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Part I: Main objectives

Studying halogen partitioning by analytics and
modelling
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Why studying the partitioning of halogens between minerals in metamorphic

? :
and mantle rocks: o

v" Geochemical cycle
' not to scale ! HF, HCl, HBr ( o v" Metasomatism & fluid/rock interactions

clo, BroO

150 jim

Serpentinised peridotite

y N (Ser, Amp) Minerals of interest: hydrated silicates
‘ Biotite (Bt), Muscovite (Ms), Amphibole

(Amp), Epidote (Ep), Serpentine (Ser)...

Slab dehydration

= Very abundant ! (main role in deep storage)

> But contain very low amount of halogens...

— Huge analytical &

Sole mtasir'nent“ ) Sol b(;siﬂte Computational Chauenge !
(Bt, Ms) (Amp, Ep)




https://doi.org/10.5194/egusphere-egu2020-10422
BY

Main objectives:

‘ not to scale ! HE, HCl, HBr " o
clo, Bro

- @ Demonstrating the main interest of

— Serpentinised peridotite LA-ICP-MS/MS combined to EPMA
y N (senAmp) in halogen quantification

Quantifying the role of crystal-
Slab dehydration

chemistry and geometry in halogen

uptake by ab initio modelling

Quantifying and comparing Gibbs free
energies of halogen exchange
between modelled minerals

(Bt, Ms) (Amp, Ep)
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Part II: Analysis

Quantifying halogens in metamorphic and mantle

rocks by EPMA & LA-ICP-MS/MS
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State of the art: analytics

[1) Bulk measurement] e.g.: ICP-MS solution [2) Point measurement ] e.g.: SIMS

v' Very low detection limit v’ In glasses, minerals, fluid inclusions
v Pagé et al. (2018): 0.03 ppm Br and I in serpentines v" Hughes et al. (2018): 350 ppb Br in olivine

Complex sample preparation and
signal processing + low availability

Inadequate for mineral-mineral partitioning

4 )

Huge need to develop a method:

v for point analyses v’ suited for trace to ultra-trace

v’ « en routine » quantification

\_ v nsitn Y,

Z> Candidate: ICP-MS/MS (laser ablation mode)

Photo: LA-ICP-MS/MS 8800 Agilent (ALIPPG)
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The LA-ICP-MS/MS (triple quad)

37C| +

Interfering
Elements

(1E)

(e.q.: *°IE)

15" mass selection
= 37 (e.g.: 37Cl)

3?C|
+ 37IE

non-selected mass
39 interfering elements

reaction /
collision cell

(e.g.: H, cell)

ICl — 37CIH,*

2" mass selection ICP-MS
= 39 (e.qg.: ?’CIH,%)  detector

3TCIH,*
+ *7|E

non-selected mass
37 interfering elements

3?c"_|2+
measured

(e.g.: *’IE)

LA-ICP-MS/MS . Sensibility
>

\\ Mass interferences

Signal

Noise

ratio

two quadrupoles + reaction/collision cell to optimise the mass/charge separation of isotopes

F non accessible by ICP-MS !

Combined with EPMA for F and Cl
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ICP-MS calibrations of Cl, Br and 1

35 _ (AI?7 as reference)

With international and in-house glass standards

v' Cl: about 80 ppm
v’ Br : about 0.1 ppm
v 1: <1 ppm (work in progress)

BHVO-2G

Cl amount ICP-MS/MS

10
Cl amount of reference (ppm)

Breél - (Al?7 as reference)

1127 _ (AI?7 as reference) EW1 STD1 @

& EW2 5TD1

BIR-1G  BCR-2G

BCR-2G BHVO-2G ATHON  CO5

Br amount ICP-MS/MS
| amount ICP-MS/MS

® M77-12 .
’ LGM M77-12
BHVO-2G ATHO-Y B

100 1000 10000 100000
0.1 1 10

| amount of reference (ppm)
Br amount of reference (ppm)




EJ |:| Grenville province
Ste.-Anne-des-Monts \\\I:| Appalachianor?gen Case Stud‘y: MOHtAlbert (Gaspés_ie,

Mont Albert

peridotite Québec, Canada)

Metamorphic sole (metasediments +
metabasites) at the base of the peridotite
body

15 km
F—

Amphibolite du . .
i Ruisseau Isabelle Devonian
Shickshock Group - Diable (metam. sole) I:l

Mélange intrusion
Gaspé Limestones
& Sandstones

06 Metamorp}lic sole Metamorphic sole (hydrated)

Metamorphic - Mont Albert
Orignal Formation Complex (peridotites)

o S e 483 @ Ultramafic rocks
16B| peridotie- @ Metapelites

27 | miwin37 40 55 [48b | Metabasites Fluid exchanges ??
High-grade facies 1 9 3 3

Peridotite/ (high-grade
amphibolite --> Amphibolite facies , : 3
granulite) Pl ki Mantle wedge (should be anhydrous!)

>

Decreasing metamorphic gradient of the sole

After Dubacq et al., 2019
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Peridotite -

EPMA: F and Cl amount in the metamorphic sole metamarsc 37 e SRR

05a ¢ Metabasites

Peridotite

/ (high-grade
ibolite -- Amphibolite faci
amphlb°|_'te > MARAESEUES % Greenschists facies
m . ST granulite)
e, ‘.
/ : ‘l 13 " \ - :
2l “-p

Metasediment (spl 05a) Metabasite (spl 37) Highgracefcis

Decreasing metamorphic gradient of the sole :

Metamorphic sole = enriched in F and Cl

150 um ARG o
——— _’:‘s‘* ", . .

Main hosts in metasediments

v' Biotite : 1500 ppm F, 130 ppm Cl

v' Muscovite : 330 ppm F, < 30 ppm Cl
v" Scapolite : < 200 ppm F, 200 ppm Cl

Main host in metabasites
v Amphibole : 250 ppm F, 100 ppm Cl
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Peridotite -

EPMA: F and Cl amount in the mantle wedge 06 meumomn L D d

sole contact
€ Metabasites

Harzbur gite (Spl 06) High-grade facies

Peridotite (high-grade
amphlbol.lte B Amphibolite fcies ?/  Greenschists facies
granulite)

>

Decreasing metamorphic gradient of the sole

L : :
* > %' Main hosts in mantle rocks

v" Serpentine: 500 ppm F, 600-700 ppm Cl
v Amphibole: <200 ppm F, 40-100s ppm Cl

v Serpentine are more enriched in Cl than F

v Amphiboles : enriched in Cl in serpentinised harzburgites.
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EPMA and ICP-MS/MS results

v Metasediment: biotite is the main host (about 103
ppm of F, 10? ppm of Cl, 1 ppm of Br)

v' Mantle: amphibole are enriched in Cl, Br and I (up
to 200 ppm of Cl)

=) Dehydration of the metamorphic sole
> Fluid-rock interaction (from sole to mantle)
3> Halogens incorporated in the mantle wedge

‘ Sole: metasediments ‘

Det. limit F : 200 ppm

—_
o

circle: Biotite
triangle: Muscovite
square: Scapolite
losange: Chlorite

—

Colors :
(O sample MA1505a
Q© sample MA1548

o
2,

A

Halogen amount (ppm)

F (ppm)

Cl (ppm)

Br (ppm)

I (ppm)

Halogen amount (ppm)

Halogen amount (ppm)

=y
o

-

o
o

Mantle

Det. limit F : 200 ppm

circle: Amphibole
triangle: Serpentine

Colors :
O sample MA1506
© sample MA1527
@ sample MA1501
@ sample MA1516B

F (ppm)

Cl (ppm) Br (ppm) I (ppm) A

‘ Sole: metabasites ‘

Det. limit F : 200 ppm

circle: Amphibole

Colors :
O sample MA1440
© sample MA1437
@ sample MA1419
@ sample MA1433

high T°

I low T°

s

F (ppm)

Cl (ppm) Br (ppm) I (ppm)

Detection limits indicated for EPMA (F and Cl)
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Part I11: Modelling

Ab initio modelling of F = OH and Cl = OH
exchanges in phyllosilicates

See also the poster presented by Dubacq et al. :

OMOME :05/100.000/1051 tegusphers 5u2020-62
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The ab initio modelling of the OH" = X" exchange

Fluorine F =
major element

bigger supercells

Simple cell

b axis

a axis

Mg(OH)F
Substituted
primitive
brucite cell

towards

= more dilute F

Supercells = multiples
of the primitive cell

Mg,(OH),F

(x4) supercell
along the
a and b axes

minor and trace
amount

Mg,6(OH);;F

(x16) supercell
along the
a and b axes

X- = F, CI, Br, I)

CRYSTALI17 ab initio program
(see Dovesi et al., 2004)

v Reaching lower concentrations:
supercells

v" Need to work on simplified
systems: end-members
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Simulation of F = OH and Cl = OH substitution in three magnesian end-members: phlogopite, muscovite and

clinochlore (space group : C2/m)

OH group:

different

orientation

AAAA A
Y
OH=F substitution

in the
octahedral site

Phlogopite
with OH=F
substitution

F-Phlogopite
KMg,(AlSi,)O,,(OH,F)
O-H follows the c-axis

Muscovite b axis

with OH=F
substitution

a axis

C axis

F-Muscovite
KAl,(AlSi;)O,,(OH,F)
O-H: almost perpendicular to c

Cln-1
ST % 71 ST Ve S S 5 P S

s> | J

L >y

/

. b P <> dp o
’ .’:‘?‘?f?ﬁ'f‘?: R s’?
J J

J J J J J J

3 >
" K

DDA,
F-Clinochlore
Mg;Al(A1Si;)O,y(OH),F

v" Cln-1: F in the TOT sheet
v" Cln-2: F in the brucite sheet

4
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Reaction for this example: sk

o Exchange from Muscovite to F-Biotite:

KMg,(AlSi;)O,,(OH), + KAL(AISiy) O, ,(OH,F) = KMg,(AlSiy)O,(OH,F) + KAL(AISiy)O,,(OH),

Biotite F-Muscovite F-Biotite Muscovite
80

circle: F=OH exchange
triangle: CI=OH exchange

AG.° = - 11 kJ.mol"! p.s.f. SR

© from Cin-1

(8}
o

from Bt
@ from Bt

@ from CIn-1

Energy stabilization: phlogopite >
clinochlore 1 > muscovite > clinochlore 2

I~
o

o from Ms

M
o

Mg-biotite is systematically favoured
@ from Clin-1

O from Cin-2
@ from Ms

(kJ.mol™" F or ClI)

Hypothesis (see also Munoz, 1984): sk

from Ms
from CiIn-2

v O-H follows c-axis in biotite @ from Cin-2

v" Repulsive effect between H" and K* ...

‘/ e SubStltuted by an attraction between F_ Halogen incorporation * Halogen incorporation ® Halogen incorporation"

£ S [Tt PGS ] 1
+ into biotite (Bt into muscovite (Ms i linachlore (Cln-1)
and K ' (Bt) : (Ms) :mtu clinochlore (Cln 7‘_:

AG,® for the halogen exchange
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To summarize...

EPMA and LA-ICP-MS/MS allow easy in situ measurement of F, Cl and Br in most
hydrated silicate phases (Villemant et al., submitted to American Mineralogist). Detection
limits are very satisfying. Calibration of I may be improved with more reference standards.

Ab initio modelling clearly shows that Mg-biotite is a favoured F- and Cl-host
compared with muscovite and Mg-chlorite, in agreement with natural analyses.

In progress: halogen incorporation differences between dioctahedral and trioctahedral
micas may be linked to electrostatic effects between interfoliar cation, hydrogen and
halogen atoms: but what about vacancy-rich chlorite...? and amphibole...?

Many thanks for your attention !




