0.995 1.965  160.268 38.746 0.242
Appley Bridge (LL6) 20 mJ 0.15 0.085 0.990 1.950 95.141 25.161 0.264
20 mJ * 2 0.14 0.170 0.990 1.950 91.115 24.941 0.274
unirradiated 0.28 —0.074 0.960 1.945 144.551 42.814 0.296
20 mJ 0.19 0.044 0.975 1.955 119.196 34.850 0.292
Chateau Renard (L6) 20 mJ * 2 0.18 0.109 0.970 1.930  108.128 30.363 0.281
20 mJ * 3 0.16 0.155 0.960 1.930 101.944 28.644 0.281
20 mJ * 4 0.15 0.179 0.970 1.935 98.511 28.895 0.293
Minerals

unirradiated 0.73 0.054 1.085 - 276.561 - -

Green olivine 15 mJ 0.58 0.241 1.085 — 263.726 - -

15 mJ * 2 0.49 0.383 1.085 - 236.941  — -

unirradiated 0.78 0.071 1.070 - 275.890 - -

San Carlos olivine 1#
15 mJ 0.56 0.284 1.075 - 210.467 - -
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Table 2 Continued
Sample Irradiation parameters Ross Slope/um™' BC1/um BC2%/um BA1l BA2* BAR?
Minerals
unirradiated 0.80 0.030 1.074 - 226.027 - -
30 mJ 0.42 0.639 1.076 - 159.103 - -
San Carlos olivine 2#
30 mJ * 5 0.27 1.452 1.072 — 86.665 — -
30 mJ * 10 0.24 1.677 1.072 - 84.122 - -
unirradiated 0.42 0.029 1.066 - 210.429 - -
San Carlos olivine 3#
15 mJ * 20 0.27 0.302 1.074 — 174.556 — -
unirradiated 0.30 —0.048 0.917 1.864  108.186 114.082 1.054
Bamble orthopyroxene 1#
15 mJ * 20 0.21 0.170 0.918 1.865  104.881 125.127 1.193
unirradiated 0.64 0.076 0.914 1.834  127.981 267.525 2.090
Bamble orthopyroxene 2#
43 J/cm? 0.32 0.874 0.916 1.844 115468 257.110 2.227
unirradiated 0.73 0.177 1.050 2.284 81.394 140.974 1.723
Clinopyroxene
57 J/cm? 0.44 0.692 1.050 2.296 58.178 108.909 1.872
Mineral mixture
EN unirradiated 0.61 0.158 0.912 1.777 57.550 74.943 1.302
50 mJ * 2 0.40 0.513 0.914 1.792 39.078 55.268 1.414
unirradiated 0.60 0.110 0.912 1.792 64.609 62.412 0.966
OL1EN4
50 mJ * 2 0.36 0.420 0.914 1.812 29.490 29.441 0.998
unirradiated 0.65 0.054 0.916 1.805 71.899 44.412 0.618
OL2EN3
50 mJ * 2 0.29 0.509 0.915 1.809 27.818 21.498 0.773
unirradiated 0.70 0.040 0.931 1.824 92.767 26.512 0.286
OL3EN2
50 mJ * 2 0.25 0.476 0.923 1.808 26.740 11.413 0.427
unirradiated 0.73 0.037 1.037 1.824  117.143 13.127 0.112
OL4EN1
50 mJ * 2 0.24 0.505 1.041 1.824 27.968 4.664 0.167
unirradiated 0.78 0.080 1.062 — 176.968 — -
OLV
50 mJ * 2 0.24 0.405 1.054 - 22.753 - -

* “ indicates no data (olivine lacks 2 pm absorption).
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Table 3 Changes in spectral parameters of all samples before and after laser irradiation
ASlope® ABC1°¢  ABC24

Sample Irradiation parameters ARg.55® . ABARS®
/pm /pm /pm
Meteorites
Xingyang (H6) 28 mJ * 10 —0.07 0.287 —0.004 —0.015 0.019
Kheneg Ljouad (LL5/6) 28 mJ * 10 —0.08 0.324 —-0.012 —-0.025 0.037
20 mJ —-0.12 0.154 —0.005 —0.015  0.022
Appley Bridge (LL6)
20 mJ * 2 —-0.13 0.239 —0.005 —0.015 0.032
20 mJ —0.09 0.118 0.015 0.010 —0.004
20 mJ * 2 —-0.10 0.183 0.010 —0.015 —0.015
Chateau Renard (L6)
20 mJ * 3 —0.12 0.229 0 —0.015 —0.015
20 mJ * 4 —-0.13 0.253 0.010 —0.010 —0.003
Minerals
15 mJ -0.17 0.187 0 — -
Green olivine
15 mJ * 2 —0.24 0.329 0 - -
15 mJ —0.22 0.213 0.005 - -
San Carlos olivine 1#
30 mJ —0.38 0.609 0.002 - -
30 mJ * 5 —0.53 1.422 —0.002 — -
San Carlos olivine 2#
30 mJ * 10 —0.56 1.647 —0.002 - -
San Carlos olivine 3# 15 mJ * 20 —0.15 0.273 0.008 - —
Bamble orthopyroxene 1# 15 mJ * 20 —0.09 0.218 0.001 0.001 0.139
Bamble orthopyroxene 2# 43 J/cm2 —0.32 0.798 0.002 0.010 0.137
Clinopyroxene 57 J/cm2 —0.29 0.515 0 0.012 0.149
Mineral mixture
EN 50 mJ * 2 —-0.21 0.355 0.002 0.015 0.112
OL1EN4 50 mJ * 2 —0.24 0.310 0.002 0.020 0.032
OL2EN3 50 mJ * 2 —0.36 0.455 —0.001  0.004 0.155
OL3EN2 50 mJ * 2 —0.45 0.436 —0.008 —0.016  0.141
OL4EN1 50 mJ * 2 —0.49 0.468 0.004 0 0.055
OLV 50 mJ * 2 —0.54 0.325 —0.008 — -

& ARy 55 is the difference between Rg. 55 of the irradiated sample and the unirradiated sample.

> ASlope is the difference between Slope of the irradiated sample and the unirradiated sample.

¢ ABC1 is the difference between BC1 of the irradiated sample and the unirradiated sample.

4 ABC2 is the difference between BC2 of the irradiated sample and the unirradiated sample, “~” indicates
no data (olivine lacks 2 pm absorption).

¢ ABAR is the difference between BAR of the irradiated sample and the unirradiated sample, “-’

indicates no data (olivine lacks 2 pm absorption).
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Fig.2 1 pm absorption center versus Band Area Ratio (BAR). The solid symbols are the data before irradiation, the open

symbols are the data after irradiation (for samples with multiple irradiations, the data with the highest cumulative energy is

taken), and the arrows indicate the trend direction of simulating space weathering effects.
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Fig.3 Visible to near-infrared continuum spectral slope at 1 pm absorption band versus band area ratio. The rectangular area
(black dashed lines) is defined by data of 95% of ordinary chondrites, the triangular area (gray dashed lines) is defined by data
of the main belt and near-Earth asteroids(*®!, the solid symbols are the data before irradiation, the open symbols are the data
after irradiation (for samples with multiple irradiations, the data with the highest cumulative energy is taken), and the arrows
indicate the trend direction of simulating space weathering effects. OLV-EN consists of six sets of olivine-pyroxene mixture

samples.
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Fig.4 Space weathering trend diagram based on the Bus-DeMeo asteroid taxonomy. The solid symbols are the data before

irradiation, the open symbols are the data after irradiation (for samples with multiple irradiations, the data with the highest

cumulative energy is taken), the arrows indicate the trend direction of simulating space weathering effects, and the black dashed

line indicates the distribution trend of unirradiated samples of mixed minerals. OLV-EN consists of six sets of olivine-pyroxene

[13]

mixture samples. Gray letters represent asteroid types defined by the Bus-DeMeo classification system' .

KI5/ 7R 1 5 T-SDSS/IMT B2 73 0l 1l Hi 4
b HE A B 1 OK 2 KA B g RO i R A
R 5 AR I Negri - slopedf (AR 4L), 2/ - i'48 00
(1 pmW SRR RET Y5 B 1R 2 WAL a3
PR ULH “Q-S” L. WA B0 B SV NT
B DI AREASE B B2, AR oG R 5 A
RU/NMT B XITCIER R 7 - VS E-0.2
Kt fHgri - slopefH M i BB AG —, KEEEE
AN A T E QAL /N T 2 173 A X 5.

4 Tig
4.1 KRR NMTENIEAE
5 BRI\ SEIO A H, A SO ISR A5

66-10

HE

AN

22 IR St o 288 B AN [ () R 2 A T S e I S
BRI RO B A, 1 pmAb ] WA LT AN S S
RE AR LRI WSCRE AR DR 555 1R — A i Bl O R &
B INARAS “TERE” AT CTE L1 2 YR IR L6 Bk B A
Chateau Renard fI{#fif1San Carlos olivine 2##F
i, Bl R FER RGN, BT A Ry 5528405 H
/N (SR 2R TEARAR 1), R IR 7S KAk & T A,
KB 7 FE i ABCLIEH /< 10 nm), K
TRAZGHEL pm MW 1) B B, (R
PHERERE, AFEFEM T wum B O B2 7 7%
A R — BN, X AT AN A A H 438 IR
/T BRI p RO GE— [ SR R 146471,
8 2 BF fi (WChateau Renard) 1 pwm i o
O 1] K3 T Al 7 3K #10-15 nm, 7] fE & BT 3%



65 & FRAID A RS ALK RERR £8/IMT 2 S S 5 6 341

T (— A R A= ) N SR, DR DR 5 4k g
SRR BEALE (1.07-1.20 pm)F I H 4% 58 1 i
FEAEMS50L /S HFE i (WK heneg Ljouad) 91 pum
W e O Al AT T R AS IR B 10-15 nm, AT REZ H T
Fe+ M AHE 1 25 46 v fige 125 R TE B T 90 oK 2 2
JFi 45 JB R FBURL (np-Fe0, 55— Fh R 23 KUk 77 47) 1.
X WS B O A% SR AL T AT RE I R, (HIEAS
52 R 7 A Ko W AT H o 52 1080 A0 55 PRI IR, 48K
2 HORE R T o PR AT R 0 ) AR % #2410 nmis
W, 10 nm A {E N4 J5 B ST RERR 56 /M7 B K 2 AL

1 e rhC % 1) 2 % .

WM A-HEAR SR R 21 7RO REE
RIS, AURIRE AR A AL R TR AR N8 T 1%,
AR R A AT IR T AR /1N 32.1%; AH [ g =
&, CRIOME AT - AR G A 2R A G R B RS 4 L
WIS INTIHG K, SCHRRHEAT BRI A S AR — &
152931 IR g MM A 0ok DR XU P W L A
PR, BIUBIORE A ELA7 B g R R AR I SE AR, HLT pmd
BHEIBARAL T2 i BU ARSI SE AR, X th A dh
FEHE HE S BARSE ) SR A

Bl 5 FETSDSSAMTE 2 LM E WA B, S50 sOR AT RO, 250 O iR 5 B (2 U0 M RE S IR T R R IR i e ), Sk 7 1)
RIS R B34 77 ). OLV-EN N6A MM - IR &SR, TTHERR “Bus-DeMeoy KI5 i SUI/MT BB E X 1.

Fig.5 Space weathering trend diagram based on the SDSS asteroid taxonomy. The solid symbols are the data before

irradiation, the open symbols are the data after irradiation (for samples with multiple irradiations, the data with the highest

cumulative energy is taken), and the arrows indicate the trend direction of simulating space weathering effects. OLV-EN consists

of six sets of olivine-pyroxene mixture samples. The box represents the region where the asteroid types defined by the

Bus-Demeo classification system are located!.
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The Influence of Space Weathering on the Reflectance Spectra of
Silicate Asteroids
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AsstracT Research on space weathering is of great significance for the remote sensing inversion of the
surface environment and composition of asteroids. Currently, the research results on the spectral changes
of asteroids caused by space weathering are not consistent, and there is a lack of systematic understanding
of the weathering models of silicate asteroids. In this study, based on the idea of large-sample research,
laser irradiation experiments were conducted on 4 ordinary chondrites (H, L, and LL types), 7 types
of silicate minerals, and 6 groups of olivine-pyroxene mixtures with different proportions. The visible-
near-infrared reflectance spectra (0.45-2.5 um) of the samples before and after laser experiments were
analyzed, and the impact of space weathering on the reflectance spectra of silicate asteroids was studied
in combination with the spectral classification of asteroids. Our results showed that space weathering can
increase the band area ratio, but it does not cause a significant shift in the 1 um absorption center. The
use of the “1 um absorption center - band area ratio” diagram is still effective in distinguishing different
types of meteorites. Moreover, space weathering has little impact on overall mineralogical classification.
In the principal component analysis plot, A-type asteroids have a space weathering trend almost parallel
to the « line, while the rest of the silicate asteroids have a “Q-Sq-S” space weathering trend. The asteroid
classification system based on Sloan Digital Sky Survey (SDSS) data may confuse the classification of
olivine-rich asteroids and may underestimate the number of A-type asteroids. This study systematically
analyzed the weathering models and spectral changes of silicate asteroids, which is scientifically significant
for a better understanding of the space weathering effect on asteroid spectra and has practical value for
remote sensing quantitative inversion.

Key words planets and satellites: surfaces, moon, asteroids: general
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