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CE5C0400: Regolith CE5C0800YJYX034: Agglutinate

Chang’e-5 Sample

CES5C0400

CE5C0300YJFMO001 BSE; regoalith, CE5C0000YJYX070GP Breccia
including different fragments :
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(CNSA/CLEP/G RAS) Chang'e-5 Regolith Glasses

Credit: Xinhua Net



SOUND ‘\IIE)LOCITY concentric crater from
P regolith strength
SURFACE fine-grained, reworked discontinuity blocky ejecta
<0.5 kmisec @ REGOLITH surface deposit u — crater

~10m

Micrometeorites

Solar Wind

Condensation

ballistically transported,
~ A LARGE-SCALE coarse-grained, polymict
1-2 km/sec D EJECTA ejecta and comminuted
3 4 melt sheets
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STRUCTURALLY materials displaced by
DISTURBED subsurface movement

Comminution, Agglutination, & Vapor deposition

FRACTURED
CRUST

(in situ) decreasing g © La rry Taylor

fracture impact
fractured
bedrock

INTACT LUNAR CRUST solidified dense non-vesicular

CONSTANT Vp, mare basalt lava flow

~7 kmisec

(Heiken et al. 1991; Hiesinger & Head, 2006)
Young Mare Basalt (~*2.0 Ga) =

Local Material ——> Major
Local Impact Ejecta

CE-5 Sample Distant Impact Ejecta

Meteoritical Component ——

Exotic Material .
Nonmare material (Silica-rich —> Minor

component & Highland Materials)

Volcanic Beads @




PHASE1
DIKE PENETRATES TO SURFACE, TRANSIENT GAS RELEASE PHASE:

@ @ (3)  +MAGMATIC FOAM ZONE VENTS
INTO VACUUM.
« DIKE TIP PENETRATES SURFACE. « CREATES OPTICALLY UNDERDENSE,
+HIGH VELOCITY (~5 k RAPIDLY
OF TRANSPARENT GAS. o7~ PYROCLASTIC CLOUD.
+ XENOLITHIC GRAINS ACCELERATED, TRANSPARENT . DEPOSITS THIN (a fow cm)
DISPERSED 1005 OF km. / GAS CLOUD WIDESPREAD (10-30 km)

TRANSPARINT -~ pmxtATe T PYROCLASTIC MANTLE,
GAS CLOUD, \ 7‘ . «EVENT LASTS
i N fot ) . ~3 MINUTES.
- —y | AEFCS .

= n z
DIKE APPROACHES ﬁ \
SURFACE AT HIGH E [ THIN 'V:::;‘S"C

\

VERY | rROMLOW ! |

VELOCITY (20-30m/s) |
- UPPER GAS ZONE f

&

> PREVIOUSLY UNDERGASSED
RAPID PRESSURE >\ MAGMA BEGINS TO
M:;'EM CRACKTIP. o z EXSOLVE GAS, USHERING

RATE B, oo ‘o x:::;um:nuvnv:
(30-20m/s) 2% o |+ SEGREGATED .
MAGMATIC FOAM.

UNDEGASSED
MAGMA

Exotic material: Volcanic Beads

PHASE 2
(C) HIGH FLUX HAWAIIAN ERUPTIVE PHASE

+ OPTICALLY DENSE (OPAQUE) INNER PART OF PLUME:
~ DESCENDING MOLTEN PYROCLASTS COLLECT,
CREATE LAVA LAKE.
~THERMALLY ERODES SUBSTRATE,
DEEPENING LAVA LAKE.
~TIME IN FLIGHT DEGASSES PYROCLASTS.
LAVA LAKE LARGELY DEGASSED MAGMA,

OPTICALLY UNDERDENSE
PORTION OF PLUME

+LAVA LAKE DRAINS AT LOW POINT TO FORM LAVA FLOW:
- HIGH FLUX FLOW LARGELY DEGASSED,
- PROXIMAL FLOW TURBULENT, TRANSITIONS TO DISTAL LAMINAR,
- WITH DECS

‘): | F————GAS-RICH FOAMY MAGMA
ERUPTS INTO VACUUM AT 10-20 m/s;
PHASE 1 PYROCLASTIC PLUME

. | CONTRACTS, TRANSITIONS TO PHASE 2.

FLOW STOPS DUETO
RHEOLOGICAL LIMITATIONS,

2L CTURBULINTS | (AMINAR —>

i H,0, H,5/50, EXSOLVE AT ~0.5 km DEPTH,
INTERMEDIATE MAGMA JOIN CO IN RISING MAGMA
RISE RATE 4%
{10-20 mis)

€O PRODUCED
co ' AT GREAT DEPTH

Lunar Pyroclastic
Formation

PHASE 3
(d ) HAWAIIAN-STROMBOLIAN TRANSITION PHASE

- HAWAIIAN FOUNTAINING INTENSITY
DECREASES WITH DECREASE IN
MAGMA RISE RATE.

+TRANSITIONS TO STROMBOLIAN

Nt ACTIVITY.
CHILLEDLAVALAXECRUST ! * * %" & . FLOW CONTINUES TO BE FED.
FORMS

5 oIy
/-‘. \ . DIKE EQUILIBRATES TO DECREASING FLUX.

\‘ + MAGMA ASCENT RATE PROGRESSIVELY
DECLINES (10—35— <1 m/s).

+ BUBBLE RISE RATE BEGINS TO OVERTAKE
MAGMA RISE RATE.

+GAS SLUG BURSTS, DISRUPTS,
EJECTS PARTIALLY MOLTEN FRAGMENTS.

| +sussLE COALESCENCE, SLUG FORMATION
BEGIN TO DOMINATE.

« FINALTRANSITION TO STROMBOLIAN ACTIVITY.
+LASTS 6 DAYS.

PHASE 4
(9) DIKE CLOSING: STROMBOLIAN VESICULAR FLOW PHASE

FLUCTUATING FLUX

CAUSES OSCILATION,

CRACKING OF LAVA -

LAKE CRUST. ; 0. + VERY VESICULAR MAGMAS INJECTED
\ p INTO STILL-MOLTEN CORE OF FLOW

TO ZEAO.
+ ELASTIC FORCES PROGRESSIVELY CLOSE DIKE.
+ VERY LOW ASCENT RATE (<1 m/s) OPTIMIZES.

+ERUPTS STROMBOLIAN PROOUCTS ONTO
CHILLED LAVA LAKE CRUST.
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The four phases of the development of a typical long-duration eruption on

Remaining Questions

- Compositional lateral variability of
lunar pyroclastic deposits?

- Age of pyroclastic deposit and its
constraint on the absolute chronology
of Schrédinger basin?

- Volatile content and variability?

towards surface (600-800 m
widths for source depths
>300 km)

@ - Dike widens as it propogates

- Bubbles accumulate at top
and sides of dike

- Magmatic foam layer begins
to form as pressure decreases
in the upper portion of dike

- Volatiles from depth add bub-
bles to base of foam layer

Ejected ma
Apollo 17 orange glass (~40 pm in size)

- Foam layer continues to grow
until overpressurization in dike
causes cracks to propogate to
surface

- Rapid depressurization into
vacuum creates explosive vul-
canian-style eruption

- Further exsolution of foam
layer (~80% gas) causes addi-
tional fragmentation, creating
fine grained quenched glass as
seen in Apolio 15 and 17 sam-
ples

- Convection in dike recycles
depleted magma to depth

Lunar pyroclastic eruption © LPI
the Moon (Morgan et al., 2021)

CE5C0000YJYX005

Glass Beads: Volcanic Beads, Impact Beads
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Exotic material: Volcanic Beads
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South Source Vent
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Phase 2 & 3 erupt!
Channelization
Rima
Louville

(Qian et al., 2021, GRL) Volcanic beads may partially come from the source
vents of Rima Sharp and Rima Mairan @
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Aristarchus
Floor &
SW ejecta
(G3F)

.

The mixture of

northern ejecta &

volcanic materials|
V)

Mairan
ejecta (G2M)

i ristarchus
egion (G3)

Imbrium
ejecta (

Highland
materials”
(G1)

Pythagoras floor & walls (G1P)

10 15
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(

Average non-mare fraction

Yin et al., 2021, LPSC)

Oceanus Procellarum

Pythagoras Isolated kipuka

ejecta (2.12 Ga)

Em4 (1.21 Ga)
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Average non-mare fraction

iml Im2 Eml Em3 Em4

Mare units Composition at the

landing/sampling site (Em4)
B Local Em4 mare
B SPA melt
W Imbrium melt
Serenitatis melt
B Components of other sources
M Unheated material
W Non-local mare
W Other melt

Subsurface

Exotic material: Nonmare Material

Fuetal., 2021, JGR-P & Yin et al., 2021, LPSC
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Unmix 12 FeO-Th endmembers
Aristarchus crater contributed highly
evolved nonmare materials
Rock fragments derived from Aristarchus
ejecta are important for the interpretation
of magmatic differentiation and non-mare
volcanism
Thorium is indigenous to basalts rather
than impact mixing.

Liu et al., 2021, GRL
Spatially resolved numerical model
~60% local mare component
~40% nonmare component
South Pole-Aitken (~¥20%), Imbrium
(~10%), and Serenitatis (~1%)
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(Sato et al., 2017) (Lemelin et al., 2015)

Distant impact ejecta can be directly seen from the albedo and
composition (TiO2, FeO) maps




Exotic materials: Impact Ejecta

(Qian et al.
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Legend

I Aristarchus
[ Copernicus
[ Harding
[ Harpalus
I Kepler
[ Lichtenberg
[] Pythagoras
[ RiimkerE
[ sharpB
[ Others

Rufn
Lichtenberg

ol
Aristarchus

Tracing impact ejecta in
Northern Oceanus
Procellarum
(Qian et al., 2021, EPSL)
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Aristarchus Copernicus

CE-5

Ejecta Thickness (cm)

61 -58 55 52 -49 -46 -43 -52  -49

Harding Harpalus
4

N w
Ejecta Thickness (cm)

(3

Empirical power law model
T =3.95 * R%3% * (r/R)3
=2 252107 "r

T: ejecta thickness
R: final crater radius
r: the distance to the crater center

Ejecta Thickness (cm)

w
o
o

Ejecta Thickness (dm)

Exotic materials: Impact Ejecta

(Qian et al., 2021, EPSL)
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Riimker E
O

Ejecta Thickness (cm)
Ejecta Thickness (cm)

55 -52 -49 -46 -43

Pythagoras

CE-5

A

Ejecta Thickness (cm)
Ejecta Thickness (cm)

Regolith Gardening Model (Costello et al., 2018)
n=3.45 x103t%%
At least one overturn
M: reworking depth in meters
t: is re-working time in years
>>>
The top ~74 cm regolith of the CE-5 site is mixed up



Table 1

Exotic materials: Impact Ejecta

Main source craters and calculated ejecta thickness for Em4/P58.

Diameter

(km)
Post-Em4/P58

Riimker E 6.76
Aristarchus 40.14
Kepler 3012

Longitude Latitude Total Ejecta Thickness Percentage in Regolith
) (*) (cm) (%Y 48°0'N+

—57.14 64 | 0.1 (0.06) 0.08
—4749 374 280 Ma? 2.6 (0.8) 11
—38.00 811 625-950 Mab 0.2 (0.04) 0.05

5

2°0'W

48°0'W

Legend

I Aristarchus
[ Copernicus
[ Harding
[ Harpalus
[ Kepler
[ Lichtenberg
[ Pythagoras
[ RiimkerE

Copernicus 94.30 —20.06 9.64 779 Ma:; 7.6 (1.3) 1.8 o -,;:' o P ¢ i SN I Sharpb
796 Ma_ ; ; (0 GV SRR e ) g R ! [ Others
782 Ma® % A ) , J
Harding 881 Ma' 0.8 (0.3) ;
Harpalus 2.40 Ga'k 10.3 (4.2)
3.50 Ga&k
In total 216

Pre-Em4/P58

Lichtenberg .53 —67.72 31.85 =168 Ga" /
Sharp B 209 —45.34 47.00 115 Ga'* 56 (3.0)
158 Gas*
Pythagoras 4. —62.98 63.68 2.68 Ga' 166.0 (46.4) /
36°0'N

2 Zanetti et al. (2017), P Koenig et al. (1977), © Hiesinger et al. (2012), 9 Igbal et al. (2020), °© Barra et al. (2006), f Xie et al. (2020), £ THIS
STUDY, I Hawke et al. (2004). | The total ejecta thickness equals the thickness of source crater ejecta (numbers in the brackets) and local materials excavated by
the coming impact ejecta. | Contributions from each source craters to the top ~74 cm of lunar regolith (see Section 4.2). ¥ We propose that directly counting Harpalus ’ a Ll LS 34°0N
and Sharp B crater will produce unreliable AMAs (see Section 4.1). 62°0'W 60°0'W 58°0'W 56°0'W S54°0'W 52°0'W S0°0'W 48°0'W 46°0'W 44°0'W 42°0'W

Percentage of ejecta from major source craters Match well with the ejecta tracing results

Materials may be contained in the CE-5 regolith
s* Local material: mare basaltic regolith (~90 %)

< Exotic material: distal impact ejecta (¥10 %), Harpalus (~6 %), Copernicus (~2 %) and Aristarchus (~1 %) crater.
Similar to the results of Xie et al. (2020, JGR-P) based on basaltic sedimentation model

BY NC ND



—8— 37 cralers, N(1)=2.01x10" km

Harpalus
%2.40" 3, Ga

Exotic materials: Impact Ejecta

52°0'W 48" OW 44°0W PF: Moon, Neukum Ybal. (2001)
Legend

I Aristarchus
[ Copemicus
[ Harding AT PR ! 3 5 o ; = s (BN, . | . : )

] Harpalus R . Ry o N B A, P/ "“ 7 & . < 10

I Kepler B A b N XS Pra- ' i e - 3 = Diameter, km
[ Lichtenberg 5\ ; : e v . . 5 e .

[ Pythagoras
[ I RimkerE
[ sharpB
[] others

CF: Moon, Neukum elal. (2001)

Cumulative crater frequency, km™

—&— 45 craters, N(1)=9.68x10" km’

21,1571 Ga

Sharp

PF: Moon, Neukum et al.{p001)

CF: Maon, Neukum et al.|(2001)

Cumulative crater frequency, km’

<-clustered
ordered -»

62°0W GOOW 58°0W 56°0W 54°0W 52°0W 50°0W 48°0W 46°0W 44°0W 42°0W

Dominated by the NE-SW ejecta, either from Harpalus or Sharp B crater or both of them
Xie et al., 2020, JGR-P; Jia et al., 2021, JGR-P: from Sharp B
Qian et al., 2021, EPSL; Qiao et al., 2021, Icarus: from Harpalus

—5— B2 craters, N(1)=1.3210° km*

Harpalus
HOWEVER, HARPALUS IS MORPHOLOGICALLY MUCH YOUNGER THAN SHARP B CRATER, MAYBE

BECAUSE DIRECTLY DATING THE CRATER EJECTA IN THIS CASE WOULD SUFFER:
Secondary craters, self-secondary craters, partially buried craters, abnormal degradation on a rough
surface
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THEREFORE, NOT RELIABLE. CRATER DATING ON THESE TWO CRATERS SHOULD BE DEALED WITH MORE
CAUTIONS
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Legend

I Avistarchus
[ Copemicus
[ Harding
] Harpalus
I Kepler
[ Lichtenberg
[ Pythagoras
[ JRamkerE
[ sharpB
[ Others

Conclusion

Young Mare Basalt (~2.0 Ga)

Local Material

Local Impact Ejecta
~90 %

CE-5 Sample Distant Impact Ejecta

Meteoritical Component
Exotic Material

~10 %

Nonmare material (Silica-rich
component & Highland Materials)

Volcanic Beads

(DO



