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In high-grade metamorphic rocks, 
Mnz grains tend to have complex 
ThSiO4- CaTh(PO4)2 enriched or 
depleted textures, completely 
unrelated to magmatic zoning or 
overgrowth. 

Ivrea-Verbano Zone, N. Italy
granulite-facies metabasite
(Förster and Harlov, 1999)

Tamil Nadu Traverse, S. India 
amphibolite-facies tonalite
(Hansen and Harlov, 2007)

They generally take the form of 
curved lobate-like ThSiO4-
CaTh(PO4)2-enriched or 
-depleted regions with sharp 
compositional boundaries between 
the altered and unaltered Mnz.



Often these regions will overlap 
each other suggesting multiple 
alteration events. 

50 mm

50 mm

High-temperature leucogneiss, 
Brattstrand Bluffs coastline, 
eastern Antarctica 
(Watt and Harley, 1993)

Granulite-facies orthogneisses, Rogaland-
West Agder terrain, SW Norway 
(Bingen and van Breemen, 1998)

Some workers ascribe these textures 
as being due to alteration by locally 
mobile Th, Si, Ca, P, and (Y+REE) 
in grain boundary/pore fluids that are
also reactive with Mnz.   



To experimentally reproduce these ThSiO4-CaTh(PO4)2 textures in
Mnz…………

a series of alkaline fluids (cf. Hetherington and Harlov, 2008) 
have been tried using a relatively texture-free natural Mnz (7 - 10 
oxide wt% ThO2) taken from a heavy mineral beach sand, Brazil.  

Alkaline fluids included:

20 - 25 mg 2N KOH, 
2N NaOH, and 
(Na2Si2O5 + H2O)

+ 10 - 20 mgMnz or Xn
(20 - 80 mm size grains)

+/- Al2O3 +/- SiO2 +/- ThO2



900 °C; 1000 MPa Experiments

Piston-cylinder press

Charge + fluid placed in 3 mm wide, 
2 cm long Au capsules, which were
folded. Two capsules per CaF2 setup
with a cylindrical graphite oven.

600 °C; 500 MPa Experiments

Cold-seal autoclave 
on hydrothermal line

Charge + fluid placed in 3 mm wide,
2 cm long Au capsules.
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900 °C; 1000 MPa; and 8 days 

Mnz + SiO2 + 2N KOH

Th source = Mnz

ThO2 UO2 PbO

UnalteredMnz 7.87 0.54     0.15

AlteredMnz 9.15 0.57     0.18

200 mm



900 °C; 1000 MPa; and 25 days 

Mnz + SiO2 + Al2O3 + 2N NaOH

Th source = Mnz

30 mm

ThO2 UO2 PbO

UnalteredMnz 7.16 0.54     0.17

Altered Mnz 10.77 0.62     0.11
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900 °C, 1000 MPa, 
25 days

Mnz + 2N NaOH
+ SiO2 + Al2O3



900 °C; 1000 MPa; and 8 days 

Mnz + Na2Si2O5 + H2O

Th source = Mnz

ThO2 UO2 PbO

Unaltered Mnz      6.32 0.33     0.13

Altered Mnz        15.55 0.38     0.00



900 °C, 1000 MPa, 
and 2 days-

Mnz
+ Na2Si2O5 + H2O
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900 °C, 1000 MPa 
8 days

Mnz
+ Na2Si2O5 

+ H2O



30 mm

Chemical Reaction- partial 
dissolution of the original Mnz
coupled with the simultaneous 
reprecipitation of new Mnz
enriched in Th and Si. 

Result- pseudomorphic, partial 
replacement of areas of the 
original Mnz with new Mnz
enriched in the ThSiO4 component.  

Proof- areas of Th-enrichment 
have the same irregular grain rims
as the original Mnz grains.
If overgrowth had occurred, 
monoclinic Mnz crystal faces 
should have formed in this 
fluid-rich environment.  

900 °C; 1000 MPa
2N NaOH

granulite-facies metabasite

Ivrea-Verbano Zone, N. Italy



Cold seal autoclaves on 
a hydrothermal  line

600 °C; 500 MPa; and 23 days

Mnz + ThO2 + SiO2 + Al2O3

+ 2N NaOH

ThO2 UO2 PbO

UnalteredMnz 7.49 0.48     0.14

Altered Mnz 9.58 0.61     0.21



600 °C; 500 MPa; and 49 days

Mnz + ThO2 + Al2O3 + 2N KOH

ThO2 UO2 PbO

UnalteredMnz 7.87 0.51    0.15

Altered Mnz 10.06 0.38    0.16

20 mm



600 °C; 500 MPa; and 23 days 

Mnz + ThO2 + SiO2 + Al2O3

+ Na2Si2O5 + H2O

ThO2 UO2 PbO

UnalteredMnz 6.67 0.50     0.13

Altered Mnz 7.11 0.47     0.12

40 mm



900 °C; 1000 MPa; and 25 days 

Xn (Th-free) + SiO2 + Al2O3

+ Th(NO3)4
.5H2O 

+ Na2Si2O5 + H2O

Small bright grains may be
inclusions of thorite.

ThO2 UO2 PbO

UnalteredXn 0.00 0.00    0.00

Altered Xn 4.47 0.06    0.01



900 °C, 1000 MPa and 25 days 

Xn (Th-free) + SiO2 + Al2O3

+ Th(NO3)4
.5H2O + 2N KOH

ThO2 UO2 PbO

UnalteredXn 0.00 0.18    0.00

Altered Xn 6.07 0.07    0.00



600 °C, 500 MPa and 23 days 

Xn (Th-free) + ThO2 + SiO2 + Al2O3

+ Na2Si2O5 + H2O

ThO2 UO2 PbO

UnalteredXn 0.00 0.11    0.00

Altered Xn 6.71 0.10    0.00



Enrichment of Mnz or Xn by ThSiO4 took place via dissolution 
of the Mnz or Xn followed by the precipitation of Mnz or Xn enriched
in ThSiO4 in a coupled process of simultaneous dissolution and 
reprecipitation.  

This coupled ‘ dissolution-reprecipitation ’ process operates as a 
chemical reaction driven by a minimization in the Gibb’s free energy.

This involves pseudomorphic
replacement of a mineral 
phase by: 

(1) an altered phase of the 
same mineral 

or 
(2) a new mineral phase. 

Na2Si2O5 +H2O
8 days

100 mm



Altered areas in the Mnz and Xn are presumed to be characterized by 
an pervasive interconnected porosity, which allows for fluids to pervade 
the altered region thereby allowing for rapid mass transfer between the 
reaction front and the surrounding fluid.  

Huttonite

Mnz Huttonite

Mnz
Example: replacement
of Mnz by huttonite
via dissolution-
reprecipitation.
Harlov et al. (2007)
Am Mineral 92, 1652.



The ThSiO4-enriched regions in Mnz
or Xn with sharp compositional 
boundaries are: 

- a result of coupled dissolution
-reprecipitation and not a result of 
solid-state diffusion or overgrowth.

- and therefore must be the product of
fluid-aided partial alteration 
of the Mnz or Xn by Th-enriched 
(or depleted) fluids. 

Formation of such regions can give 
information concerning both the 
nature of the fluids responsible for the 
metasomatism as well as possibly date
the metasomatic event.      

200 mm

50 mm

2N KOH

900 °C; 1000 MPa

Rogaland,
SW Norway



An important observation from the 
Na2Si2O5 + H2O experiments is the 
near total removal of Pb from the 
altered areas.This has far reaching 
implications with respect toMnz dating. 

Partial, in situ, chemical alteration 
of Mnz, with respect to Th and Pb, goes 
against the conventional wisdom that 
Mnz can only be altered via very slow 
diffusion of Th and Pb.  

Total removal of Pb during 
formation of Th-enriched textures in 
natural Mnz would imply a resetting 
of the Th-U-Pb clocksuch that these 
textures could be used to date 
metasomatic eventsover the 
geologic history of the Mnz grain 
as well as, potentially, the host rock. 

Na2Si2O5 + H20
900 °C; 1000 MPa

granulite-facies metabasite

Ivrea-Verbano Zone, N. Italy


