STAGE

5A

5B

MAJOR STAGES OF LUNAR EVOLUTION

I BEGINNING (LARGE EARTH IMPACT OR CAPTURE)

- MAGMA OCEAN/CRUST AND UPPER MANTLE FORM

. CRATERED HIGHLANDS/VERY LARGE BASINS

&

- LARGE BASINS

[ ] OLD LARGE BASINS/CRUSTAL STRENGTHENING
E YOUNG LARGE BASINS
CATACLYSM ?

ST S

I:l CRYPTOMARIA

| MARIA | 2
ATLRICH  TI-POOR » TI-RICH 4

50

4.0 30 2.0 1.0

BILLIONS OF YEARS BEFORE PRESENT
RED = MAJOR UNCERTAINTY



. APOLLO MODEL OF LUNAR EVOLUTION
CRATERED HIGHLANDS o~ PROCELLARUM BASIN

—

STAGE = n

-oFH & &F_

~42 B.Y. o - Q MG-SUITE PRESSURE-
| “ RELEASE MAGMAS
B SOLIDIFIED IMPACT N VBASALT PRESSURE-
MELT SHEET N\ RELEASE MAGMAS
== ILMENITE |
CUMULATE

——MG-SUITE
INTRUSIVES

QMG-SUITE DEBRIS

MASSES
B OLIVINE, HIGH
CA-PYROXENE,

ALLY DEPLE
NDRITIC LOWER MAN

AND ILMENITE < EARLY KREEPY
CUMULATE BASALT

B RESIDUAL EXTRUSIVES
URKREEP [] INSULATING
LIQUID+KREEP CRATERED
BASALTS \ HIGHLANDS

] OLIVINE AND | (ZONE OF DEEP AND EJECTA
HIGH CA-PYROXE MOON-QUAKES) B CONSOLIDATED
CUMULATE PLAGIOCLASE

[ OLIVINE AND / CUMULATE
E;i%i’ﬂ% -'; AND H MIGRATION

B OLIVINE AFTER H,0

CUMULATE / DISASSOCIATION

©Harrison H. Schmitt SOUTH POLE-
University of Wisconsin- AJTKEN:

ZONE OF ISOLATED
. 200K FE,NIS, LIQUID MASSES
Madison INITIAL BASIN — = m

11
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APOLLO MODEL OF LUNAR EVOLUTION

OLD LARGE BASIN L PROCELLARUM BASIN
SUBSTAGE = = e OLLD LARGE
TRANQUIL. BASINS
o
~4.2-39B.Y. /p/ === CRYPTOMARIA
N MG-SUITE PRESSURE- { PROGRADE THERMAL
RELEASE MAGMAS EXTENSION
X BASALT PRESSURE- , S FRACTURES
RELEASE MAGMAS
B SOLIDIFIED IMPACT S A H,DRIVEN LIGHT
MELT SHEET : | PLAINS DEBRIS
= ILMENITE ! ERUPTIONS
CUMULATE !
MASSES <——MG-SUITE
[l OLIVINE, HIGH INTRUSIVES
CA-PYROXENE, QMG-SUITE DEBRIS
AND ILMENITE « LATE KREEPY
CUMULATE BASALT
] RESIDUAL EXTRUSIVES
URKREEP - ; [] INSULATING
LIQUID+KREEP ZONE QF DEEP CRATERED
BASALTS MOON!QUAKES HIGHLANDS
[7] OLIVINE AND | AND EJECTA
HIGH CA-PYROXENE \ 0 B CONSOLIDATED
CUMULATE PLAGIOCLASE
[I] OLIVINE AND CUMULATE
LOW CA-PYROXENE A FENLS, LIQUID
CUMULATE 1 MIGRATION
I OLIVINE AND H MIGRATION AFTE
CUMULATE H.0
©Harrison H.Schmitt ~ SOUTH POLE- -~ ZAP DISASSOCIATION
University of Wisconsin-  AITKEN BASIN = 200km @ ZONE OF ISOLATED
Madison FENIS, LIQUID MASSES 12



OLD LARGE BASINS
IRRECULAR
NO MASCONS

FECUNDITATIS

TRANQUILLITATIS

NORTH

SOUTH



FARSIDE CRATERED

HIGHLANDS AUSTRALE

VERY LARGE

SOUTHERN
CRATERED
HIGHLANDS

OLD LARGE BASINS



APOLLO MODEL OF LUNAR EVOLUTION

PROCELLARUM BASIN
YOUNSGIJE‘;¥AG(]§‘E]?ASIN A/II\ERIUM - VOUNG LARGE
MASCON BASINS
39-3.8 B.Y.  RANQUIL KREEPY IMBRIUM

EJECTA

TI-RICH
f BASALT
PARTIAL MELTS

=== BURIED CRYPTOMARIA

@ KREEPY BASALT
EXTRUSIVES

—  —>MG-SUITE

Q INTRUSIVES e N BASALT
— DEM. INTRUSIONS OF
'\ MG-SUITE DEBRIS NDRITIC LOWER PRESSURE-RELEASE

B sovLmFiED MAGMAS
IMPACT MELT PROGRADE
SHEET THERMAL
EE ILMENITE EXTENSION
CUMULATE FRACTURE
MASSES REMANENT
.I OLIVINE, HIGH MAGNETIC
CA-PYROXENE
’ ANOMALY
AND ILMENITE
CUMULATE A H,DRIVEN LIGHT
(ZONE OF DEEP |
.I KREEP BASALTS MOON-OUAKES PLAINS DEBRIS
-Q ) I ERUPTIONS
|:| OLIVINE AND |:| INSULATING
HIGH CA-PYROXENE CRATERED
CUMULATE HIGHLANDS
AND EJECTA
- PLAGIOCLASE
PYROXENE CUMULATE
.CUMULATE I CIRCULATING
OLIVINE FENLS, LIQUID CORE
CUMULATE SOUTH POLE-

©OHarrison H. Schmitt
University of Wisconsin- AITKEN BASIN

@ ZONE OF ISOLATED
FE,NLS, LIQUID
Madison

MASSES 13



YOUNG LARGE BASINS
CIRCULAR
MASCONS

IMBRIUM

ERENITATIS

NECTARIUS e e o N, el T i
(OLDEST) b R T S CRISIUM



FARSIDE CRATERED
HIGHLANDS

AUSTRALE
VERY LARGE

SOUTHERN
CRATERED
HIGHLANDS

OLD LARGE BASINS



TAN-GRAY VESICULAR
MELT BRECCIA

VESICULAR
CONTACT
Z0ONE ~ 1M




NASA APOLLO 17
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PRE-MARE TIME-STRATIGRAPHIC SEQUENCE

VALLEY OF TAURUS-LITTROW

- IN SITU BRECCIATION/BASALTIC MARIA POST 3.85B.Y.
~100m IMBRIUM EJECTA 3.85
~oom —IN SITU BRECCIATION A ~0.020

SERENITATIS MELT-BREECIA 3.87
~700m SERENITATIS EJECTA 3.87
100 IN SITU BRECCIATION A <0.05
CRISIUM DEBRIS FLOW BRECCIA ~3.9
IN SITU BRECCIATION/CRYPTOMARIA? A <0.05
~100m XFECUNDITATIS EJECTA ~39
oo IN SITU BRECCIATION/CRYPTOMARIA? A <0.05
TRANQUILLITATIS EJECTA 3.94
N SITU BRECCIATION A<03

SOUTH POLE-AITKEN EJECTA/SECONDARIES ~4.2
LATE CRATERED HIGHLANDS BRECCIATION A<0.1

(YOUNG MG-SUITE INTRUSIONS) (4.2-4.3)
PROCELLARUM EJECTA ~4.3

|
~45km

EARLY CRATERED HIGHLANDS BRECCIATION ~4.3-4.5
(EARLY FERROAN ANORTHOSITE CRUST)

FERROAN ANORTHOSITE CRUST ~4.5

(OLD MG-SUITE INTRUSIONS)




LUNAR ORIGIN AND EVOLUTIO
STANDARD HYPOTHESIS - 2

e BASALTIC MAGMATIC ACTIVITY
— MG-SUITE OF PLUTONIC ROCKS (4.5-4.2 B.Y.)
— KREEP-RICH BASALTIC LAVAS (4.3-? B.Y.)
— CRYPTOMARIA (PRE 39B.Y.)

e LUNAR CATACLYSM (~39B.Y.)
— ~50 LARGE BASINS IN ~100 M..Y.

— ONE EXTREMELY LARGE BASIN (SOUTH POLE-AITKEN)
e PROCELLARUM BASIN IS ARTIFACT OF SEVERAL BASINS

— AGES OF IMPACT GLASSES RESET TO ~3.9 B.Y.

* GLOBAL MAGNETIC FIELD
— AT LEAST BETWEEN 3.9 AND 3.8 B.Y.



SOURCE OF LARGE I%IPACT()RS

e DISCRETE SOURCE

— APPEARED AFTER ACCRETIONARY RESERVOIR OF CRATERED
HIGHLANDS IMPACTORS BECAME DEPLETED

e SOURCES TO CONSIDER

— PROTO-KUIPER BELT (450+ OBJECTS)
« INTERACTION OF MISSING LARGE BODIES WITH GAS GIANTS

— OORT CLOUD
e INTERACTION WITH STELLAR BODY

— MAIN BELT ASTEROIDS
« JUPITER-INDUCED EXPULSION




APOLLO MODEL OF LUNAR EVOLUTION

BASALTIC MARIA STAGE /_ PROCELLARUM BASIN
38-3.7BY. IMBRIUM

<= BURIED CRYPTOMARIA ORIENTAL

—— YyOUNG LARGE

MASCON BASINS
BASALT PARTIAL

@ KREEPY BASALT MELTS
EXTRUSIVES
X INTRUSIVES INTRUSION
X MG-SUITE DEBRIS PROGRADE THERMAL

\/

Q) BASALT INTRUSIONS TTA =PI
NDRITIC LOWER

OF PRESSURE-RELEASE
MAGMAS

EXTENSION FRACTURE

KREEPY IMBRIUM
B soviFiEDd EJECTA
%g‘;}? MELT ’ TI-RICH BASALT
o ENITE PARTIAL MELTS
CUMULATE TI-BASALT
MASSES « EXTRUSION/
B oLivINE, miGH INTRUSION
CA-PYROXENE, REMANENT
AND ILMENITE MAGNETIC
CUMULATE ANOMALY
.I (ZONE OF DEEP A
KREEP BASALTS _ I
MOON-QUAKES) | Ha MIGRATION

[l OLIVINE AND

HIGH CA-PYROXENE I:' INSULATING

CUMULATE CRATERED
] oLIvINE AND }AIII\I(;’)H];}’E%‘E
LOW CA-
PYROXENE B coNsOLIDATED
CUMULATE PLAGIOCLASE
E oLivine CUMULATE
CUMULATE - ‘ B reNS, LIQUID CORE
©Harrison H. Schmitt i?ﬁggNP ]g)XSEI_N ) @ZONE OF ISOLATED FENLS,
iversi isconsin- LIQUID MASSES
University of Wisconsin = 200km Q 14

Madison



NEAR-SIDE FULL MOON
(ALBEDO IMAGE)

SOUTHERN

CRATERED

HIGLANDS NORTHERN
BASALTIC
MARIA

(LOWLANDS)




124 PLATE 12. GEOLOGIC MAP OF THE PRESENT MOON

MAJOR BASALTIC MARIA
UNITS MAPPED BY THE '

USGS.

NEARSIDE .

WS OMETLCE | BesT LonGT: - _ i
| - COPERNICAN [ e
Mare basall Crater material SYSTEM ‘:_'r;un-ge
}ERHTOSTHENIAN g ]{ Pesnmeesd | ERER] | NECTARIAN SYSTEM
Marz basalt Crator matanal SYSTEM Plaing Crater
=] material Oider basin material
B L s }
Mare Walcanic  Crater material | = 1
hasalt province -
r e - Basin material
! tincludling Mine} | PRE-NECTARIAN SYSTEM
Oriantale-oasin
material s - IMBRIAN SYSTEM Undivided
- ¥ material ]
Flains Crater material E
matedal tincluding Schrbdinger basing
WILHELMS, 1984 o l
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DISTRIBUTION OF BASALTIC MARIA

SHOWN BY IRON DISTRIBUTION (LEFT)
CONTRAST WITH VARIABILITY OF TITANIUM DISTRIBUTION
(ARROWS INDICATE DIFFERENCE IN SERENITATIS MARIA
AND NORTERN OCEANUS PROCELLARUM)

Clementine Iron Map of the Moon Clementine Titanium Map of the Moon
Equal Area Projection Equal Area Projection

Near side i N
T — Far Side Near side NI | . Far side

0 2 4 & B8 10 12 14 001 01 10 100
Fe (wt.% ) Tio, (wt.% )
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BASALTIC MARIA

TAURUS LITTROW MARE

EASTERN IMBRIAN MARE

MARE BASALT TEXTURES



APOLLO MODEL OF LUNAR EVOLUTION

PROCELLARUM BASIN
BASALTIC MARIA STAGE v an === YOUNG LARG
3 ” 3 5 B.Y IMBRIUM MASCON BASINS
PYROCLASTIC
<==—BURIED CRYPTOMARIA CRENTALELZS » ERUPTIONS
«» KREEPY BASALT ﬂﬂ BASALT PARTIAL
EXTRUSIVES MELTS
— —MG-SUITE BASALT EXTRUSION/
INTRUSIVES INTRUSION
Q MG-SUITE DEBRIS
PROGRADE THERMAL
Q) BASALT INTRUSIONS
OF PRESSURE.RELEASE EXTENSION FRACTURE
MAGMAS KREEPY IMBRIUM
B soLmirieDd EJECTA
IMPACT MELT TI-RICH BASALT
SHEET f PARTIAL MELTS
= ILMENITE TLBASALT
CUMULATE
MASSES - fll\)li’i‘rl?l?ssll(?lg /
B oLivINE, miGH REMANENT
CA-PYROXENE, MAGNETIC
AND ILMENITE
CUMULATE (ZONE OF DEEP ANOMALY
B KREEPBASALTS MOON-QUAKES) I H, MIGRATION

[] OLIVINE AND [] INSULATING

HIGH CA-PYROXENE

CRATERED
CUMULATE HIGHLANDS

] oLIVINE AND AND EJECTA
LOW CA- B CONSOLIDATED
PYROXENE PLAGIOCLASE
CUMULATE CUMULATE

OLIVINE
I A SOUTT POLE. B rENS, LIQUID CORE

©Harrison H. Schmitt

University of Wisconsin-
Madison

AITKEN BASIN ZONE OF ISOLATED FE NI,
= 200km LIQUID MASSES 15



-

PYROCLASTIC
GLASS DEPOSITS




APOLLO MODEL OF LUNAR EVOLUTION

PROCELLARUM BASIN
BASALTIC MARIA STAGE v an N MIXED PYROCLASTIC
3.5-3.0B.Y. AND LAVA
YOUNG LARGE . NQUIL- ERUPTIONS
— ——
MASCON BASINS ORIENTAL f Eﬁ%ﬁfﬁ,ﬁgm
<> BURIED CRYPTOMARIA
KREEPY BASALT
= EXTRUSIVES ﬂﬂﬁBASALT PARTIAL
————MG-SUITE MELTS
X INTRUSIVES % 4 [\ BASALT
Q psumpens /L RN N exrrusion
/ 9
OF PRESSURE-RELEASE \ INTRUSION
MAGMAS , 5 PROGRADE THERMAL
P / EXTENSION FRACTURE
IMPACT MELT _;' \ Mwy KREEPY IMBRIUM
SHEET i - EJECTA
-'CUII\I%EAN;EE ." ": ’ TI-RICH BASALT
VASSES : PARTIAL MELTS
B oLivINE, miGH | E;‘;ﬁ[sj‘;{‘gN )
CA-PYROXENE, - L ON
AND ILMENITE
CUMULATE (ZONE OF DEEP REMANENT
B KREEPBASALTS MOON-QUAKES) * fﬁgﬂigc
] oLvINE AND \ | H, MIGRATION
HIGH CA-PYROXENE [] INSULATING
CUMULATE CRATERED
HIGHLANDS
] oLIvINE AND AND EJECTA
LOW CA-
PYROXENE B consoLIDATED
CUMULATE PLAGIOCLASE
[] OLIVINE O CUMULATE
cHSAHTE L SOUTHTPOLE. g ¥
AITKEN BASIN ZONE OF ISOLATED FEXNIySz
= 200km LIQUID MASSES 16

University of Wisconsin-
Madison



BASALTIC MARIA STAGE
3.0-2.0 B.Y.

<= YOUNG LARGE
MASCON BASINS ORIENTAL
<= BURIED CRYPTOMARIA
< KREEPY BASALT
EXTRUSIVES
———MG-SUITE
X INTRUSIVES

Q MG-SUITE DEBRIS )
Q) BASALT INTRUSIONS i

OF PRESSURE-RELEASE I/
MAGMAS

I
B soLmirieDd /
IMPACT MELT
SHEET
= [LMENITE
CUMULATE
MASSES
B oLivINE, mIGH
CA-PYROXENE,
AND ILMENITE
CUMULATE

.I KREEP BASALTS

I:I OLIVINE AND

HIGH CA-PYROXENE \
CUMULATE

|:| OLIVINE AND
LOW CA-
PYROXENE
CUMULATE
.I OLIVINE
CUMULATE

©Harrison H. Schmitt SOUTH POLE-

University of Wisconsin- AITKEN BASIN
Madison

APOLLO MODEL OF LUNAR EVOLUTION
.~ PROCELLARUM BASIN

IMBRIUM

MIXED PYROCLASTIC
TRANQUIL. AND LAVA

ERUPTIONS

BASALT PARTIAL
ﬂ MELTS

BASALT EXTRUSION/
NN NS

y CLOSED EXTENSION
\\ FRACTURE

Sy KREEPY IMBRIUM
EJECTA

’ TI-RICH BASALT
PARTIAL MELTS

-
———e e ————

TI-BASALT
EXTRUSI
- USION/

INTRUSION
(ZONE OF DEEP
MOON-QUAKES)

REMANENT
MAGNETIC
ANOMALY

[] INSULATING
CRATERED
HIGHLANDS

AND EJECTA

B consoLIDATED
PLAGIOCLASE
CUMULATE

B reNIS, LIQUID CORE

ZONE OF ISOLATED FENIL S,
= 200km LIQUID MASSES

17

r/



LUNAR ORIGIN AND EVOLUTIO
STANDARD HYPOTHESIS -3

e MARE BASALT/PYROCLASTIC ERUPTIONS
- 39-10B.Y.
— LARGELY ON THE NEAR SIDE
« MAJOR FEATURES LITTLE MODIFIED AFTER 3.9 B.Y.

— ~100KM CRATERS AND SMALLER
— SEVERAL METERS OF REGOLITH



