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Introduction |anatexis and the debate on fluid regime]|
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Melting conditions and dynamics in the crust are deeply affected by the fluid regime

Fluid regime during anatexis of the deep crust - Bruna B. Carvalho Abfimcsia Comta B DI GEOSCENZE




Introduction |anatexis and the debate on fluid regime]|

The role of fluids in high-temperature metamorphism and anatexis
remains a largely debated topic

o Dry lower crust and fluid-absent anatexis

very low permeability of the crust and
the prevalent H,0-undersaturated
character of crustal melts

|[Thompson 1983 —JGSL| |Stevens & Clemens 1993 — CG|

|Yardley & Valley - JGR| |Clemens et al. 2016 — Prec Res|

A
o
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o Fluids (carbonic/aqueous/brines)
as essential agents

present along the heating path or at
metamorphic peak conditions

[Newton et al. 1980 — Nature| |Touret 1985)|

|Harlov et al 2005 — J.Pet| |Weinberg & Hasalova 2015 - Lithos|
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Introduction |a brief on melt inclusions]|

« Small droplets of melt that are trapped in minerals during
their growth in the presence of a melt phase »

|Cesare et al 2011 — JVE|

Melt inclusions

Crystallization

entrapment of melt inclusions

2 - Igneous
PN

200 microns

-Intrusive and extrusive rocks
-Leucosomes in migmatites Ign eous rOCkS
-Host growth in magma

-Entrapment during cooling
-Evolved melt composition

-Migmatites, granulites
-Enclaves and xenoliths in lavas
-Host growth in solid framework
-Entrapment during heating
-Primary melt composition

Metamorphic rocks

o Primary o Evolved

|Cesare et al 2015 - L |
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Introduction |a brief on melt inclusions]|
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|Bartoli et al 2016 — AM|

.......
Enclaves and xe
Hast growth in solid framework
Entrapment during hoating
Primary melt compostion

‘ Abundant in: enclaves migmatites/granulites
ﬁ Lithos \=\
Bt + Sil + Pl + Qz = Grt + melt (i Kfs)

Invited review article

What can we learn from melt inclusions in migmatites and granulites? @r-..m\

B. Cesare *, A. Acosta-Vigil *, 0. Bartoli *, S. Ferrero ™

Investigate the primary composition of anatectic i

. < i N melts and fluid regime during crustal melting
./-/ === > B . .‘ ¢ . ____.'. ___________________________________________________________________ ]
Melt ——— ‘_' o .‘....
T . - a5 . "B e v o
&. "’}'ﬂf/ ) "’ ¥ ’ ~.. ore about...
Fluid i — Ry .2 e . « Melt Inclusions in Migmatites and Granulites »
(if present) N Py q'. ‘; v, T 5o ;',_“‘ by Bernardo Cesare (University of Padova)
|TaCChettO etal 2018 - CGl lFerrero et al 2014 — JMGI ThurSday 1Oth OCtOber 2019
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General aspects of the Kinzigite Formation
(lvrea Zone)
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General aspects of the Kinzigite Formation (lvrea Zone - NW Italy)

the southern Alpine basement
i) Ultramafic rocks

ii) Mafic rocks of the Mafic Complex

Interlayered metapelites, metapsammites /
metagreywackes, metabasic rocks with
subordinate calc-silicates and marbles

Fmmm———————————

|Redler et al 2011 - JMG|

o Dating (U-Pb zircon geochronology)

/- iii) Supracrustal rocks of the Kinzigite Formation

MAFIC COMPLEX
CONTACT
METAMORPHISM

o The lvrea Zone (NW lItaly) represents a cross section through the lower crust of

1100
Val Mastallone l
septa

1000 - other L

metapelites

N

REGIONAL
2 METAMOR

Regional metamorphism

Strona-ceneri zone
< Ivrea zone
= serie dei Laghi

| Permian granites b Mineral isograds

1 Metasedimentary
L Gneisses & schists rocks

() Mafic rocks

1 Alpine units of the sesiatanzo zone [ Uttramafic rocks

I permian & mesozok sediments

316 £ 3 Ma
Resetting 2-3 Km around the Mafic complex
284 +3 Ma

(close to the main event of intrusion 288 + 4 Ma)

| CMBL = Cossato-mergozzo-brissago line

|Peressini et al 2007 - JPet|
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T4

1) Growth of IVT-20 Zrn mantles 4 v

cooling

rapid cooling
of thermal anomaly

associated with the
Mafic Complex

slow

-11 Zrn mantles

600 (2) Zr-in-Rt, Val Mastallone septa
3) Zr-in-Rt, Val Strona/d'Ossola 9 IVF01 Zm
500 T T T - v -
320 310 300 290 280 270 260
t (Ma)

|[Ewing et al 2013 - CMP|
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General aspects of the Kinzigite Formation (lvrea Zone — NW Italy)

o Preserved metamorphic field gradient from amphibolite facies
to granulite facies (increasing SE to NW)

Combining metapelitic and metabasic
information: more precisely constrained

‘{"*—@%}y = metamorphic field gradient (lower dP/dT
7)) ; e |
] A ety "
> . © 12
-E-J = - (b) Field gradient
a S ! Redler et al. 2012 New
o o 1" i(/ field gradient
v = ’ N ve "
3 10[ N\ izo7o Y&

Pressure (kbar)

|Redler et al 2011 - JMG| (

Strona-ceneri zone
= serie dei Laghi

Ivrea zone

[+__1 permian granites /r:{ Mineral isograds

I Metabasites
B Metapelites

PO U SN WY S SN WU U W (NN ST U VU SN (NN VT TN AT S SN S S Y
650 700 750 800 850 900 950 1000 1050
Temperature (°C)

; Metasedimentary
L Gneisses & schists rocks

Metamafic rocks

I permian & mesozok sediments [ mafic rocks

1] Alpine units of the sesia-fanzozone [ Uttramafic rocks

CMBL = Cossato-mergozzo-brissago line

|Kunz & White 2019 - JMG|
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Fluid regime of the deep crust:
Case study of the metapelitic migmatites from
the Kinzigite Formatiton
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Case study =,

/ Faults
,/ Mineral isograds

DAustroa)pinc and
Penninic units

Studied metapelitic migmatites were collected in the three I v o

| IMaﬁc rocks
DKlnzigite Fm. i

00.9%

main zones

o Upper Amphibolite (UA)

o Transition zone (Tr)

EEHa
Varallo

o Granulite (G) ¥

€Sig i ";

£

Main goals: obtain the composition of the

melts and fluid regime with increasing T

|Carvalho et al 2019 — JMG|
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Studied samples

€ Upper Amphibolite Facies
S em—snaewmy Y Metatexite with narrow leucosomes

Bt + relict Ms + Fibrolite (Sil) + Pl + Qz + Kfs + Gr + Grt

+ other accessory (Ap, Zir, Mnz)

Ms + Pl + Qz = melt + Sil + Kfs

Bt + Sil + Pl + Qz = Grt + melt (£ Kfs)

A
o
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Studied samples

€ Transition Zone

PR v’ Stromatic metatexite

Bt + (Fibrolitic to prismatic) Sil + Grt + Kfs + Pl + Qz + Gr :

+ other accessory (Ap, Zir, Mnz, Ru)

Kinzigite

used for rocks in which biotite is more abundant than garnet [Schmid 1968 - SMPM|

DIPARTIMENTO
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Studied samples

¥ Granulite Facies

v" Residual diatexite

(Prismatic) Sil + Grt + Kfs + Pl + Qz £ Bt + Gr
+ other accessory (Ap, Zir, Mnz, Ru)
Stronalite

used for rocks in which garnet is more abundant than biotite

Large grains of garnet rich in inclusions

Fluid regime during anatexis of the deep crust — Bruna B. Carvalho

|Schmid 1968 - SMPM|




Melt and fluid inclusions were trapped

Roedder 198 . .
| 984| in the same anatectic event
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Fluid regime of the deep crust:
Case study of the metapelitic migmatites from
the Kinzigite Formatiton

Journal of
METAMORPHIC GEOLOGY -

Anatexis and fluid regime of the deep continental crust: New

Nanogranitoid inclusions

(former melt inclusions) e e e

rvalho @, Omar Bartoli, Fabio Ferrl, Bernardo Cesare, Silvio Ferrero, Laurent Remusat,
I, Stefanc |
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Nanogranitoid inclusions

v Absence of glassy inclusion
v Na nogranitoids (former melt inclusions now crystallized)

Qz + Kfs + Pl + Bt + Ms  Chl
+ Gr £ Sil £ Ap £ Mnz £ Ru % Zir (trapped phases)

Presence of polymorphs

Kumdykolite (albite)
Kokchetavite (orthoclase)
Tridymite and Cristobalite (quartz)

o
Sillimar)\ite 3, Tridymite

| Ferrero et al (2016) — CMP|
o | Ferrero & Angel (2018) — JPet|

"‘ [ 4
® 6\ Preserved original compositions
. (including volatiles H,0 and CO,)

o= =

Kumdykolite

100 200 300 400 500 60
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Re-melting experiments

v Experiments using a single-stage, Johannes-type piston cylinder

> \\ Upper Amphibolite Transition zone Granulite

820°C -1 GPa 850°C -1 GPa 900°C-1.2 GPa
20hs 20 hs 5 hs

el
2 p m X Grt
* glass
*
A inthe ISS
""’ \
“..w‘ 2 v ]
2000 2 500 awe 3500 \
= = v
$
| ‘ ! &

‘ ‘\
, 2 um
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Nanogranite inclusions in migmatitic gamet: behavior
during piston-cylinder remelting experiments
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Major element composition of the melts

v All melts from the three zones are 0.12 8.0 —
granitic (s.l.), peraluminous and have 000  metatuminous . oo . 2 .
. . . . =M s ¢
similar ranges of SiO, (70-78 wt.%) I e ° ‘ w,*,,:,,:«g P .
< 0.061 "'"i‘éjg: g' 404 Q,% 3 . * 30 e
285
UA m%': \ . _mB
0.03 1 e Tr ® 2.0 0 f’L‘ EYE S Em =
L @ 9 peraluminous
/ < M o 2 000 T T OO T T T
UA and Tr (similar) : higher K,O, lower s e o e 55 o s
CaO and lowest FeO+MgO ASI sio,
3.5 5.0
3.0 - K - . R I
2.5 i B = 0 = ®
| - (@] =1 1 o! ]
Q 207 s ".m " 4 Py~ ‘s .
v' G higher CaO and reach higher o ;| k2 . G e R e
& 2.0
FeO+MgO 0.51 o *eedey Qw;
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[ [
CIPW normative diagrams T
o UA Kali Gandaki (KG) Ojen Diat.(OD)
e Tr Bohemian Massif (BM) Ojen Met. (OM)
i’ . B G @ Kerala Kondalite (KK) La Galite (LG)
v' Melts have higher An than MI from the literature <7 Jubrique (J)

v Two groups (UA + Tr) & G

v UA and Tr (similar) : granite with variable Or/Ab ratios

v' G: granodiorite, higher An

v" UA + Tr: similar to MI from the literature (variable Or/Ab
ratios)

v G: much lower Or contents
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CO, and H,0 of the melts

2500 | v’ CO, contents are highest at granulite
A facies, lowest in the transition zone
2000 - |
— UA:861t0 1738 ppm
£ 1500 T: 495 t0 1534 ppm
= | G :739 to 2444 ppm
o 1000 - ®
O
500 - v' Average H,O contents are
progressively lower with increasing T
0 1 1 I I
2 4 6 8 10 12 UA: 6.5 to 10 wt.%
H,O (wt.%) T:4.8t0 8.5 wt.%

G:5.4to8.2wt. %

Circle = UA; diamond = Tr; square = G
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Implications
v" Anatexis

Perple_X 6.8.6 software | Connolly, 2009 — G3 |
Thermodynamic database | Holland and Powell, 2011 — JMG |
Equation of State for the fluid | Holland and Powell, 1998 - JMG |

Microstructural evidence suggests primary coeval
entrapment of NI and FlI during the growth of
peritectic garnet :

EEEEEEEEEEEEE

12p

12

|Cesare et al 2015 - L; Roedder 1979)| " P | 1 uf
o inclusions are related to the same anatectic " ot
event L 9%
) . . . < 8f. 28

o Following the field gradient garnet is able to O 2

trap melt + fluid at >730°C and > 5.2 kbar

. ] ~ | an:y-\‘;jrv:t
. . . . 5@ S ) 1 g} volhon b
Experiments with granulite facies sample : garnet W 1} = gpomne

has trapped melt at 900°C showing that rocks have i H @ v

L1 s ; ? !
ded ot oA g 0 by ady g Lt 3L Ll

cn o 3 [ rrrad B 1 L1
approached UHT conditions (in agreement with other works) 650 700 750 800 850 900 950 650 700 750 800 850 900 950
T(°C) T(°C)
|Luvizotto & Zack 2009 — CMP; Redler et al 2012 - JMG ; Ewing et al., 2013 - CMP| |Carvalho et al 2019 - JMG|

ke

o
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Implications
v" Anatexis

" Melt compositions are consistent with melting
B reactions consuming mica
10
. .. . % Zircon
- Very contrasting compositions of anatectic melts at
2 UA and T versus G : '
7t : e m - .
i M e l tl n é 150 b M = Apatite
6 g 100 b ]
B! o Higher T: controls FeO + MgO and CaO of melts LI 1
E : -
! §_ ‘:: = Monazite
g /A |Gao et al 2016 - L; Johannes & Holtz 1996 ; Montel & Vielzeuf 1997 — L]  lmam
3l pilbis i o oTRON v R & b e gm
B0 70 750 B0 oeo s %0 o Decrease in K20 (biotite-out) <
|Carvalho et al 2019 — JMG| [ Mm i Xenotime
o Possible (minor) role of apatite in the Ca budget i

0
Samplen®: 1 2 3 4 5 6 7 8 9 101 12

elevated solubility of apatite in peraluminous melts Ringhe " raitonSiomaite

|Bea & Montero 1990 - GCA| [ Increasing T 2
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Implications

v" Fluid regime
Anatexis of the metapelites in the Ivrea Zone has been regarded as fluid-absent

|Schnetger 1994 — CG; Sinigoi et al 1974 — CMP; Redler et al 2011 - L and references therein |

However
o coexistence of primary Ml and C-bearing Fl in in garnet and the

measured CO, in the melts imply the presence of a COH fluid during
anatexis

CO, contents in the melts are highest at granulite facies, and
in agreement with expected values (rhyolite + COH fluid)

At granulite facies (850-900°C), the melts have higher H,O
contents than usually assumed

wt% CO,

0.35 T T T T T
© ™ 4 1100°C - 500 MPa

: (o] “*+. 800°C - 500 MPa |
-X 0.4

wit’% total water

Modified after |Tamic et al 2001 - CG|
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Fluid regime of the deep crust:
Case study of the metapelitic migmatites from
the Kinzigite Formatiton

Fluid inclusions

|Carvalho et al submitted|

- K
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Introduction | importance of Fluid inclusions

primary secondary

Fluid inclusions (FI) are small droplets of a fluid

phase encapsulated into rock-forming minerals
|e.g. Roedder 1979|

or

most reliable witnesses of fluids operating
during deep crustal metamorphism
primary Fl in peritectic minerals

Quartz

o host does not
o ubiquitous p,

o maybei y stage of re-crystallization
d by deformation

77
[ Q DIPARTIMENTO
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Melt and fluid inclusions were trapped

Roedder 198 . .
| 984| in the same anatectic event
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Fluid inclusions are multiphase!

v Variable compositions and densities:

o CO,-rich or CH,-rich (traces of N,)

o CO, densities: 0.1- 0.6 g/cm3

i

a) . b) ¢) 1087 d) e) | ) 1000
CO,-rich CH, i
ric * Garnet 3621| 5 *
; 3670 ; Magnesite
co Siderite
2 . =
CH,-rich 284 (Fe# = 74) (Fe# = 46)
4 r % 11 Pyrophyflite Pyrophyllite
N CH, | | Pyrophyliite
2 195
co N, \: 78 ||
2 2 * \' * |7 \ ‘\ f

b L L AR el s\
12001400 2300 2900 || 12001400 2300 2900 200 400 600 800 1000 1200 1400 1600 3600 3800 3600 3800 200 400 600 800 1000 1200 1400 1600

Inclusions are not completely (1052 %) Sid (Fe# 69-74) + (3-48 %) Prl +(27-73 %) Kaol

— " filled up with crystals : +(<1.7 %) Gr £(<2.7 2)Mgn (Fe# 26-46) (<2 %) Cal
Focused ion beam 33 to 48% porosity *(<10 %)Qtz + Cor
serial sectioning
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Discussion

The multiphase fluid inclusions are composed of
solids + fluid phase

Solid phases may be interpreted as :

A Trapped minerals

A Daughter (precipitated directly from the entrapped fluid)

) , : L Mg,ALSi,O,, Ca,AlSi.0,,
¢ Step-daughter phases (interaction of the fluid with the host) . Ei
Fe,Al,Si;O0,, MnjAlSi,O,,

original fluid composition must have changed
density decreased by the reaction with the host

le.g. Kleinefeld & Bakker 2000 — JMG ; Frezzotti & Ferrando 2007 - JMPS ; Berkesi et al 2012 — EPSL |
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Discussion |Post-entrapment changes|

v’ Interaction host-fluid (phase equilibria modelling)

Perple_X 6.8.6 software | Connolly, 2009 — G3 |
Thermodynamic database | Holland and Powell, 2011 — JMG |
Equation of State for the fluid | Holland and Powell, 1998 - JMG |

Two systems involving a finite amount of fluid and garnet in excess

o Garnet (Xyg=0.2) + pure CO, fluid

o Garnet (Xy4=0.2) + binary CO,-H,0 fluid (XCO, = 0.7)

Based on the 3D reconstruction of
Multiphase fluid inclusions

b
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v’ Interaction host-fluid (phase equilibria modelling)

o Garnet (Xy4=0.2) + pure CO, fluid

. equilibrium metastable
-|ndependently of ’Fhe retro.grade path T ———— o
garnet and fluid will react in order to
. . . . Grt Carb Ky Q CO,
form multiphase fluid inclusions "4} 145
(residual fluid + solids) 1ol Garb ol
Koy e -
ELO— . Ao ELO s
S e S
0'08 = V4 A co2 o. 08}
/ a
0.6} ll v Q 06}
1 Grt Carb Sill Q Grt Carb Sill Q CO.
04F  \[GrtCarbAnd Q 04}
’( - o, Grt Carb And Q CO,
300 400 500 600 700 800 900 300400 500 600 700 800 900
T(°C) T(°C)

Ca-free FMAS-CO, system

|Carvalho et al submitted|
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v’ Interaction host-fluid (phase equilibria modelling)

o Garnet (Xyg=0.2) + binary CO,~H,0fluid (XCO, = 0.7)
- independently of the retrograde path SR M
garnet and fluid will react in order to

form multiphase fluid inclusions
(residual fluid + solids) 12

c) 1.6

- CO, is the first fluid component to
react with the host and form
carbonates

- the solid assemblage is metastable 0.4

_ Startlng HZO Of the flUld COI’]’U‘OIS the 300 400 500 T(SOOCO) 700 800 900 300 400 500 6$?°C)700 800 900

preservation of Ky or Cor + Qtz Ca-free FMAS-CO,-H,0 system ICarvalho et al submitted|
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Discussion |What was the original composition of the fluid?|

Quantitative estimate on the composition of the fluid
bounded in the step-daughter phases within the
inclusions was made by a mass-balance approach

using:
- volume estimates obtained by FIB-SEM serial oK
sectioning. g
- molar volume from the literature
Inclusions 1a 1b 1c
Solid phase (%) 67% 52% 60%
. Siderite (Sid) 274 52.0 102
- number of moles of carbonates and OH-bearing Ferroan-Magnesite (Mgs) 27 np.  np.
. Quartz (Qz) n.p. n.p. 105
minerals Pyrophyliite (Prl) 412 480 36
Kaolinite (Kaol) 275 n.p. 733
Graphite (Gr) trapped trapped 17
Corundum (Crn) ? ? ?
Calcite (Cal) 12 n.p. 0.7
Total 100.0 100.0 100.0
Composition of the fluid in a binary CO,—H,0 system COH fluid

CO, + H,0+CH, + N,
Xco, (€0,/CO,+H,0) 0.55 - 0.7

Considerable proportions of H,O!!

DIPARTIMENTO | =
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Discussion |How relevant

©)

Gruf Complex (Central Europe)
COH fluid

+
silicate melt

(mixed inclusion)

CO, + H,0

multiphase fluid inclusions

° Y Location Phases Rolated fluid
, Furua granuite Complek o onae + nancolte COZrieh tid
Y (Tanzana)
Piurtonel aranuite } CO2rich fu
(Canada) Galokn ¥ oraghile {some H2O)
Serr (ltaly) Caicta/magnaste COZ-rien ks
i "'”‘m‘""‘ et Cove, magnesta CO2-rich tid
Caicle + quariz » syl »  COZ-rich uid [+
" ) Nacy)
Bufa del Disnte (Mexico) S
CO2-rich fuid (+
Caicita + quarz NaCh
Uguru Mountains
Tenzonie) Dolomiaimagnes e €O2-N2 gt
Uuguru Mountaing = .
s carbonate + chiorks CO2-N2 fuid
"’*“‘““m‘ ”'“'.)“"’ (5 ysagnoste « pyrophyie  COZrion i
Tres Pontas nappe Calciie + pyrophilite +
(Brazi) oraphte + quertz 0o\ foperied
Droaning Maud Land Calile/Mg-calcite = s
(East Antarcica) paragonite + pyropnymt | CO2-H20 fud
Napier Gompiax (East Magnesite, cakstio + W‘:?i' ':{';";":‘d
Antarciica) or:
Examples of occurrences  oiiicen . -
India) cakhie, colomEs CO2-rich g
Mg-Cerbonate + acapoite
H Muducai Bk (India) CO2-rich tid
reporting (n>22) e R O
b €O2-rich fuid

Province (Greece)

©)

COH fluid

CO, +H,0
+ traces of CH, and N,

Sittampundi mafc 7 CO2-rich fuid (N2
granutes (Inda) < "l’." sl ‘:ﬂ m"”"‘ o +CHa)
. o
. . €02 dominated
in high-grade rocks o ity | S
CHA and N2|
Jubrique, Belle COdIErs. ot tio + siderts €02-rich Lid
{Span)
Caicie + magnesie «
Ceniral Maine Lerrane siderite « rutile » quariz «
(usa) Dyrophyite + imenits + ool reporied

pyrrotic + chiorta

Oberptaiz, Bohemian Siderite + OH-bearing CO2-rich fuid (+ N2

Massr (Contral ELope)  phase (pyrophyBte?| +CHa)
oot S
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Implications

v In the three case studies the petrological evidence and phase equilibria modeling suggest that these
multiphase fluid inclusions are result of interaction of the fluid with the host during cooling
(retrograde path - clockwise or anti-clockwise), and that that the assemblages within the inclusions
are metastable (easier nucleation)

v Our results suggest that primary CO,-rich and COH FI entrapped in peritectic garnet
are prone to change their nature to a carbonate + hydrous silicate-bearing
assemblage as a natural consequence of cooling

Supposed primary unmodified monophase CO, Fl in |
garnet previously reported in the literature are, in
most cases, secondary, retrograde features.
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Take home message | fluid inclusions /0N

Our results undermine the main pillar of the theory of carbonic fluid- I—D-I
assisted metamorphism, casting doubts on the effective primary nature
of many high-density carbonic Fl in garnet from granulites.

BUT... we offer a novel and ground-breaking
perspective to identify such a process:

. only multiphase Fl in peritectic minerals are true evidence
of prlmary ﬂunds operatmg at high grade conditions

..-.‘_

o ? \y and these occurrences are far from being uncommon..

‘j&f‘#‘ 2828 Look for them at your thin sections too!!
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Take home message | nanogranitoid inclusions | o\

Because the IZ records high-grade metamorphism and extraction of large volumes of LD_I
crustal melt: it is considered an ideal natural laboratory to study melting processes that
led to crustal differentiation and formation of S-type granites
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Carbonic fluid-present melting of the deep continental crust (together with
breakdown melting reactions) may also represent an important key process
in the origin of crustal anatectic granitoids
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