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Groupe des grenats alumineux 

UGRANDITE 
Ca3X2(SiO4)3 

Uvarovite (X = Cr) 

Grossulaire (X = Al) 

ANDradite (X = Fe3+) 
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Groupe des grenats calciques 



TSAVORITE 

Structural	  formula	  

Ca3(Al,	  V,	  Cr)2(SiO4)3	  
	  Vanadium-‐bearing	  grossular	  

garnet	  	  
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Tsavorite cut    
325 carats (65 g) 

Tsavorite rough 
925 carats (185 g) 

Colour	  

	  green	  (yellow	  green)	  

Economic	  interest	  

	  Jewellery	  

4,2	  x	  3,6	  cm	  
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The deposits of tsavorite 

KENYA	  :	  Bridges,	  1974;	  Pohl	  et	  Niedermayr,	  1978;	  Suwa	  et	  al.,	  1996	  
TANZANIE	  :	  Bridges,	  1974;	  Malisa,	  1987;	  McClure,	  1999;	  Pardieu	  et	  Hughes,	  2008;	  Feneyrol	  et	  al.,2010a,b	  

MADAGASCAR	  :	  Mercier	  et	  al.,	  1997	  
PAKISTAN	  :	  Jackson,	  1992;	  Hussain,	  2005	  

ANTARCTIQUE	  :	  Osanai	  et	  al.,	  1990	   4 



OUTLINE 

	   	  	  1.	  Geological	  context	  

	   	  	   	  	  
	   	  2.	  Geological	  study	  of	  the	  Lemshuku	  and	  Namalulu	  deposits	  
	   	  	  
	   	  3.	  The	  deposits	  of	  Kenya	  

	  
	   	  4.	  Geochronological	  study:	  daKng	  the	  events	  

	  
	   	  5.	  Chemistry	  of	  tsavorites	  

	  
	   	  6.	  MetallogeneKc	  model	  

6 



1. THE GEOLOGICAL CONTEXT 
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Gray	  et	  al.	  (2007)	  
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THE NEOPROTEROZOIC METAMORPHIC 
MOZAMBIQUE BELT (NMMB) 
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The assemblage of the eastern Gondwana (Meert, 2003) 

THE NEOPROTEROZOIC METAMORPHIC 
MOZAMBIQUE BELT (NMMB) 



A GEM BELT 
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THE METASEDIMENTARY FORMATIONS 

Modifiée	  d’après	  Pohl	  et	  al.	  (1980)	  

Modified	  from	  Simonet	  (2000)	  et	  
Bauernhofer	  et	  al.	  (2008)	  
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TYPES OF MINERALISATION 
Nodules	  

	  
All	  the	  deposits	  excepted	  
Ruangwa	  (Tanzania)	  
Jambil	  (Pakistan)	  
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TYPES OF MINERALISATION 

0 9 cm 

Ts 

Tz 

Qtz 

Gr 

Py 

0 10 cm 

Qtz Ts 

CSG 

Quartz	  veins	  

Lemshuku,	  Namalulu,	  Merelani	  
and	  Ruangwa	  (Tanzania)	  

Jambil	  (Pakistan)	  

CSG	  =	  calc-‐silicates	  with	  graphite;	  
Py	  =	  pyrite;	  Qtz	  =	  quartz;	  
Ts	  =	  tsavorite;	  Tz	  =	  tanzanite	  
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TYPES OF MINERALISATION 
Pebbles	  of	  tsavorite	  in	  placers	  

	  

Lemshuku,	  Tunduru	  and	  Umba	  (Tanzania)	  

© J. Feneyrol 
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2. The deposits of  
Lemshuku and Namalulu 

(tANZANIA) 
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Location of the deposits 
Modified	  from	  
Grainger	  (1964),	  
Macfarlane	  (1965)	  &	  
QDS	  n°87	  Naberera	  
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THE LITHOSTRATIGRAPHIC COLUMN 
Feneyrol	  et	  al.	  (2010)	  
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The gneisses 
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The metasomatized graphitic gneisses 

Kyanite  Sillimanite 
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The calc-silicates 

CSGBII	  

CSGBI	  

CSGBIII	  

CSG	  
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CSG = graphitic calc-silicate 

CSGB = breccia of CSG 
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The nodules NI 

Anhydrite  Tsavorite 
CaSO4 Ca3 Al2(SiO4)3 

3anhydrite + 3quartz + 6H2O + 2Al3+ 
tsavorite + 6O2 + 3H2S + 6H+ 
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3. The deposits of Kenya 



The tsavorite mines 



The nodules NII (Davis mine) 



The nodules NII (Davis mine) 

Ap	  =	  apaKte;	   	  Di	  =	  diopside;	  

Kln	  =	  kaolinite;	   	  Qtz	  =	  quartz;	  

Scp	  =	  scapolite;	   	  Ts	  =	  tsavorite;	  

Ttn	  =	  Ktanite;	   	  Zo	  =	  zoïsite	   26 

Diopside  Tsavorite 
CaMgSi2O6  Ca3 Al2(SiO4)3 

Tsavorite/Scapolite  
Zoïsite 

Ca3 Al2(SiO4)3 /Ca4Al6Si6O24CO3  

Ca2Al3(SiO4)3(OH)  



The nodules NII (Davis mine) 

1 mm 
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The nodules NII (Nadan mine) 



The nodules NII (Nadan mine) 

Brt	  =	  barite	  (BaSO4);	  	  

Di	  =	  diopside;	  

Qtz	  =	  quartz;	  

Ts	  =	  tsavorite;	  

Tr	  =	  tremolite;	  
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Barite   (Tremolite)  
Diopside  Tsavorite 



The nodules NII (Tsavolite mine) 
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The meta-evaporites of Classic mine 



THE FORMATION OF NODULES 
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THE FORMATION OF NODULES 

28 
Ca3 Al2(SiO4)3 



THE FORMATION OF NODULES 
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THE FORMATION OF NODULES 
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Ca3 Al2(SiO4)3 

Ca2Al3(SiO4)3(OH)  
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Markers of evaporites 
H2S-‐S8	  

≈	  2	  wt%	  Li2O	  
≈	  9	  wt%	  F	  

≈	  50-‐110	  ppm	  B	  

≈	  40	  %	  
meionite	  

KLiMg2(Si4O10)F2  



Conditions of metamorphism 
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Conditions of metamorphism 
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Conditions of metamorphism 
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4. Geochronology 
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Age of the protoliths 

44 

After Jacobsen et Kaufman (1999) 
Neoproterozoic	  water:	  0.7055	  <	  87Sr/86Sr	  <	  0.7080	  	  



Age of the protoliths 
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Collabora^on	  with	  the	  Université	  Libre	  de	  Bruxelles	  

0,7074	  
0,7075	  

Neoproterozoic water: 0.7055	  <	  87Sr/86Sr	  <	  0.7080	  	  
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Age of metamorphism 

t	  ≈	  634	  ±	  22	  Ma  
For	  comparison: 650 < t < 620 Ma (Tanzania)	   45 



Age of the mineralization 

47 

For	  comparison	  at	  Merelani:  

-‐	  600	  Ma	  (207Pb/206Pb	  sur	  uraninite;	  Malisa,	  1987)	  

-‐	  585	  ±	  28	  Ma	  (fission	  tracks	  on	  tanzanite;	  Naeser	  &	  Saul,	  1974)	  

Collabora^on	  
With	  the	  
Université	  
Libre	  
de	  Bruxelles	  

Merelani 

Merelani-Lemshuku-Kimwengan 
quartz veins 



Age of cooling 

512	  <	  t	  <	  500	  Ma  
For	  comparisons: 

-  600 < t < 500 Ma (CMNM) 

-  648 < t < 490 Ma (biotites Tanzania; 
Maboko, 2000) 

-  550 < t < 500 Ma (rutiles Tanzania; 
Möller et al., 2000) 	  	  

46 Collabora^on	  with	  Géosciences	  Montpellier	  



4. Chemistry of tsavorites 
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CHEMICAL COMPOSITION 

49 

1296	  analyses	  on	  95	  crystals	  from	  23	  deposits	  	  

0,08-‐0,38	  weigth	  %	  H2O	  (OH-‐)	  



Vanadium and chromium 



Vanadium and chromium 



Vanadium and chromium 



Vanadium and chromium 



Vanadium and chromium 



Vanadium, chrome et δ18O 
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manganèse et δ18O 
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Chemical typology 
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Chemical typology 
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Chemical typology 
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Chemical typology 
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Chemical typology 
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Chemical typology 
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Chemical typology 

51 



6. Metallogenetic model 
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Environnement of sediment deposition 
-‐ 	  detriKc	  imput	  (silicoclasKcs)	  

-‐ 	  marine	  imput	  (carbonates	  and	  Ca-‐rich	  sediments,	  organic	  maier)	  

-‐ 	  conKnental	  imput	  (evaporites)	   	  ZONES	  OF	  INTENSE	  EVAPORATION	  
CALLED	  «	  MARINE	  SABKHA	  »	  

Warren	  (2006)	  
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Warren	  (2006)	  
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Environnement of sediment deposition 
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THE DIFFERENT TYPES OF DEPOSITS 
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THE DIFFERENT TYPES OF DEPOSITS 
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THE DIFFERENT TYPES OF DEPOSITS 
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THE DIFFERENT TYPES OF DEPOSITS 
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CONCLUSIONS 



What to remember… 
Tsavorite	  =	  V-‐Mn-‐Cr-‐bearing	  green	  garnet	  grossular	  

	  
Typical	  gem	  from	  the	  	  

Neoproterozoic	  Metamorphic	  Mozambique	  Belt	  
(Tanzania,	  Kenya,	  Madagascar,	  Pakistan,	  East	  AntarcKca)	  

	  
Unique	  host-‐rock=	  graphiac	  gneiss	  and	  calc-‐silicates	  	  

associated	  meta-‐evaporites	  
	  

Three	  types	  of	  mineralizaKon	  =	  nodules,	  quartz	  veins,	  placers	  
	  

Two	  types	  of	  control	  =	  lithological	  and	  structural	  
	  

Two	  disancts	  episodes	  for	  tsavorite	  formaKon	  
	  
	   59 



Guides of prospecting 
In	  the	  field…	  

	  

Graphiac	  metasedimentary	  series	  (facies	  amphibolite)	  
from	  the	  Neoproterozoic	  Metamorphic	  Mozambique	  Belt	  

	  

The	  evaporiac	  mineral	  fingerpinangs:	  	  
gypsum,	  anhydrite,	  baryte,scapolite,	  	  

jarosite	  (veins,	  concreKons,	  enterolithic	  textures)	  
	  

The	  isoclinal	  folded	  and	  sheared	  zones	  	  
(and	  extensional	  fractures)	  

	  

The	  (micro-‐)	  eluvial/coluvial,	  alluvial	  basins	  proximal	  to	  primary	  
deposits	  already	  known	  

	  

Don’t	  forget	  the	  ant’s	  nest,	  the	  termites	  nest,….	  
60 



Gemmological applications 
What	  to	  remember:	  

	  
New	  definiaons	  for	  tsavorite,	  	  

based	  on	  the	  trace	  elements	  contents	  	  
(V-‐Mn-‐Cr	  chemical	  typology)	  

	  
Presence	  of	  OH-‐	  in	  the	  tsavorite	  structure	  

	  
Beier	  knowledge	  on	  the	  coloraaon	  of	  tsavorites	  

(V3+,	  Cr3+,	  Mn2+,	  Fe2+-‐Ti4+)	  
	  

A	  proposal	  for	  the	  idenKficaKon	  of	  the	  geographic	  origin	  of	  	  
	  tsavorites	  from	  their	  contents	  in	  V,	  Cr,	  Mn	  and	  their	  δ18O	  

	  
A	  proposal	  for	  the	  idenKficaKon	  of	  the	  	  

type	  of	  deposit	  from	  their	  δ18O	   61 
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