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Fundamental ways the Moon differs from the &
Earth

v Highly volatile elements are v The oxygen fugacity (fO,) is
effectively absent in_eesmuchiioweEonithe:Moonmse..
mmerals(on“thé'K/[oon e e e

o

e <1 ppb H,O . _— On Earth, most iron occurs as-
— No H-bearing NG e _Feitand Fezt 3 -~ Feles i
| hydrous (OH) orhydrated-- =~ * o e e
(H,0) minerals..No clays, = =
micas, or amphiboles.
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—_Onthe Moon, most iron
~ occurs as Fe?*, with some Fe.
There is no Fe3*.

v Volatile elements are
depleted relatlve to Earth
— Less Na
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Minerals

A mineral i1s:

— naturally occurring

-

_="1inorganic

A mineral has:

A

characteristic chemical
composition

-

regular internal order




Minerals

A mineral is: v Diagnostic characteristics

: — color
— naturally occurring  _____ommmmmm—— -
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e i ; crystal form
_~="1n0rganic ‘

hardness” =

A mineral has:

~cleavage-

— characteristic chemical = . - ‘_ fracture
composition ‘ |
e : specific gravity (SG)
— regular internal order
: BALT melting temperature (Ty,)




Minerals: cleavage

v Cleavage describes the
propensity of a mineral to
_break alané preferred
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v It is controlled by the mternal
- order, or crystal structure ofa
mmeral - g i

v Described by the quality, the
number of planes, and the
angle between planes.




Minerals: fracture

Uneven fracture Conchoidal fra
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Minerals: hardness

Scale
Mohs (KHN value)

10 Diamond (5500-6950)

Titanium Carbide (TiC)
Silicon Carbide (SiC), Silicon Nitride (SizN,)

, e Corundum
Sapphire (ALLO,)

8 Topaz (1250)

Silica (Si0,)
52100 Bearing Steel, Silicon
440C Stainless Steel (HRC80)

Ti-6AI-4V

7 Quartz (710[a], 790([b])

¢ Orthoclase (560)

s Apatite (360([a), 430[b])
304 Stainless Steel
Cast lron

4 Fluorite (163)
Aluminum 3 Calcite (135)

Gray PVC
2 Gypsum (32)

Plastics 1 Tale

[a = parallel and b = perpendicular to axis|

¥ Mohs is a relative
scale of hardness

sineasued by
scratching = -~

v:Knoop (and others)

~are absolute scales of
indentation.




Minerals: hardness
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Ca-plagioclase
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Minerals: Solid Solutions
Plagioclase feldspar

The most abundant mineral
in the lunar highlandseesm=as

R
-

-

~ Anorthite CaA‘lz'SizO‘8 o

4 60
Weight % An

| atmosphere diagram, from Bowen (1913)



Minerals: Solid Solutions

Plagioclase feldspar

The most abundant mineral
in the lunar highlands.emas

_Albite~ =& NaAlSi;O; -
' Na*Si*t
e S AN

Anorthite CaAIZSVi'zQS; s

40 60
Weight % An

| atmosphere diagram, from Bowen (1913)




Minerals: Solid Solutions
Plagioclase feldspar

The most abundant mineral

in the lunar highlands =y : i
_ATGite NaAlSi,0

. Anorthite CaA:IZS,i'ngl s

Most highlands plagioclase Weight % An

IS ANgy g9




Minerals: Solid Solutions
Plagioclase feldspar

The most abundant mineral
in the lunar hlghlands T
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ATbite— - NaAlsg@ A

Anorthite ~ CaALSi,04"

Most highlands plagioclase 8 ~ Weight % An
s Allgy g

Most simulant plagioclase
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 Fayalite : Fe,Si0;

_Forsterite - Mg,Si0, ~ -

Minerals: Solid Solutions

Olivine
(Mg,Fe),Si0,

—
-
—
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Temperature (°C)

1200 1205 Olivine solid solution

[

Most lunar olivine is
Fosz4.50.

Fayalite (Fe,Si0O,) Forsterite (Mg,Si0,)

I atmosphere diagram, from Bowen &
Schairer (1935)
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Minerals: Solid Solutions

Pyroxene
(CaaMgaFe)2SiZO6

-t 2
T B AP

T
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_Clinopyroxene series -

L Ca(Mg,Fe(j)’S‘iz'(‘)6

Orthopyroxene series .

(Mg:Fe)ESiQ.O

Pyroxene quadrilateral and classification fields




Minerals: Solid Solutions

Pyroxene
(Ca,Mg,Fe),S1,0, AR

_Clindopyroxeneseries = - -
- CaMg,Fe0)81,0, -

: ~Orthdpyfoxene series . ==y
(Mg Fe),Si:05 -8

Approximate solidus temperatures of

endmember pyroxenes, from Huebner and
Turnock (1980, figure 9)




Minerals: Solid Solutions

Pyroxene
(Ca,Mg,Fe),S1,0,

!_,--.-"" .

__Clindpyroxeneseries - -
- Ca(Mg,Fe0)Si,0,

=
o
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Pi»ggonige

. :Orthopyroxene §erie’s? & (A
(MgaFe)2SIZOG
Pyroxene quadrilateral and classification

fields, with lunar pyroxene distribution from
Heiken et al. (1991)




Minerals: Oxide minerals

Spinel minerals Ilmenite
V¥ Spinel Mg,ALO,
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Y llmeniteemmmebectlLiQ,

_-Hercynite = Ee,Al,O, v Hematite ~ Fe,05
- ¥ Ulvospinel. TiFeliz“*ZOL1

- »

- v Chromite:  Fe?*,Cr,0;

B Magn_eti__t_e B 'Fez““F e O




Minerals: Oxide minerals

Spinel minerals Ilmenite

A\ 4 Spmel Mg2A120 g ﬂ,yglllnenlt§r:—;ﬁe2
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_-Hercynite - Fe,ALL,O, - v Hematite ~ Fe’H,05

-
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F Ry Ulvﬁsp'inel_ TikEe250,
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FETEL f Comn There is almost always
e Chromite - Fe~+2C_r204 - Fe3+ 1n terrestrial oxide
S | minerals, and it may be the
v Magnetite ~ Fe2'Fe’*,0, dominant Species. It does

S | £ e pe ’ - not occur in lunar rocks.




Minerals: Phosphates

Apatite

Y Fluorapatite Cas(POY) E e
/ﬂq,_&r-’CHlargipatite e CaS(PO4)3Cl‘

Y Hydroxbyaapiatite ,Cas(vPO4)3QH e

~ Whitlockite (merrillite)
=Y CalG(MgDF e"),("REE)(PO,),,

Rare Earth Element




Minerals: Phosphates

Apatite
v Fluorapatite

T
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_-Chlorapatite -

v Hydroxyapatite . -Cay(PO,);O0H

& -

- Whitlockite (merrillite)
| _".V Calé(Mg,Fez +)2(°*:REE)(P O)14

Rare Earth Element -
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Minerals: Specific gravity

Lunar minerals have S.G. from ~2.7 (anorthite plagioclase) to
~4.75 (troilite and 1lmer11te) Natlve iron (Fe) has an S Gof
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.x--f""r‘SpeCIﬁC grav1§y varies by as much as 1 unit within solld
- solutions as Ca/INa or Mg/F « changes Or as Cr T, Al;; sete.
| subs‘utute

-




Minerals: Abrasiveness

A mineral’s abrasiveness 1s derived from its hardness, cleavage,
and fracture.




Minerals

Speaking very generally:
v For applications involving melting, reactivity, and spectral
reﬂectance the chemlstry of themmerals matters—-Mg/F 3 strongly__

affects meltmg T and p0551bly reflectance.
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7 For some geotechnlcal behavmr the kmd of*mlnerals and the

abundance matters-(e.g, abraswessness)

-

- V Splnels may be the exceptlon as the endmembers have
substantlally different hardness and fracture.

o7 For appl1cat10ns dependent on spe(:lﬁc gravity, assemblage and
composmon matters
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Glass

v Glass is material that crystallizes from a molten state without
developing crystallinity. Thermodynamically, it is disordered like
a liquid but 1s rlcldly bouggf T

dq_ﬂ,a-c—' T

s v -
—

_v~Glass on the MOo"n is either:.

E A

= ‘;folcanic, which 1S ‘Mg-'anwd Fe-ric_:h, with variable Ti0,,

or

S 1mpact—related ll‘LWhICh case it will 1eﬂect the comp031t10n of the melted
material
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Glass: How composition affects properties

Glass that concerns us 1s silica-based (35-75 wt.% S10,)

Pure SiO2 glass is amorphoqg_b.ut —Llements-may-join the network

——

highly polymel izedemmaT et (Al3+) or modify (Na*, K*). - - =
It is.viscous and relatlvely : These will change VlSCOSlt}’,
e unreacﬁve. R : reactivity, and thermal response.

Crystalline SiO Amorphous SiO
ry(Quartz) 2 (G?ass) 2

e
\\ Non- -bodging

O""—'- Oxygens

Melwark

/. — {armers
.
T,

o/




Glass

Y Glass does not have an ordered internal structure, and thus has no
singe melting point

I S - i R sy S
e W .
g

B e Ui : A R
— Annealing-point, at.which its internal strain is relaxed
— Softening point, at which it can be worked,’anda =+ -

S

- =
s

ass

S i Molten point,lét whiéh it 18 eﬁtire:b{ liquid.

=

v These points may sp_read’ov‘er 100’s or >1000° C

-y These position of these points depend on composition (e.g.,
5 Mg/Fe, the presence of flux elements like Na, B...)




Rock

V¥ A rock 1s a naturally occurring solid aggregate of consolidated
minerals, with or without glass.

L E—— ;

B - e L -

N4 Igneous rocksare those that cool from magmas.

P volcanic rocks erupt and cool quickly; they are ﬁne g1 ained and may be

=

glassy = - e g
— plutonic rocks cool underground-and develop cdarsérf‘ crystals '

—

v Rocks are classified by their minei"éll.contents' or their éhemistry.



International Union of
Geological Sciences
(IUGS) classification

S ol A (8 W Relative amounts of :
/A SR CDY. el ‘:"m' —

Anorthosite

plagioclase

-

clinopyroxene (Ca-bearing)

orthopyroxene (little to no
Ca)




(IUGS) classification

Relative proportions of plagioclase, total pyroxene, and olivine

anorthosite
a0

gagf‘rzig’me /" olivine gabbro
nori olivine gabbronite
olivine norite

85

Ol

ULTRAMAFIC ROCKS

Leucocratic Gabbro




plagleciase

Lunzfr (no.n-IUGS) B Sl o S

classification A Qethentc

You may see this

classification from Stoffler

etal (1980) used.  _ ocemmmme e
__,.-;-*'lt”é’;('pallds the anorthosite

to transitional fields by the
use of:modifiers. g

+8 erthepyrexane slinepyrexene
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Total alkali-silica diagram ([Na,0+K,0]-Si0,)

Useful for volcanic rocks ‘

that are glassy or too fine- phonolit
grained for mineral |

identification SR o A

trachydacite
' (g >20%) rhyolite
tephrite
(vl < 10%)

| basanile
(ol < 10%)

andesite
basaltic
andesite
| picro-
basalt

37 41 45 49 53 57 ]

ULTRABASIC | BASIC . INTERMEDIATE; ACIDIC

45 52 63

Wt. % SiO,

T.A.S. diagram after LeBas et al., 1986




Total alkali-silica diagram (|[Na,O+K,0]-Si0,)

Useful for volcanic rocks
that are glassy or too fine- phonalit
grained for mineral |

Toidite

N . N - -| ew
identification e <20
.«—-’!"’"‘.—éir - -t ‘ o i
et : o i trachyducite
el : 5 (g >20%) rhyolite

tephrite
(ol < 10¥%)

P Terrestrial “basalts™ have a
! range of composition.

basanite
(ol < 10% ) LAsashy -
basalt 2 §
— dacie
221 15 andesite
Basaltic
Ldndesite

A

37 ._' ¢ ..‘3 57 61 ) 65 69 73
ULTRABASIC | BASIC | INTERMEDIATE. ACIDIC
45 52 63
- Wt. % SiOz

T.A.S. diagram after LeBas et al., 1986



Useful for volcanic rocks
that are glassy or too fine- phonolit
grained for mineral |
identification

foidite
trachyte

(4 < 20%)

K,O

trachydacite
. (g>20%) rhyolite
tephrite
(ol < 10%)

basanile
ol < 100) L4sashy-

Wt. % Na,O

range of composition.

i e =~ " = -
v 3 ;
D s T T ’ Fon Y e P o8 1

"'( dacite
andesite

pd ] -
'_'____'._4 hasali ’ dndesite
| picro- | /‘/
=

......

in alkalis, so this diagram
does not discriminate them
well.

37 41 45 49 53 57 61 65 69 73

ULTRABASIC . BASIC | INTERMEDIATE; ACIDIC

45 52 63

Wt. % SiO,

T.A.S. diagram after LeBas et al., 1986



Impact Rocks

v Almost all rocks on the lunar surface have experienced shock
and/or thermal effects from impact.

iy ———— et |
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v It they were completely molten ‘then they are, for our proposes
- 1gneous ' ~

s

i .

v If they are pattlally molten or partlally broken they form a
spectrum of ‘breccias.” L

-




Impact Rocks

. porous dark matrix breccia
Suttice to Say, there 1s a —..compact-dack-mateix breccia

—

spectrum of of l:ock—types “With = porous light matrix‘breccia

variab]e shock crushed . compact light matrix breccia™
‘ ' crystalline matrix breccia

equant plagioclase poikiliiié bneccia W

The effect Of these Ol‘l the i ,varlllohuc basalt-textmed bneccna
reactwlty nd-=" .- ey S subophmc basaltatextulgd breccia
h l ST intergranular basalt-textured breccia
EARIICC anl.ca pI'Op SIS intersertal basalt-textured breccia
of the 1"38011th are : porphyritic basalt-textured breccia .
| unknowri. granulitc breccia




Agglutinates ik

v Agglutinates are small glassy breccias formed when
micrometeorites (< 1 mm in diameter) strike the lunar regolith.

ey AW o > .- = ——
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N4 They contain mmerals lithic fragments, and vesicles (ga&bubbles)
_~if"a glass matrix. Agglutmates are typlcally IO’s of pm to a few-

-

——
-

mm in size.
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