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Ionic Potential - charge/radius –

low solubility in aqueous solutions?

“immobile”?

High Field Strength (HFS)
– Zr, Nb, Ta, Ti, REE

after Rollinson, 1993

Classification of  Elements Based on Charge and Radius 

Geochemical Behaviour

Can	they	be	mobile?
What	is	the	scale	of	mobility?



Hydrothermal	REE
fluorite

bastnäsite

Gallinas	Mountains,	
New	Mexico

Hydrothermal	veins	
and	breccias

abundant	bastnäsite



Thor	Lake
Strange	Lake

Kipawa

Mountain	Pass

St	Honoré (Niobec)
Crevier

Ashram
Syenite
Alkaline	granite
Carbonatite

Questions:	what	roles	do	fluids	play?
• Primary	vs	secondary	concentration	and	

enrichment?
• What	types	of	fluids	are	capable	of	mobilizing	

significant	rare	metals?
• What	is	the	evidence	for	this?
• Are	rare	metals	present	in	the	fluids?
• What	concentrations?
• What	controls	enrichment?

Alkaline-rock	related	rare	metal	deposits

Bokan Mtn



Thor	Lake	Location



Blachford Lake	complex

~2.1	Ga

modified after 
Sheard et al., 2012; 
Davidson, 1982



Modified after Möller and Williams-Jones (2012)

Two	Main	Mineralized	Zones

Schematic	cross-section

Nechalacho:	REE,	Zr,	Nb

T	Zone:	REE,	Zr,	Nb,	Li,	Be

The	Nechalacho Layered	Series



Nechalacho Layered	Series:	
aegirine-nepheline-sodalite-biotite	syenites

Aegerine NaFe3+Si2O6Nepheline NaAlSiO4

Albite
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The	Nechalacho Layered	Suite
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Möller & Williams-Jones, 2016, J. Pet.
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The	Nechalacho Deposit



Nechalacho Deposit:	Cumulates
Thor	Lake

Thor	Lake Ilimaussaq

courtesy of S. Salvi



0.5	cm

Basal	Zone	Pseudomorphs

14

Eudialyte
Na4(Ca,Ce)2(Fe2+,Mn,Y)ZrSi8O22(OH,	Cl)2

Mineralized	zones:	highly	altered



Nechalacho:	secondary	rare-metal	minerals

zircon	ZrSiO4
fergusonite LnNbO4
columbite (Fe,Mn)(Nb,Ta)2O6

allanite (Ca,Na)2Ln3Si6O18·2H2O
bastnäsite Ln(CO3)F
monazite LnPO4	(LREE-enriched)
xenotime (Y,Ln)PO4	(HREE-enriched)

Ln	=	lanthanide



0.5 cm

eudialyte pseudomorphs

100µm

Zirconium

100µm

Yttrium

Courtesy of E. Sheard



Heavily	altered	Basal	Zone



chlorite
zircon

fluorite

quartz

monazite

secondary	assemblages



100	μm
zircon

xenotime

monazite

secondary	assemblages



beryllium, REE- and Nb-enriched Lower Intermediate
Zone and a central lithium- and REE-rich Upper
Intermediate Zone (!Cern"y & Trueman, 1985; De St Jorre
& Smith, 1988; Trueman et al., 1988). The Wall Zone is
mineralogically similar to units near the top of the NLS
(Trueman et al., 1988). The R- and S-Zones further
to the east are smaller REE- and Li-rich pegmatites
(Fig. 3).

The NLS (2176!0 6 2!7 Ma; laser ablation inductively
coupled plasma mass spectrometry (LA-ICP-MS) U–Pb

zircon concordia age; M€oller & Williams-Jones, 2013), is
coeval with the 2175 6 5 Ma Hearne Channel Granite
[isotope dilution thermal ionization mass spectrometry
(ID-TIMS) U–Pb zircon discordia age; Bowring et al.,
1984] and the 2176!2 6 1!3 Ma Grace Lake Granite (ID-
TIMS U–Pb zircon concordia age; Sinclair et al., 1994).
The age of the Caribou Lake Gabbro (2185!7 6 1!25 Ma,
ID-TIMS U–Pb zircon concordia age; Mumford et al.,
2012) agrees with the field observation that the intrusive
units of the western lobe are crosscut by the Grace Lake
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Fig. 3. Geological map of the NLS (overburden removed), based on outcrop mapping, core from 550 drill holes and the maps of
Johnson & Senkiw (1977) and Davidson (1982).
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T	Zone

Möller & Williams-
Jones, 2016, J. Pet.



T	Zone	Geology



22

Pegmatitic Textures
Lower Imtermediate Zone (LIZ)

Fine-grained	qtz Qtz-Aeg-Mgt

Ab

formerly nepheline
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A more altered versionQtz

Polylithionite-Mgt-Bt-Aeg…..

Silicification and	Li	metasomatism
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UIZ

Ply	=	Polylithionite:	KLi2Al(Si4O10)(F,OH)2



T	Zone	rare-metal	minerals

zircon	ZrSiO4
columbite (Fe,Mn)(Nb,Ta)2O6

bastnäsite Ln(CO3)F
monazite LnPO4
xenotime (Y,Ln)PO4	

phenakite Be2SiO4
polylithionite KLi2AlSi4O10(F,OH)2

How	do	the	rare-metal	minerals	occur?
are	they	primary	or	secondary?



Bst = bastnäsite (REECO3F), LREE-rich mineral

REE-minerals in pseudomorphs

Also:	monazite,	xenotime



a b

Zircon in pseudomorphs



28
Phenakite =	Be2SiO4 =	Be	metsamomatism



multiple	generations	of	zircon

Simple	or	multi-fluid	history?



What	was	the	character	of	
the	fluids	and	did	they	
contain	rare-metals?	

Does	the	fluid	record	bear-
out	the	mineralogical	

complexity?

Approach	=	fluid	inclusions

How	can	we	tie	the	fluid	
inclusions	to	the	rare-metal	

minerals?
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 200µm     25µm 

 1mm 
fluid inclusions restricted to pseudomorphs

T Zone

Type 1



fluid inclusions restricted to pseudomorphs



pseudomorphs defined by fluid inclusions

    25µm 

Kfs

Qtz

T Zone

Type 2



  1mm 25µm 

25µm 400µm 

150µm 

Growth zones in quartz

34

Fluid inclusions

T Zone

Type 3



Oriented inclusions in bastnäsite Type 6



Isolated/growth zones in xenotime

Nechalacho
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200	μm

Nechalacho

Inclusion-rich cores in quartz

Monazite



Fluid Inclusion Assemblage (FIA) Classification

Pseudomorphs in		
quartz

Aqueous,	Liquid-rich	
Liquid-Vapor	± Solid	(LV	± S)	

Growth	Zones	in	quartz
(rarely	in	fluorite)

Isolated	Inclusions	in	
xenotime +	quartz

Elongate	inclusions	
parallel	to	the	c-axis	of	

bastnäsite
Trapped	=	zircon,	anatase,	rutile	+	?

Very	minor	CO2 and	CH4



Trapped zircon in fluid inclusions



Rutile	(TiO2)

Anatase (TiO2)
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Complex growth and fluid history

transmitted light cathodoluminescence



Figure	44

Evolution of T and salinity



What	about	fluid	chemistry?



Element Wt%
CK 19.94
OK 07.80
NaK 26.80
SiK 03.40
ClK 40.78
KK 01.28

Energy-dispersive spectroscopy of decrepitates
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dominated	by	Na	and	Cl
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LA-ICP-MS analysis of fluid inclusions: Na, K, Ca
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Mixing Model: Sheard et al. (2012)

T	Zone	fluids:	low	F,	Ca

LnF2
+ + PO4

3− ⇔ LnPO4 + 2F
−

Ca2+ + 2F− ⇔ CaF2
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REE concentrations
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Reasons for Enrichment?: Aegirine and Mica replacement



1 mm 1 mm

aegirine gittinsite + qtz + hm

qtz

Strange Lake, Quebec/Labrador

Photos courtesy of J. Gagnon



Fluid precipitating quartz in
the Quartz-Bastnäsite Unit 

A	magmatic	source?
Li	and	Be?



Questions:	what	roles	do	fluids	play?

• Primary	vs	secondary	concentration	and	enrichment?
• Secondary	at	Thor	Lake

• What	types	of	fluids	are	capable	of	mobilizing	significant	rare	metals?
• Aqueous,	low	to	moderate	T	and	salinity
• Low	CO2 and	CH4

• What	is	the	evidence	for	this?
• Ubiquitous	replacement	of	primary	minerals	by	hydrothermal	assemblages
• Primary	fluid	inclusions	in	pseudomorphs	with	rare-metal	minerals,	in	rare-

metal	minerals,	and	in	growth	zones	in	quartz
• Are	rare	metals	present	in	the	fluids?

• yes
• What	concentrations?

• 10s	à 1000s	ppm
• Highest	concentrations:	~	150	to	250	°C	and	from	~	20	to	25	wt.	%	NaClequiv

• What	controls	enrichment?
• Replacement	of	mafic	minerals	and	micas



Salinity of fluids in rare-metal systems
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Bayan	Obo:	CO2 from	carbonate	dissolution	(Smith	&	Henderson,	2000)

5CaCO3 +	3H3PO4 +	HF	⇌ Ca5(PO4)3F	+	5CO2 +	5H2O
calcite	 apatite

Magmatic	CO2

CO2 from	decarbonation

?

XCO2 of fluids in rare metal systems



Thank	You

Justin	Hoyle

Yonggang Feng


