
A journey in the world  of

Blue spinels
Nicolas HÉBERT

43rd Australasian mineralogical societies conference

4th October 2020 



Specimen from N.Gilly 38*25*14 mm 
Ali Abad, Hunza Valley, Hunza District, Gilgit-Baltistan, Pakistan





https://gem-matrix.com/collection/single/tproduct/202544733-502365255783-jay-spinel-870-cts

8.70 ct, coll GEMATRIX
Photography : Alexey Jurys Yakhlakov

“Jay” Sri-Lankan spinel

https://gem-matrix.com/collection/single/tproduct/202544733-502365255783-jay-spinel-870-cts


https://gem-matrix.com/collection/single?s_recid=202544733&s_charact%3A351638=Greyish-Blue#spinel









Luc Yen spinels

private collection of Min Tran
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Spinel : a simple formula

• MgAl2O4



Spinel : a simple formula ?

• A2+B3+
2X4

• Fe2+ Al3+
2O4 Hercynite

• Fe2+ Fe3+
2O4 Magnetite

• Zn2+Al3+
2O4 Gahnite

• Fe2+Cr3+
2O4 Chromite

• Mg2+Cr3+
2O4 

Magnesiochromite



Spinel : a not so simple formula

• A2+B3+
2X4 

• (Mg,Fe,Zn,Co,Mn,Ni) 2+ (Al,Fe,Cr,V) 3+
2 O4



• A2+B3+
2X4 

• (Mg,Fe,Zn,Co,Mn,Ni) 2+ (Al,Fe,Cr,V) 3+
2 O4

Muhlmeister et al, Gems and gemology 2013,81-98

Spinel : colors of the rainbow



A2+

B3+

Tetrahedral site (T) for divalent cations

Octahedral site (M) for trivalent cations

Structural mineralogy



A2+

B3+

Tetrahedral site (T) for divalent cations

Octahedral site (M) for trivalent cations

Laws are meant to be brocken

(Al,Fe,Cr,V) 3+

(Mg,Fe,Zn,Co,Mn,Ni) 2+ 

Andreozzi et al, Phys Chem Minerals 46, 343–360 (2019). 
https://doi.org/10.1007/s00269-018-1007-5
Le Thi Thu Huong, Vietnam Journal of Earth Sciences, 40(1), 
47-55, Doi:10.15625/0866-7187/40/1/10915 

https://doi.org/10.1007/s00269-018-1007-5


A world of possible substitutions
• The color of samples with a pink (incl. lilac and pale violet), blue and green hue is

essentially influenced by the Fe content, and specifically by Fe2+/Fe3+ ratios, even
if a clear attribution is not straightforward.

• 670275 T(Mg0.838Al0.083Fe2+
0.056Fe3+

0.006Zn0.006Mn0.004)∑0.993M(Al1.870Mg0.104Fe2+
0.002Ti0.001)∑1.995O4

• 881728 T(Zn0.839Fe2+
0.080Mg0.056Al0.024Mn0.001)∑1.000M(Al1.914Fe3+

0.026Fe2+
0.024V3+

0.001)∑ 1.999O4

Andreozzi et al, Phys Chem Minerals 46, 343–360 (2019). https://doi.org/10.1007/s00269-018-1007-5



Electronic intervalence charge-transfer

Ligan to metal charge-transfer

peak values in the visible range

Signal decomposition

Andreozzi et al, Phys Chem 
Minerals 46, 343–360 (2019). 
https://doi.org/10.1007/s00269-018-1007-5



Blue light increased absorption due to the 14,500 cm-1 band related to MFe2+ - MFe3+ InterValence Charge Transfert (Non-linear)

Spinel-Hercynite solid solution

MFe MFe MFe



6 shades of blue spinel, illustrated

D’Ippolito, V., Andreozzi, G.B., Hålenius, U. et al. Color mechanisms in spinel: cobalt and iron interplay for the blue color. 
Phys Chem Minerals 42, 431–439 (2015). https://doi.org/10.1007/s00269-015-0734-0



Gahnite, Kagoro, Kaduna state, Nigeria

• T(Zn0.94Fe2+
0.03Al0.03) M(Al1.96 Fe2+

0.03 Fe3+
0.01) O4

• Very small amounts of Mg and Mn2+ (<0.005 a.p.f.u.) occur at T sites.

https://joehenleyrough.com/collections/spinel-crystals/products/blue-spinel-crystal



V. D'Ippolito; et al Mineralogical Magazine (2013) 77 (7): 2941–2953.
https://doi.org/10.1180/minmag.2013.077.7.05



To put it simply, a spinel is a mixture of

D’IPPOLITO et al, Mineralogical Magazine, October 2013,
Vol. 77(7), pp. 2941–2953

Tetrahedral [T]

(Mg2+Fe2+Zn2+Mn2+Co2+Ni2+Al3+ )∑1

Octahedral[M]

(Al3+ Fe3+Fe2+ V3+ Cr3+ Ti3+Mg2+ Co2+ Fe2+ )∑2 O4
Fe3+Fe2+

Fe3+Fe2+



Ultimate definition of cobalt spinel : a sterile debate ?



So, Cobalt or not Cobalt ?

Wrong , because iron doesn’t have a linear behaviour !

250 𝑝𝑝𝑚 𝐹𝑒

25 𝑝𝑝𝑚 𝐶𝑜
≠
2500 𝑝𝑝𝑚 𝐹𝑒

250 𝑝𝑝𝑚 𝐶𝑜
≠
10000 𝑝𝑝𝑚 𝐹𝑒

1000 𝑝𝑝𝑚 𝐶𝑜

IF((Fe/Co) ≪ 10), Cobalt_spinel == TRUE)

"𝑂𝑛𝑒 𝑐𝑎𝑛𝑛𝑜𝑡 𝑚𝑖𝑥 𝑝𝑜𝑡𝑎𝑡𝑜𝑒𝑠 𝑎𝑛𝑑 𝑐𝑎𝑟𝑜𝑡𝑠 𝑏𝑢𝑡 𝑓𝑜𝑟 𝑠𝑜𝑢𝑝"

This is the question !



A consistent approach to quantify color

• The CIE colorimetric coordinates, 
lightness

• L* (black–white),

• a* (green–red)

• b* (blue–yellow)

Are measured using a Konica-
Minolta Chroma Meter CR-400

Karmaoui et al. (2013). Synthesis of cobalt aluminate nanopigments by a non-aqueous sol–
gel route. Nanoscale, 5(10), 4277. doi:10.1039/c3nr34229h



250ct parcel
3 years to assemble while living in situ
Photo and collection Geir Atle Gussiås



Mineral nomenclature

• Mg2+ Al3+
2O4 Spinel (stricto sensu)

• (Mg2+,Co2+)Al3+
2O4 Cobalt-bearing spinel

• Co2+Al3+
2O4 Cobaltospinel

(Cobalt aluminate)

• Vivid neon electric coveted “cobalt” blue

Bosi et al, American Mineralogist, Volume 97, pages 1834–1840, 2012

8 15 20
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0
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m

Rajabi, et al, J Aust Ceram Soc 55, 219–227 (2019)



• Colors in sapphires are not defined by 
the amount of Fe or Ti, nor a given 
ratio of (Cr+V)/Fe for rubies.

• No substitute for direct experience

• A “cobalt spinel” is about the glowing 
saturated neon blue perceived in 
person. The hype exist because of its 
incredible vividness, not because of 
an arbitrary ratio.

Overcoming nomenclature



Blue spinels should lack non-blue chromophores

D’IPPOLITO et al, Mineralogical Magazine, October 2013,
Vol. 77(7), pp. 2941–2953

Tetrahedral [T]

(Mg2+Fe2+Zn2+
Mn2+Co2+

Ni2+Al3+ )∑1

Octahedral[M]

(Al3+ 
Fe3+Fe2+ V3+ Cr3+ Ti3+Mg2+ 

Co2+ Fe2+ )∑2 O4
Fe3+Fe2+

Fe3+Fe2
+



Ore genesis triptic

• Source
• Where do these element come from ?

• How is aluminium hosted in carbonates ?

• Transport
• Reconcentration of elements via a fluid

Deposition
• Thermodynamic equilibrium

Pink octahedral spinel, Mogok, Ex Coll and photo N.HEBERT



Chauvire et al, Gems and Gemology
2015 DOI: 10.5741/GEMS.51.1.2

Fe/Co      867 562 1053 670 24 Pyrrhotite ?

IT’S A TRAP !



What makes a deposit ?

Comparison of occurences

• An Phu/Luc Yen - Vietnam

• Baffin Island - Canada





Chauvire et al, Gems and Gemology · 2015
DOI: 10.5741/GEMS.51.1.2



This Sri-lankan blue spinel is home to a tiny, well-formed forsterite crystal  identified with micro Raman.
Photographer: E. Billie Hughes   •   Image Number: A-003-6581-1 •  Field of View = 3 mm   •  Date Posted: 15 July 2020
Gübelin, E.J. and Koivula, J.I. (2005) Photoatlas of Inclusions in Gemstones, Volume 2. Basel, Switzerland, Opinio Publishers, 830 pp.; RWHL*.



Small diopside crystal (confirmed with micro Raman) in this blue spinel from Madagascar.
Photographer: E. Billie Hughes   •   Image Number: A-003-6579-1 •  Field of View = 2 mm   •  Date Posted: 15 July 2020
Gübelin, E.J. and Koivula, J.I. (2005) Photoatlas of Inclusions in Gemstones, Volume 2. Basel, Switzerland, Opinio Publishers, 830 pp.; RWHL*.



Blue spinel, sapphirine, anorthite, scapolite,
Ambarano, Beraketa, Madagascar Coll N.HEBERT

RAITH J. metamorphic Geol., 2008, 26, 647–667 
doi:10.1111/j.1525-1314.2008.00779.x



Petrological assemblage in BAFFIN ISLAND, NUNAVUT, CANADA

Cobalt-blue spinel outcrop at 
the Qila occurrence:
[3E-1] Calc-silicate pod;
[3E-2] Pargasite-calcite rock; 
[3E-3] Marble.

Next slide : 
Vivid blue spinel with white 
carbonate in calc-silicate rock 
composed of green pargasite 
with subordinate greyish 
scapolite.

Qila occurrence, Kimmirut area.

M.Belley et al, The Canadian Mineralogist Vol. 57, pp. 147-200 (2019) DOI:10.3749/canmin.1800060



M.Belley et al, The Canadian Mineralogist Vol. 57, pp. 147-200 (2019) DOI:10.3749/canmin.1800060



Petrological assemblage

• Silicate-rich spinel-bearing rock

• Predominant spinel-bearing unit at the 
Trailside occurrence, Kimmirut area.

• Composed of:
• fine-grained muscovite (Ms) 

pseudomorphs after an unknown mineral

• coarse-grained phlogopite (Phl),

• calcite (Cal),

• spinel (Spl)

M.Belley et al, The Canadian Mineralogist Vol. 57, pp. 147-200 (2019) DOI:10.3749/canmin.1800060



Mineralogy of micas : role of K in
• F-rich aspidolite (Na phlogopite) known in Luc Yen

• Phlogopite (KMg₃AlSi₃O₁₀(F, OH)₂) & muscovite known in Mogok & Luc Yen

Purple spinel with mica, Cong Troi, An Phu, Luc Yen, 
Coll N.HEBERT

Blue spinel and phlogopite, Khe Khi, An Phu, Luc Yen,
Coll N.HEBERT



Deciphering fluid inclusions

• The metamorphic fluid system was rich in:
• CO2 released from 

devolatilisation of carbonates
• fluorine, chlorine and boron

released by molten salts
(NaCl, KCl, CaSO4)

•Evaporites are key to explaining the 
formation of these deposits.

Specimen and picture : Hứa Toàn



Deciphering fluid inclusions

•Unusual chemistry 
of CO₂ – H₂S – COS 
– S₈ –AlO(OH) 
bearing fluids

Fine dislocation needles, as shown here, are a typical inclusion in Vietnamese spinel.
Gübelin, E.J. and Koivula, J.I. (2005) Photoatlas of Inclusions in Gemstones, Volume 2. Basel, Switzerland, Opinio Publishers, 830 pp.; RWHL*.



M.Belley et al, The Canadian Mineralogist Vol. 57, pp. 147-200 (2019) DOI:10.3749/canmin.1800060



Origin of the protolith

M.Belley et al, The Canadian Mineralogist Vol. 57, pp. 147-200 (2019) DOI:10.3749/canmin.1800060



Age of Marble-hosted spinel deposits 

• Miocene at Hunza
(10.8 ± 0.3 to 5.4 ± 0.3 Ma)

• Miocene at Mogok
(18.7 ± 0.2 to 17.1 ± 0.2 Ma)

• Eocene at Luc Yen
(38.1 ±0.5 Ma age zircon in ruby)

• Paleoproterozoic at Baffin Island
(1820-1850 Ma )

Mineralization occurring while

ductile deformation was active in

peak metamorphic conditions

in the Red River shear zone

V. Garnier et al. Ore Geology Reviews 34 (2008) 169–191



Occurences

Chauvire et al, Gems and gemology, 2015

• Structural control



Van Long et al, Gems and gemology, 2013 (w), pp 233-245



• Temperatures are between 630 and 745 °C for the 
respective mines of Minh Tien (630 ° C), Bai Da Lan (675 
– 700 ° C), An Phu (690 ° C), and Nuoc Ngap (745 ° C).

Melted fingerprints showing heat altered octahedra give evidence of heat treatment in this cobalt diffused spinel.
Natural Spinel   •   No Origin   •   Enhancements: Heat + Diffusion of external coloring agents (H-D); Heat + Fissure Healing (H-FH)   •   Photo: E. Billie Hughes  
•  Saeseaw, S., Wang, W. et al. (2009) Distinguishing Heated Spinels from Unheated Natural Spinels and from Synthetic Spinels. GIA, 13 pp.; RWHL.



Geochemical control sum-up

• Thermal reduction of evaporite by organic matter

•High temperature-medium pressure metamorphism 
of platform carbonates



Preservation of the spinel

Strong redissolution

Sometimes followed by recrystalisation

Result in oriented growth

Influence of nucleation

Blue spinel, Khe Khi, Luc Yen, Coll and photo N.HEBERT
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If you have any question, please contact me 
through social media or n.hebert.geo@gmail.com



Trace elements

Spinels from Cong Troi have:

low to extremely low Zn (< 500 ppm)

high Fe contents (3,000 to 16,000 ppm)

while those from An Phu area are Zn-rich (up to 11,000 ppm).

Iron is the dominant element for the other colored spinels whereas Zn, 
Cr and V contents are extremely variable.

The Bai Son blue spinel is Fe-rich (5,000 to 7,200 ppm) with some V 
(950 to 1,830 ppm), Cr (270 to 480 ppm), Co (240 to 400 ppm) and Ni 
(550 to 950 ppm).



Occurrences I won’t talk about

• Crazy Sphinx Mine, Helena, Helena Mining District, Lewis and Clark Co., Montana, USA

• Lime Crest Quarry, Franklin Marble, Sparta Township, Sussex County, New Jersey, USA

• Canta Galo mine, Nova Era, Minas Gerais, Brazil

• Toal dei Rizzoni, San Giovanni di Fassa, Trento Province, Trentino-Alto Adige, Italy

• Mustio quarry, Raseborg, Uusimaa, Finland

• Ladjuar Medam, Sar-e Sang, Koksha Valley, Khash & Kuran Wa Munjan Districts, Badakhshan, Afghanistan

• White Cutting, Slyudyanka, Lake Baikal area, Irkutsk Oblast, Russia

• Antanimora Sud, Ambovombe-Androy, Androy, Madagascar

• Ampandrandava phlogopite mine, Beraketa, Bekily, Androy, Madagascar

• Tuléar Province, Madagascar

• Jemaa, Kaduna, Nigeria

• Kajiado County, Kenya

https://www.mindat.org/photo-285544.html E.C Graff Specimen and picture

https://www.mindat.org/loc-62674.html
https://www.mindat.org/loc-5405.html
https://www.mindat.org/loc-42762.html
https://www.mindat.org/loc-2168.html
https://www.mindat.org/loc-253639.html
https://www.mindat.org/loc-11.html
https://www.mindat.org/loc-18644.html
https://www.mindat.org/loc-8274.html
https://www.mindat.org/loc-27843.html
https://www.mindat.org/loc-29233.html
https://www.mindat.org/loc-64459.html
https://www.mindat.org/loc-156156.html
https://www.mindat.org/photo-285544.html


M.Belley et al, The Canadian Mineralogist Vol. 57, pp. 147-200 (2019) DOI:10.3749/canmin.1800060



• Most spinel occurrences on Baffin Island are interpreted to have 
dolomitic limestone and dolomitic marl protoliths that are consistent 
with typical non-evaporitic platform sediments transformed by 
subsequent

• Evaporitic rocks typically have high Mg contents and relatively low Fe 
(caused by the widespread occurrence of Mg-rich clays), and 
evaporitic argillites are characterized by high K, Li, F, and B contents

• The abundance of Mg relative to Ca at most spinel occurrences is 
adequately explained by diagenetic dolomitization and does not imply 
an evaporitic origin

M.Belley et al, The Canadian Mineralogist Vol. 57, pp. 147-200 (2019) DOI:10.3749/canmin.1800060



• Spinel-bearing rocks in Baffin Island are richer than expected in B, F, 
and Cl. 

• High F and Cl contents reflect the presence of pargasite, phlogopite, 
humite, and/or scapolite.

• These elements are highly mobile and may not be representative of 
the protolith.

• Indeed, an increased incorporation of F and Cl relative to OH in 
phlogopite, pargasite, and humite could be explained by greater pore 
fluid salinity at high grades of metamorphism.

M.Belley et al, The Canadian Mineralogist Vol. 57, pp. 147-200 (2019) DOI:10.3749/canmin.1800060



• The presence of evaporites at most spinel occurrences is therefore 
unlikely, and evaporites are not genetically related to gem spinel

• Metamorphism of a protolith with the correct proportions of major 
elements, which occur in typical non-evaporitic carbonate platform 
sedimentary rocks, is the only criteria. 



• The relative abundances of Al and Si appear to be an important control on whether spinel will form; calc-silicate rocks with low
Al/Si are at best Si saturated (no Si-undersaturated phases such as Al oxides, forsterite, ha¨uyne; e.g., sulfide-rich diopsidite at 
Glencoe Island), and at worst are Si oversaturated (e.g., quartz-bearing diopsidite near Trailside).

• Most calc-silicate rocks have low K/Al molar fractions. If not, they are likely to express phlogopite

• Potassium activity doesn’t control whether or not spinel occurs. 

• The dominant geochemical control on spinel genesis in magnesian calc-silicate rocks under P-T conditions of granulite facies, ie
810 8C and 8.0 kbar appears to be the abundance of Si relative to Al.

• In contrast to calc-silicate rocks, spinel-bearing and spinel-absent marbles overlap in Al/Si and Ca/Mg ratios, but differ significantly 
in K/Al molar ratios. 

• Spinel-bearing marbles are all very poor in K, while other marbles have K/Al ’ 1 (Fig. 28B). Phlogopite is a common constituent of 
spinel-bearing assemblages, which can include forsterite, diopside, and pargasite. The proportions of these minerals are expected 
to obey the following equilibrium reactions: 3 Di þ Spl þ 2 Dol þ 2 Kþ ðaqÞ þ 4ð Þþ H2O; F CO2 $ 2 Phl þ 5 Cal ð1Þ 6 Fo þ Spl þ 7 Cal 
þ 2 Kþ ðaqÞ þ 4ð Þþ H2O; F 7 CO2 $ 2 Phl þ 7 Dol ð2Þ 6 Prg þ 3 Spl þ 9 Dol þ 12 Kþ ðaqÞþ12 Hð Þ 2O; F þ 3 CO2 $ 12 Phl þ 21 Cal 
ð3Þ In all three reactions, low K activity would favor spinel over phlogopite. The forsterite-spinel marbles contain sufficient calcite 
for the reaction to proceed, and thus K could be a limiting reactant preventing complete incorporation of Al into phlogopite.
Similarly, in some phlogopite-bearing marbles and in Qila calc-silicate rock, dolomite, pargasite, and spinel occur as a stable 
assemblage, leaving low K activity as a potential limiting factor in the phlogopite-forming reaction. The predominance of Na over K 
in the pargasites indicates an Na-dominant fluid composition and reinforces the low-K hypothesis. At Spinel Island, spinel-, 
phlogopite-, and calcite-bearing diopsidite

M.Belley et al, The Canadian Mineralogist Vol. 57, pp. 147-200 (2019) DOI:10.3749/canmin.1800060



• Most calc-silicate rocks have low K/Al molar fractions. If not, they are likely to express phlogopite

• Potassium activity doesn’t control whether or not spinel occurs. 

• The dominant geochemical control on spinel genesis in magnesian calc-silicate rocks under P-T conditions of 
granulite facies, ie 810 8C and 8.0 kbar appears to be the abundance of Si relative to Al.

• In contrast to calc-silicate rocks, spinel-bearing and spinel-absent marbles overlap in Al/Si and Ca/Mg ratios, 
but differ significantly in K/Al molar ratios. 

• Spinel-bearing marbles are all very poor in K, while other marbles have K/Al ’ 1 (Fig. 28B). Phlogopite is a 
common constituent of spinel-bearing assemblages, which can include forsterite, diopside, and pargasite. 
The proportions of these minerals are expected to obey the following equilibrium reactions: 3 Di þ Spl þ 2 
Dol þ 2 Kþ ðaqÞ þ 4ð Þþ H2O; F CO2 $ 2 Phl þ 5 Cal ð1Þ 6 Fo þ Spl þ 7 Cal þ 2 Kþ ðaqÞ þ 4ð Þþ H2O; F 7 CO2 $ 
2 Phl þ 7 Dol ð2Þ 6 Prg þ 3 Spl þ 9 Dol þ 12 Kþ ðaqÞþ12 Hð Þ 2O; F þ 3 CO2 $ 12 Phl þ 21 Cal ð3Þ In all three 
reactions, low K activity would favor spinel over phlogopite. The forsterite-spinel marbles contain sufficient 
calcite for the reaction to proceed, and thus K could be a limiting reactant preventing complete 
incorporation of Al into phlogopite. Similarly, in some phlogopite-bearing marbles and in Qila calc-silicate 
rock, dolomite, pargasite, and spinel occur as a stable assemblage, leaving low K activity as a potential 
limiting factor in the phlogopite-forming reaction. The predominance of Na over K in the pargasites indicates 
an Na-dominant fluid composition and reinforces the low-K hypothesis. At Spinel Island, spinel-, phlogopite-, 
and calcite-bearing diopsidite

M.Belley et al, The Canadian Mineralogist Vol. 57, pp. 147-200 (2019) DOI:10.3749/canmin.1800060





Mogok
Luc Yen

Field expedition 

• Some of the gem 
producing areas visited



A closed fluid system
• (C, O)-isotopic analyses of carbonates from the marbles:
•marbles acted as a metamorphic closed fluid system
•weren’t infiltrated by externally-derived fluids.

Melted fingerprints showing heat altered octahedra give evidence of heat treatment in this cobalt diffused spinel.
Natural Spinel   •   No Origin   •   Enhancements: Heat + Diffusion of external coloring agents (H-D); Heat + Fissure Healing (H-FH)
•  Saeseaw, S., Wang, W. et al. (2009) Distinguishing Heated Spinels from Unheated Natural Spinels and from Synthetic Spinels. GIA







































Are there Aussie blue spinels ? 

• Yes ! Murchison carbonaceous chondrite.

• Only occurrence I could find

• Likely a deceptive greyish “blue”… 



Applications :



Applications :



Applications :



Applications :



To recap:

Spinel 101 : chemical formula

Trace elements and color

What is a cobalt spinel ?

Condition of formation

Petrological assemblage

Occurrences


