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TABLE 1.   Major chemical subdivisions of pyroxenes (after Cameron 
and Papike 1980).

1.  Magnesium-Iron Pyroxenes
Enstatite Mg2Si2O6 Pbca,P21/c, Pbcn†
Ferrosillite Fe2+Si2O6 Pbca, P21/c
Orthopyroxene (Mg,Fe2+)2Si2O6 Pbca
Pigeonite (Mg,Fe2+,Ca)2Si2O6 P21/c, C2/c

2.  Calcium Pyroxenes
Augite (Ca, R2+*)(R2+, R3+, Ti4+)(Si,Al)2O6 C2/c
Diopside CaMgSi2O6 C2/c
Hedenbergite CaFe2+Si2O6 C2/c
Johannsenite CaMnSi2O6 C2/c

3.  Calcium – Sodium Pyroxenes
Omphacite (Ca, Na)(R2+, Al)Si2O6 C2/c, P2/n
Aegirine - Augite (Ca, Na)(R2+, Fe3+)Si2O6 C2/c

4.  Sodium Pyroxenes
Jadeite NaAlSi2O6 C2/c
Acmite NaFe3+Si2O6 C2/c
Ureyite NaCr3+Si2O6 C2/c

5.  Lithium Pyroxenes
Spodumene LiAlSi2O6 C2 (~C2/c)
* R2+ = Mn2+, Fe2+, Mg;  R3+ = Fe3+, Cr3+, Al.
† Multiple entries indicate polymorphs having identical composition.

TABLE 2.   Selected spinel end-members (natural, synthesized, and 
predicted)

Name               Formula
Spinel IVMgVIAl2O4

Hercynite IVFe2+ VI Al2O4

Chromite IVFe2+ VICr2
3+O4

Magnesiochromite IVMgVICr2
3+O4

Ulvöspinel IVFe2+ VI(Fe2+Ti)O4  (Inverse)
Magnetite IVFe3+ VI(Fe2+Fe3+)O4  (Inverse)
Coulsonite IVFe2+ VIV2

3+O4

Magnesiocoulsonite IVMgVIV2
3+O4

Synthetic compound (Rogers et al. 1963) IVFe2+ VI(Fe2+V4+)O4

Predicted IV(Mg, Fe2+)VITi2
3+O4

Predicted (Ulmer and White 1966) IV(Cr2+)VICr2
3+O4

Space Group Fd3m isometric    Z = 8
Normal 8R2+* in A-site Tetrahedral
 16R3+* in B-site Octahedral
Inverse 8R3+ (or 8R2+) in A Tet., 8R2+ + 8R3+ 
 (or 8R4+*) in B Oct.
* R2+ = Mg2+, Fe2+, Cr2+;  R3+ = Fe3+, Cr3+, Al3+, V3+, Ti3+; R4+ = Ti4+, V4+.
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TABLE 3.   Basalt suites chosen for olivine analysis, along with corresponding setting, locality, thin section number, and rock type (after Karner 
et al. 2003)

Sample suite Geologic setting Locality Thin section-rock type References
Archean Archean greenstone  Munro and Cook Townships,  ARCH-4  Olivine  Naldrett and Smith 1981
 belts Ontario, Canada spinifex

Ocean fl oor  Mid-ocean ridge divergent  Mid-Atlantic Ridge,   OF-1, OF-3, OF-8,  Rhodes and Bence 1981
basalts plate volcanism Galapagos Ridge, Primitive basalts
  East Pacifi c Rise OF-9  High-Ti basalt
   OF-16  Evolved basalt  

Continental  Extensional tectonics  Taos Plateau,  TP-1  Olivine tholeiite,  Dungan et al. 1981
rift basalts within continental plates New Mexico, USA TP-17, TP-21  Olivine 
   andesites

Island Arc  Volcanism onto ocean fl oor   New Britain, Papua-New Guinea IA-7  Porphyritic basalt  Taylor et al. 1981
basalts at convergent plate boundaries  IA-11  Vesicular basalt

Oceanic Intraplate  Oceanic-island hotspot volcanism Hawaiian islands, USA HAW-1, HAW-22 Tholeiites,  Bence 1981
basalts   HAW-11  Alkali basalt,  
   HAW-17  Ankaramite,  

Continental  Flood lavas produced at  Keweenawan, Lake  KEW-5 Olivine tholeiite Green and Haskin 1981 
fl ood basalts continental rifts Superior Basin, N. America  CP-4 Olivine basalt Haggerty and Irving 1981
  Columbia Plateau, CP-8 Porphyritic basalt
  Washington, USA  

Lunar Basalts Lunar mare basaltic volcanism Apollo (AP) 11, 12, 15 & 17  10020, 10062  AP11 Low-K basalts; Papike et al. 1976
  landing sites    12009, 12020, 12075 AP12 
   Olivine basalts; 12020, 12063 AP12 
   Ilmenite basalts; 15016, 15545 AP15 
   Olivine basalts; 70215, 74275 AP17
    Very High-Ti basalts 

Martian Basalts Martian basaltic volcanism Meteorites-Dar al Gani 476,  Dar al Gani 476  Basaltic shergottite McSween and  Treiman. 1998
  LEW 88516, and ALH 77005 LEW 88516, ALH 77005 
   Lherzolitic shergottites  

Oxygen charge balance requirements in spinel
(Oxygen ligands bonded to three octahedra and one 

tetrahedron require 2+ charges)

A.  Magnesiochromite IV
Mg

2+ VI
Cr

2
O

4
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Mg2+ ÷ 4 = +0.5

Oct 1 Cr3+ ÷ 6 = +0.5
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B.  Ulvöspinel IVFe2+ VI(Fe2+ + Ti4+)O4 (Inverse)
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Fe2+ ÷ 4 = +0.5

C.  Magnetite IVFe3+ VI(Fe3+ + Fe2+) O4 (Inverse)
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Oct 3    (Fe3+ + Fe2+ ÷ 2 = +2.5) ÷ 6 = +0.42

Oct 1   (Fe2+ + Ti4+ ÷ 2 = +3) ÷ 6 = +0.5

Oct 2   (Fe2+ + Ti4+ ÷ 2 = +3) ÷ 6 = +0.5
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TABLE 4.   Summary of relative importance of pyroxenes "others" 
cation couples (after Papike and White 1979)

Group First most important  Second most important
Archean M1Ti - 2IVAl M1Al - IVAl
Columbia Plateau M1Fe3+ - IVAl  M1Ti - 2IVAl 

Deep Sea M1Ti - 2IVAl  M1Fe3+ - IVAl 

Shergotty (Mars) M1Ti - 2IVAl M2Na – M1Al
Hawaiian M1Ti - 2IVAl M2Na – M1Fe3+

Island Arc M1Al - IVAl M1Fe3+ - IVAl
Keweenawan M1Fe3+ - IVAl M1Ti - 2IVAl
Lunar Mare M1Ti - 2IVAl M1Al - IVAl
Rio Grande M1Fe3+ - IVAl M1Ti - 2IVAl

Diopside

CaMgSi2O6

Hedenbergite

CaFeSi2O6

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9
Earth
Moon
Mars

0.0

1.0

C
a 

(a
fu

)

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0Enstatite

Mg2Si2O6 Fe/Fe + Mg (atomic)
Ferosilite

Fe Si2O62

      


0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.00 0.20 0.40 0.60 0.80 1.00 1.20

Fe/ (Fe + Mg)  (atomic)

T
i (

af
u

)

Earth

Moon

Mars

a)

0.05

Pyroxene

0.00

0.01

0.02

0.03

0.04

0.00 0.20 0.40 0.60 0.80 1.00 1.20

Fe/ (Fe + Mg)  (atomic)

C
r 

(a
fu

)

Earth

Moon

Mars

b)









 














































 




       











Pyroxene

0

100

200

300

400

500

600

0.00 0.20 0.40 0.60 0.80 1.00

Ca (afu)

V
 (

p
p

m
)

Earth

Moon

Mars

a)

600

0

100

200

300

400

500

0.00 0.20 0.40 0.60 0.80

Fe/(Fe + Mg) (atomic)

V
 (

p
p

m
)

Earth

Moon

Mars

b)





0.00

0.50

1.00

1.50

2.00

2.50

3.00

0.00 0.20 0.40 0.60 0.80 1.00

Ca (afu)

V
p

yr
o

xe
n

e 
/ V

 ro
ck

Earth

Moon

Mars

a)

Pyroxene

0.00

0.50

1.00

1.50

2.00

2.50

3.00

0.00 0.20 0.40 0.60 0.80

Fe/(Fe + Mg) (atomic)

V
p

yr
o

xe
n

e/
V

ro
ck

Earth

Moon

Mars

b)

     































     























TABLE 5.  Basalt suites chosen for chromite analysis, along with corresponding setting, locality, thin section number, and rock type
Sample suite Geologic setting Locality Thin section-rock type Reference
Ocean fl oor basalts Mid-ocean ridge,  Mid-Atlantic Ridge  OF-3  Primitive basalt Rhodes and Bence 1981
 divergent plate volcanism

Island Arc basalts Volcanism onto ocean fl oor   New Britain,  IA-11  Vesicular basalt Taylor et al. 1981
 at convergent plate boundaries Papua-New Guinea

Oceanic Intraplate basalts Oceanic-island hotspot volcanism Hawaiian islands, USA HAW-17  Ankaramite  Bence 1981 
   Kilauea Iki-1  Olivine tholeiite Shearer (Personal Comm.)
   Makaopuhi-22  Olivine tholeiite Wright and Okamura 1977

Lunar Basalts Lunar mare basaltic volcanism Apollo (AP) 12 & 15    12020, 12075 AP12 Olivine basalts;   Papike et al. 1976
  landing sites 12063 AP12 Ilmenite basalt;
   15595 AP15 Pigeonite basalt 

Martian Basalts Martian basaltic volcanism Meteorites-Dar al Gani 476, Dar al Gani 476, EETA 79001   Meyer 2003 
  EETA 79001 Basaltic shergottites
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TABLE 6.  How fO2 conditions for the planets aff ect the presence and 
distribution of Fe, Cr, V, and Ti valence states.

fO2 range for planetary basalts
Moon-IW-2 to IW Mars- IW to IW+2 Earth- IW+2 to IW+6

Multivalent elements in basaltic melts
No Fe3+ Fe3+ moderate Fe3+ high
Cr3+ moderate, Cr2+ high Cr3+ high, Cr2+ low mostly Cr3+, Cr2+ very low
V3+ > V4+, low V2+ V4+ ≈  V3+ V4+ > V3+, V5+

Ti4+, Ti3+ low all Ti4+ all Ti4+

Olivine components and charge balance couples = "others"
none M2-M12Fe3+ M2-M12Fe3+

low M2-M12Cr3+ M2-M12Cr3+

none M2Na–M1Cr3+ M2Na – M1Cr3+

Cr2+ for Mg or Fe2+ none none
Component = Cr2

2+SiO4 little none
low M2-M1V4+ M2-M1V4+

M2-M12V3+ M2-M12V3+ low
none M2Na–M1V3+ low
V2+ for Mg or Fe2+ none none
M2-M1Ti4+ M2-M1Ti4+ M2-M1Ti4+

M2-M12Ti3+ none none
Pyroxene charge balance couples = "others"

none VIFe3+-IVAl VIFe3+-IVAl
none M2Na – M1Fe3+ M2Na – M1Fe3+

M1Cr3+-IVAl M1Cr3+-IVAl M1Cr3+-IVAl
none M2Na – M1Cr3+ M2Na – M1Cr3+

Cr2+ for Mg or Fe2+ low none
none M2NaM1V4+ IVAl M2NaM1V4+ IVAl
low M1V4+-2IVAl M1V4+-2IVAl
none M2Na – M1V3+ low
M1V3+-IVAl low none
V2+ for Ca, Mg, Fe2+ none none
M1Ti3+-IVAl none none
M1Ti4+-2IVAl M1Ti4+-2IVAl M1Ti4+-2IVAl

Spinel components
none Moderate IVFe3+(Fe3+ Fe2+)O4  
  (Magnetite)
IVFe2+ VI(Fe2+ Ti4+)O4    present present
(Ulvöspinel)
IV(Fe2+, Mg) VITi2

3+O4    none none
(Predicted)
IVCr2+ VICr2

3+O4    low none
(Predicted)
(Fe2+, Mg) VIV2

3+O4    low none
(Coulsonite)
low IVFe2+ VI(Fe2+ V4+)O4    some
 (Predicted)
V2+ for  (Fe2+, Mg) none none
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