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Occurrence 

-Granitic pegmatites

-Metamorphic rocks

-Meteorites

Fillowite + alluaudite, Kabira pegmatite, Uganda

Johnsomervilleite, Loch Quoich, Scotland

Chladniite, GRA 95209 meteorite

Field StabilityIntro. Crystallo.Petro.



The Varuträsk pegmatite

Percy Quensel (1881-1966)

Brian Mason (1917-2009)

Field StabilityIntro. Crystallo.Petro.



Li(Mn2+,Fe2+)PO4   Li1-x(Mn2+,Fe3+)PO4  [](Mn3+,Fe3+)PO4

(Lithiophilite)                 (Sicklerite)               (Purpurite)

Li(Fe2+,Mn2+)PO4   Li1-x(Fe3+,Mn2+)PO4  [](Fe3+,Mn3+)PO4   

(Triphylite)               (Ferrisicklerite)           (Heterosite)

The triphylite group

Field StabilityIntro. Crystallo.Petro.



The alluaudite group

Varulite, Na2Mn2Fe3+(PO4)3

Varuträsk, Sweden

François II Alluaud (1778-1866)

Mayor of Limoges and mineralogist

Chanteloube pegmatite

Alluaudite, NaMnFe3+
2(PO4)3

Augustin-Alexis Damour

(1808-1902)

Field StabilityIntro. Crystallo.Petro.



Genesis of alluaudites

Alluaudite, Kibingo pegmatite, Rwanda

• Secondary origin

• Primary origin

Oxidation mechanism

Na2MnFe2+Fe3+(PO4)3 []NaMnFe3+
2(PO4)3

Na+ + Fe2+ [] + Fe3+

Field StabilityIntro. Crystallo.Petro.



Brazil

Argentina

Let’s go to the field!

Field StabilityIntro. Crystallo.Petro.

Namibia

Palermo, NH



Pegmatite zoning

Field StabilityIntro. Crystallo.Petro.



Fe-Mn phosphates in 

pegmatites 

Buranga pegmatite, Rwanda

Sapucaia pegmatite, Brazil

Field StabilityIntro. Crystallo.Petro.

Palermo #1 pegmatite, NH



Back to the lab…

Field StabilityIntro. Crystallo.Petro.

Petrography

Al phosphates

Thin sections

Fe-Mn phosphates



The triphylite + sarcopside

assemblage

Fransolet, 1977

Field StabilityIntro. Crystallo.Petro.

Sarcopside (Fe,Mn)3(PO4)2



Sarcopside + triphylite

Triphylite + sarcopside

Cañada pegmatite, 

Spain

Lamellar textures

EXSOLUTION!!

The triphylite + sarcopside

assemblage

Pictures: E. Roda Robles

Field StabilityIntro. Crystallo.Petro.



Alluaudite + fillowite, Kabira, Uganda

The alluaudite + fillowite

assemblage

Field StabilityIntro. Crystallo.Petro.



Hagendorfite, alluaudite, and heterosite, Kibingo pegmatite, Rwanda

The triphylite + alluaudite assemblage

Field StabilityIntro. Crystallo.Petro.



Field StabilityIntro. Crystallo.Petro.

Complex assemblages from Sapucaia



Single-crystal X-ray diffraction

Field StabilityIntro. Crystallo.Petro.

Diffraction spots
4-circle diffractometer

Structure determination



The triphylite structure

S.G. Pmnb

a = 6.092 Å

b = 10.429 Å

c = 4.738 Å

Red octahedra: M1 (Li, Na)

Blue octahedra: M2 (Fe, Mn)

b

a

• Triphylite, LiFe2+(PO4)

• Lithiophilite, LiMn(PO4)

• Natrophilite, NaMn(PO4)

• Karenwebberite, NaFe2+(PO4)

Field StabilityIntro. Crystallo.Petro.



Karenwebberite, a new mineral...

Malpensata pegmatite, Italy

NaFe2+PO4

a = 4.882(1), b = 10.387(2), c = 6.091(1) Å

Pbnm

Karen Louise Webber

Field StabilityIntro. Crystallo.Petro.



Zavalíaite, a new mineral...

a = 6.088(1) Å

b = 4.814(1) Å

c = 10.484(2) Å

β = 89.42(3)°

S.G. P21/c

Mn3(PO4)2

Florencia Márquez Zavalía

Field StabilityIntro. Crystallo.Petro.



The sarcopside structure
Sarcopside

a = 6.088(1) Å

b = 4.814(1) Å

c = 10.484(2) Å

β = 89.42(3)°

S.G. P21/c

Triphylite

a = 5.987 Å

b = 10.286 Å

c = 4.690 Å

S.G. Pmnb

• Topologically identical crystal 

structures

• 50 % of M(1) positions are vacant 

in sarcopside

Field StabilityIntro. Crystallo.Petro.



 

a

b

c

Fe3+ + Fe2+

M(2)

Mn

M(1)

• + Na

A(2)’

Na + •

A(1)

The alluaudite structure
A(2)’: gable disphenoid

A(1): distorted cube

M(1): very distorted octahedron

M(2): distorted octahedron

[A(2)A(2)’][A(1)A(1)’A(1)’’2]M(1)M(2)2(PO4)3

C2/c, Z = 4

Field StabilityIntro. Crystallo.Petro.



Crystal chemistry of natural

alluaudites
• Moore & Ito (1979)

A(2)’  Na+, •, K+

A(1)  Na+, Mn2+, Ca2+, •

M(1)  Mn2+, Fe2+, Ca2+, Mg2+

M(2)  Fe3+, Fe2+, Mn2+, Mg2+, Li+

• Fransolet et al. (1985, 1986, 2004)

Oxidation mechanism:

Na+ + Fe2+  •    + Fe3+

Na2MnFe2+Fe3+(PO4)3  •   NaMnFe3+
2(PO4)3

Na2Fe2+
2Fe3+(PO4)3  •   NaFe2+Fe3+

2(PO4)3

Field StabilityIntro. Crystallo.Petro.



New nomenclature for alluaudites

Field StabilityIntro. Crystallo.Petro.



Hydrothermal experiments

Field StabilityIntro. Crystallo.Petro.

Hydrothermal bomb

Gold tubes

Opened gold capsules

Hydrothermal lab

P = 1 kbar

T = 400-800°C



LiFe2+
2.5(PO4)2

Stability of the triphylite + 

sarcopside assemblage

• Decrease of the Li-content 

of triphylite, from 0.72 

a.p.f.u. at 400°C, to 0.48 

a.p.f.u. at 600°C

• Increase of the Li-content 

of sarcopside, from 0.01 

a.p.f.u. at 400°C, to 0.05 

a.p.f.u. at 600°C

• 1-phase domain above 

700°C

Field StabilityIntro. Crystallo.Petro.



Fe/(Fe+Mn) ratio of natural triphylites 

and sarcopsides close to 0.800

Phase diagram for the 

LiMn0.5Fe2+
2(PO4)3 starting 

composition

Cañada

35 % sarcopside and 65 % triphylite

T ~ 500°C

Tsoabismund

15 % sarcopside and 85 % triphylite

T ~ 350°C

Calculation of crystallisation

temperatures for natural

assemblages
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Alluaudite + maricite

Phase X + maricite + alluaudite
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fill.

Phase X + 

allu. + 

mar. + 

fill.

Stability of alluaudites

• Low T  alluaudite

• High T  “X-phase”

• Mn  fillowite [NaMn4(PO4)3]

No maricite [NaFePO4] in 

pegmatites

Varulite

Na2Mn2Fe3+(PO4)3

350-400°C

Hagendorfite

Na2MnFe2+Fe3+(PO4)3

450-500°C

Ferrohagendorfite 

Na2Fe2+
2Fe3+(PO4)3

550-600°C

Field StabilityIntro. Crystallo.Petro.



300

400

500

600

700

800

900

0,5 0,55 0,6 0,65 0,7 0,75 0,8

Fe/(Fe + Mn)

T
 
(
°
C
)

Alluaudite + triphylite

Alluaudite + triphylite

 + maricite

Phase X + triphylite

Stability of the triphylite + alluaudite 

asemblage

Bu KiHa

Bu = Buranga, Rwanda

Ha = Hagendorf-Süd, Germany

Ki = Kibingo, Rwanda

No maricite in pegmatites

Alluaudite + triphylite 

assemblage stable up to 

500-600°C

Field StabilityIntro. Crystallo.Petro.



The Na-in-triphylite

geothermometer

•In triphylite, Na can 

reach 0.08 a.p.u.f. at 

800°C

•In maricite, Li can 

reach 0.10 a.p.u.f. at 

700°C

•No partitioning 

below ca. 550°C  
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Geothermometer!

Field StabilityIntro. Crystallo.Petro.



Conclusions

• Phosphates are « exotic » minerals, forming large masses in the 

most evolved parts of granitic pegmatites

• They are of great interest for pegmatologists, to:

✓ Understand pegmatite evolution during the post-magmatic

stages (HT and LT hydrothermal, meteoric) 

✓ Definine the T and oxygen fugacity conditions of pegmatites

• For mineralogists and solid-state scientists:

✓ They provide an infinite source of new mineral species

✓ Their exciting crystal structures are an inspiration for the 

development of new materials (alluaudites and triphylites in Li-

ion batteries)                                                                                                               


