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Abstract

Whiteschists from the Dora-Maira massif (Western Alps, Italy) are Mg and K-rich metasomatised granites which experienced
ultra-high-pressure metamorphism and fluid—rock interaction during Alpine continental subduction. The sources and timing
of fluid infiltration are a source of significant debate. In this study, we present boron (B) isotopes and other fluid-mobile
trace-element (FME) concentrations in various generations of phengite from whiteschists and their country rock protoliths
to investigate the sources and timing of metasomatic fluid influx. Reconstructed bulk rock concentrations based on modal
data and mineral compositions indicate that significant amounts B and other FME were added to the rock during prograde
metamorphism, but that this fluid influx postdates the main Mg metasomatic event. High B concentrations (150-350 pg/g)
and light 5'' B values (— 16 to —4 %o) recorded in phengite point to a B-rich sediment-derived fluid as the main source of B in
the whiteschists. Further redistribution of FME during metamorphism was associated with breakdown of hydrous minerals,
such as talc, phlogopite, and ellenbergerite. The source of the Mg-rich fluids cannot be constrained based on the B data in
phengite, since its signature was overprinted by the later main B metasomatic event. Rare tourmaline-bearing whiteschists
record additional information about B processes. Tourmaline §'!B values (— 6 to +1 %o) are in isotopic equilibrium with
similar fluids to those recorded in most phengite, but phengites in tourmaline-bearing samples record anomalous B isotope
compositions that reflect later redistribution of B. This study demonstrates the utility of in situ analyses in unravelling com-
plex fluid—rock interaction histories, where whole-rock analyses make it difficult to distinguish between different stages of
fluid—rock interaction. Polymetasomatism may result in decoupling of different isotopic systems, thus complicating their
interpretation. The Dora-Maira whiteschists interacted with multiple generations of fluids during subduction and therefore
may represent a long-lived fluid pathway.

Keywords Whiteschist - Boron isotopes - Ultra-high-pressure metamorphism - Fluid-rock interaction - Subduction
metasomatism
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of constraining fluid compositions, and are applicable to a
wider range of rocks (e.g., Konrad-Schmolke and Halama
2014; Halama et al. 2020; Busigny et al. 2003; Tian et al.
2019; Harris et al. 2022). In situ analyses of multiple fluid-
mobile elements and isotope systems are particularly pow-
erful for investigating the evolution of mineral and coexist-
ing fluids during progressive stages of metamorphism and
fluid—rock interaction (e.g., Urann et al. 2020; Halama et al.
2020; Debret et al. 2016; Bebout et al. 2007; De Hoog et al.
2014; Clarke et al. 2020; Harris et al. 2022).

The Dora-Maira whiteschists are continental rocks meta-
morphosed at UHP conditions during Alpine subduction of
the European continental margin beneath the Adriatic Plate.
They are characterized by extreme enrichment in Mg, and
depletion in Na, Ca, Fe, and LILE relative to their country
rocks (Schertl and Schreyer 2008; Schertl et al. 1991; Cho-
pin 1984). They have been extensively studied after they
revealed the first record of coesite in crustal rocks, indicat-
ing subduction to depths of at least 100 km (Chopin 1984).
The whiteschists represent a former fluid pathway which was
active during continental subduction (Ferrando et al. 2009;
Chen et al. 2016; Xiong et al. 2021, 2022; Tian et al. 2019;
Chen et al. 2023). Chopin (1984) originally suggested an
evaporitic protolith for the whiteschist. Most authors now
regard the whiteschists as metasomatic alteration products
of the orthogneiss and metagranite country rock by Mg-rich
fluids (e.g., Schertl and Schreyer 2008; Gebauer et al. 1997,
Ferrando et al. 2009), but there is outstanding debate over
the timing of metasomatic event(s) and the origin of meta-
somatic fluid(s). Oxygen and hydrogen isotope data have
been used to argue that the metasomatic fluid was seawa-
ter-derived, but this has been interpreted as a signature of
both pre-Alpine seafloor hydrothermal alteration (Gauthiez-
Putallaz et al. 2016) and Alpine prograde dehydration of
serpentinites (Chen et al. 2016) or altered oceanic crust
(AOC) (Sharp et al. 1993). Gauthiez-Putallaz et al. (2016)
proposed that Mg-metasomatism occurred on the seafloor
where the Dora-Maira crust formed part of a hyper-extended
continental margin sequence. Similar explanations have
been proposed for whiteschists from the Monte Rosa nappe
(Pawlig and Baumgartner 2001; Marger et al. 2019). Com-
pagnoni and Hirajima (2001) documented rare ‘superzoned’
garnet with almandine-rich cores and pyrope-rich rims. The
extreme compositional zoning shown is interpreted to be
produced by a change in the whole-rock bulk composi-
tion. Based on the inclusion assemblage in the almandine
cores, they estimated the P-T conditions of formation to be
~ 1.6 GPa and 600 °C and concluded that subsequent Mg-
metasomatism took place during Alpine subduction.

In this study, we examine the mobility of trace elements
during metasomatism and (U)HP metamorphic reactions.
We combine in situ SIMS analyses of fluid-mobile elements
(FME) and boron (B) isotopes in protolith and metasomatic
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minerals to address three main questions. (1) What were
the sources of metasomatic fluids which interacted with the
granitic rocks to produce whiteschist during subduction? (2)
Do the unusual major-element, trace-element, and isotopic
signatures all record interaction with the same fluid, or were
there multiple periods of fluid influx? (3) To what extent
was trace-element distribution between minerals at different
stages of metamorphism controlled by internal metamor-
phic reactions versus external fluid input? Boron isotopes are
particularly suited to address the first two questions, since
different subducted lithologies have distinct B isotope sig-
natures (Hoog and Savov 2018).

Geological background

The Dora-Maira massif (DMM) forms one of the three
Internal Crystalline Massifs within the Pennine Domain of
the Western Alps (Chopin 1984; Compagnoni and Hirajima
2001) and exposes part of the European continental margin
that was subducted and exhumed during the Alpine orogeny.
It is now stacked within the Western Alps orogenic wedge,
where it forms a dome roofed by normal-sense shear zones,
which juxtapose the Monviso massif, and other units of the
oceanic Piedmont zone (Lardeaux et al. 2006). The inter-
nal structure of the DMM consists of multiple thrust sheets,
which experienced different peak pressure—temperature
conditions during Alpine metamorphism (Fig. 1). The Bro-
ssasco-Isasca Unit (BIU) in the southern DMM experienced
peak UHP Alpine metamorphism at 730 °C, 4.0-4.3 GPa
(Groppo et al. (2019) and references therein) and is divided
into a polymetamorphic complex and a monometamorphic
complex (Compagnoni et al. 1994). The polymetamorphic
complex comprises almandine—kyanite—phengite metape-
lite with subordinate marble and eclogite, and represents
Variscan metamorphic basement, with partial Alpine HP
metamorphic overprinting. The monometamorphic complex
comprises garnet—biotite—phengite orthogneiss, with local
occurrences of whiteschist lenses, garnet—jadeite quarzite,
undeformed metagranite, and metapelite. This complex is
interpreted as recording Permian granitoids intruded into the
Variscan basement (Gebauer et al. 1997; Chen et al. 2017)
and subsequently metamorphosed and deformed during
Alpine subduction. The metapelite inclusions in orthogneiss
are interpreted as xenoliths of the country rock (Compag-
noni and Hirajima 2001). Whiteschist is a term introduced
by Schreyer (1973) to describe magnesian rocks containing
the high-pressure assemblage talc + kyanite, with a bulk
composition characterized by extremely high Mg/Fe ratio,
very low Ca and Na, and high Al contents. In the BIU, the
whiteschists contain pyrope-rich garnets (Xp,, > 0.9) and
have also been referred to as pyrope quartzites in the litera-
ture (Chopin 1984). The BIU whiteschists occur as deca-
metric lenses within otherwise unremarkable orthogneiss.
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Fig. 1 Geological map of the
southern Dora-Maira Massif,
showing sample localities, with
locality numbers following
Schertl and Schreyer (2008). (1)
DM5.2, DM6, DM1.1, 15597,
17478, 21437; (5) 20178,
DM1b, 26405 (nearby) (6)
17618; (10) 17702. Modified
after Chen et al. (2016), origi-
nally after Compagnoni and
Rolfo (2003)
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The contact between the lithologies is typically marked
by alteration in the whiteschist. Whiteschists preserve an
internal foliation which is truncated by the external folia-
tion in the orthogneiss (Schertl et al. 1991), implying that
they record a different stage of the BIU metamorphic and
structural evolution.

The petrography of the whiteschists has been described
in detail by Schertl et al. (1991). The matrix is mineralogi-
cally simple and consists of pyrope garnet, phengite, quartz
(retrograde after coesite), kyanite, rutile, + talc + jadeite.
Small pyrope and kyanite porpyroblasts contain inclusions
of quartz, relict coesite, phengite, talc, rutile + tourma-
line. The presence of coesite was first described by Chopin
(1984) and confirms the UHP conditions experienced by

the BIU. Decimetric pyrope megablasts consist of a core
with a diverse inclusion assemblage, including several
phases which do not occur in the matrix or small pyropes.
These include Mg-chlorite, ellenbergerite, phlogopite, and
vermiculite, alongside kyanite and talc, which also occur in
the matrix. Glaucophane, paragonite, muscovite, tourmaline,
apatite, bearthite, and Mg-dumortierite are rare inclusion
phases. Magnesiochloritoid has also been found in megab-
lasts from the Tapina locality (Simon et al. 1997). Quartz/
coesite is absent from the megablast cores and phengite is
extremely rare. Some megablasts contain a thin rim with
similar composition and inclusion assemblage to the small
pyropes. Occasionally, various phengite schists occur, which
are intercalated with the whiteschists (Schertl and Schreyer
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2008). These phengite schists have bulk compositions inter-
mediate between the country rock orthogneiss and the white-
schists, and contain phengite, quartz + phlogopite + chlorite
+ garnet + kyanite + tourmaline + jadeite.

The Alpine P-T path of the BIU has been constructed
from P-T estimates in multiple different lithologies (Fig. 2).
The earliest recorded stage of Alpine metamorphism is
the growth of garnet cores in metapelites at 520-540 °C,
1.6-2.3 GPa (Groppo et al. 2019). Garnet mantles record
slightly higher grade conditions (540-560 °C, 2.5-2.8 GPa),
similar to the conditions suggested by Ferrando et al. (2009)
for pyrope megablasts hosting ellenbergerite in whites-
chists. Similar pressure estimates have also been recovered
from phengite cores in marbles (Di Vincenzo et al. 2006).
Growth zoning in clinopyroxene, garnet, and phengite in
eclogites records a similar prograde path (540-500 °C,

1.5 GPa; 570 °C, 2.5 GPa; 650 °C, 3.2 GPa; Nowlan et al.
(2000)). The peak metamorphic conditions (~ 730 °C,
4.0-4.3 GPa) are well studied, with the best constrained
estimates coming from metapelite garnet rims (Groppo et al.
2019), whiteschists (Hermann 2003), and marbles (Castelli
et al. 2007). Early retrograde decompression is recorded by
phengite—talc—kyanite coronae in whiteschists (~ 720 °C,
3.6-3.9 GPa, Hermann (2003)). Further decompression
and cooling (670-700 °C, 2.5-3.0 GPa) is recorded by
phengite—phlogopite—talc—kyanite coronae in whiteschists
(Hermann 2003) and retrograde assemblages in eclogites
(Groppo et al. 2007; Di Vincenzo et al. 2006), and marbles
(Castelli et al. 2007). A major retrograde event, in response
to a fluid influx, occurred at 600—-650 °C, 1.1-1.5 GPa
and is recorded by near-complete recrystallization in the
orthogneiss (Di Vincenzo et al. 2006; Groppo et al. 2005),

5.0
tlc-out

Atg-out (Padrén-Navarta et al., 2013) &

4.5 — Whiteschist KMASH reactions (Hermann, 2003) Stage E
----- Whiteschist KFMASH reactions (Gautiez-Putallaz et al., 2016)
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Fig.2 Summary of P-T path constrained from metapelite (Groppo
et al. 2019; Compagnoni and Hirajima 2001; Hermann 2003), eclog-
ite (Di Vincenzo et al. 2006; Groppo et al. 2007; Hermann 2003;
Nowlan et al. 2000), whiteschist (Compagnoni and Hirajima 2001;
Ferrando et al. 2009; Ferraris et al. 2005; Gauthiez-Putallaz et al.
2016; Hermann 2003), marble (Ferrando et al. 2017; Di Vincenzo
et al. 2006; Castelli et al. 2007; Groppo et al. 2007), calc silicate
(Rubatto and Hermann 2001), and orthogneiss (Di Vincenzo et al.
2006). Ellipses represent the uncertainty on P-T estimates for each
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point (see Geological background section). Stages, indicated by capi-
tal letters, correspond to stages of the whiteschist mineralogical evo-
lution and are discussed later. Key mineral growth and breakdown
reactions in the whiteschists (see discussion) are shown in the K,O
-MgO-Al,05-Si0,-H,0 (Hermann 2003) and K,O-FeO-MgO-
Al,05-Si0,-H,0 (Gauthiez-Putallaz et al. 2016) systems. Also
shown is the breakdown of antigorite (Padrén-Navarta et al. 2013),
which has been proposed as a source of Mg-rich fluids. Mineral
abbreviations after Whitney and Evans (2010)
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complete retrogression of pyrope in some whiteschists
(Hermann 2003), and also by assemblages in metapelites
(Groppo et al. 2019), marbles (Groppo et al. 2007) and
eclogites (Di Vincenzo et al. 2006; Groppo et al. 2007).
Even lower grade assemblages (~ 550 °C, 0.5-1.0 GPa) are
preserved in calc silicates (Rubatto and Hermann 2001).

Analytical techniques

Mineral major-element compositions were determined
using a Cameca SX100 electron microprobe equipped with
5 wavelength dispersive spectrometers at the School of Geo-
sciences, University of Edinburgh, UK. Acceleration voltage
was 15 kV, beam current was 4 nA for major elements, and
100 nA for minor elements. Beam diameter was 2 pm for
anhydrous minerals and 5 pm for hydrous minerals. On-peak
counting times (seconds) were as follows (background time
in brackets). Major elements: K 20 (10), Na 20 (10), Ca 20
(10), Mg 20 (10), Fe, Si 20 (10), Al 20 (10). Minor elements:
K 20 (10), Na 20 (10), Ca 50 (25), Mg 20 (10), Ti 60 (30),
Mn 80 (40), P 20 (10), and Zr 60 (30). A variety of synthetic
and natural standards were used for calibration.

Selected trace elements and B isotopes in minerals were
measured in situ by Secondary Ion Mass Spectrometry
(SIMS) at the Edinburgh Ion Microprobe Facility, School of
Geosciences, University of Edinburgh, UK, using a Cameca
7f-Geo equipped with a Hyperion RF oxygen source. Full
data are provided in Online Resource 2. Boron isotopes in
minerals other than tourmaline were measured by sputter-
ing the sample surface using a 20 nA '°0~ primary beam in
Kohler illumination mode and extracting the sputtered ions
into the mass spectrometer. The analytical spot was about
25 pm wide. A single electron multiplier was used to count
0B+, 1'B* and 28Si?* signals sequentially for 8, 2 and 1 s,
respectively, with 50 repeat cycles comprising a single anal-
ysis. Centering of the secondary beam relative to the field
aperture and centering of the reference peak mass (*8Si%*)
were done in an automated routine prior to each analysis. A
mass resolution of 1500 (M/ AM) was used to avoid *BeH
and '°BH interference peaks. Boron isotope ratios were cor-
rected for instrumental mass fractionation using Phe80-3
phengite (6''B = —13.5 %o; Pabst et al. (2012)). In addi-
tion, B6 obsidian, ARM-1 andesite glass, and GB4 obsidian
were measured to monitor drift and relative offset of phen-
gite compared to glass standards, which was -3 %o using
values compiled in GeoReM. Reproducibility of the glass
standards was 0.4-0.7 %o (1sd) whereas reproducibility of
Phe80-3 was 1.6 %o (1sd, n = 23), which suggests some
minor heterogeneity of the Phe80-3 material. In addition,
muscovite 98973 was measured as a secondary standard.
Two rather different bulk values exist in the literature (—
8.8 + 0.3 %o Dyar et al. (2001) vs —20.00 + 0.36 %o Codeco

et al. (2019)). The origin of this discrepancy is unknown,
but we note that concentration of B and several other ele-
ments are heterogeneous and different from reported val-
ues (Harris et al. 2022), suggesting that further evaluation
of this material is needed. We obtained a 8''B value of —
20.2 + 0.3 %o (1se, n = 12), which closely matches the value
reported by Codeco et al. (2019) from bulk MC-ICP-MS
analysis. Finally, mica MVEQ2-8-5 and JJEO1-X-3 (Mar-
tin et al. 2015) were also measured, but both minerals are
extremely heterogeneous exhibiting nearly 20 %o variations
and are, therefore, less suitable as calibration materials.

Boron isotopes in tourmaline were measured using a
similar setup except for using a ca. 100 nA beam, counting
times of 4, 2, and 0.5 s for 1°B, 'B, and 3°Si, respectively,
in 20 cycles and using a single Faraday Cup detector. Spot
size was ca. 25 pm. Tourmaline dravite 108796 (our value —
6.7 + 0.5 %o, reference value —6.6 + 0.2 %o), elbaite 98144
(our value —11.1 + 0.4 %o, reference value —10.5 + 0.4 %o),
and schorl 112566 (our value —11.7 + 0.3 %o, reference
value —12.5 + 0.1 %o) were used for calibration (Dyar et al.
2001). Small average offsets of 0.7-0.9 %o were measured
for the latter two standards compared to the first, indicating a
small matrix effect. As the analysed tourmalines were close
to dravite, this will have negligible effect on their accuracy.
Typical internal precision was 0.1 %o (1 s), whereas repeat-
ability of standards was 0.3—-0.5 %o. Our mean tourmaline
boron isotope values for each sample matched from those of
Xiong et al. (2022), measured by LA-MC-ICP-MS, within
1 %o, which is well within the range of values within each
sample (Online Resource 2).

Trace-element contents of various minerals were meas-
ured using a similar setup as B isotope analysis of the
same minerals, but using a lower mass resolution of 600 to
increase transmission and a beam current of 5 nA to reduce
spot size to ca. 15 pm. A variety of glass and mica standards
were used for calibration, which is particularly important for
halogens which experience strong matrix effects and accu-
racy benefits from matrix-matched standards. GSD1-G was
used as the main calibration standard for elements other than
halogens with preferred values from GeoReM (Jochum and
Stoll 2008), except B for which we adopted a value of 65 p
g/g, following Walowski et al. (2019). Nitrogen was meas-
ured in a separate routine as detailed in Harris et al. (2022).

Sample descriptions and major-element
compositions

A total of 11 samples were analysed (Table 1). Samples
with five digit numbers (e.g., 17702) have been previously
described (Schertl and Schreyer 2008; Xiong et al. 2022),
whereas other samples are new (DMxx). Sample locations
(Fig. 1) follow the numbering of Schertl and Schreyer

@ Springer
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Table 1 Summary of sample information

Sample Lithology Locality name Locality number Mineralogy

17702 Metagranite Brossasco 10 Qz, Kfs, P1, Phe, Bt, Grt, Zo, Jd, Ky
20178 Orthogneiss Tapina 5 Qz, Ab, Bt, Phe, Grt, Ep, Rt, Ttn
DMI1.1 Pyrope megablast Case Ramello 1 Prp, Chl, Ell, Phl, Ky, Tlc

DMS5.2 Whiteschist Case Ramello 1 Phe, Prp, Qz, Ky, Tlc, Rt

DM6 Whiteschist Case Ramello 1 Phe, Prp, Qz, Coe, Ky, Tlc, Rt, Ell
15597 Whiteschist Case Ramello 1 Phe, Prp, Qz, Ky, Tlc, Rt, Tur, Jd
DMI1b Whiteschist Tapina 5 Phe, Prp, Qz, Ky, Tlc

17478 Retrogressed whiteschist Case Ramello 1 Qz, Chl, Ms, Phe, Tlc, Ky, Tur
21437 Phengite schist Case Ramello 1 Phe, Qz, Tur, Chl, Grt

26405 Phengite schist San Bernardo Near 5 Phe, Qz, Phl, Tur, Grt, Ky, Rt
17618 Phengite schist Masueria 6 Phe, Ms, Pg, Phl, Chl, Tlc, Tur, Grt, Rt

Locality numbers and names follow Schertl and Schreyer (2008). Mineral abbreviations after Whitney and Evans (2010)

(2008). A description of each lithology is provided below.
Detailed mineralogy of each sample is provided in Table 1,
representative major-element compositions are presented in
Online Resource 1, and selected photomicrographs of the
samples are shown in Fig. 3.

The whiteschist and phengite schist protoliths are repre-
sented by the metagranite (sample 17702) and orthogneiss
(sample 20178). In the metagranite, randomly oriented
K-feldspar occurs as large grains up to 2 cm in length.
Quartz occurs in patches up to 1 cm, which are composed
of granoblastic, polygonal grains about 0.2 mm in diameter.
This texture has previously been interpreted to reflect the
former presence of coesite (Biino and Compagnoni 1992).
Biotite (6.01 Si pfu [22 O pfu], XMg=0.4O) is present, but
is partially replaced by Ti-rich phengite (TiO, > 1.5 wt%),
which was interpreted as forming during prograde HP meta-
morphism (Bruno et al. 2001). Rectangular plagioclase laths
are pseudomorphically replaced by a fine-grained aggregate
containing zoisite, jadeite, quartz, and a Ti-poor phengite
(TiO, < 0.4 wWt%).

In the orthogneiss, phengite occurs as large, oriented
grains up to 1 mm in length and also as a separate genera-
tion of smaller flakes, which along with biotite define the
foliation. Epidote, albite, and titanite are also weakly aligned
in the direction of the foliation. The biotite—epidote—phen-
gite—albite—titanite assemblage was previously interpreted
to have crystallised at amphibolite facies (~ 1.0-1.5 GPa,
600-650 °C) on the retrograde path (Groppo et al. 2005).
Garnet occurs as anhedral grains with a black oxide rim,
suggesting that it is out of equilibrium with other minerals.
Sharp et al. (1993) calculated temperatures of 700-750 °C
from oxygen isotope thermometry of garnet—quartz—rutile
in orthogneiss samples, similar to the peak temperatures
recorded in whiteschists, suggesting that garnet and rutile
represent relict UHP phases. No oxygen isotope data were
available for phengite, but the cores of large phengites
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preserve high Si contents (6.97 + 0.04 Si pfu), which are
suggestive of HP metamorphism. Biotite was out of oxygen
isotopic equilibrium with the garnet—quartz—rutile assem-
blage, which is consistent with it forming during retrogres-
sion (Sharp et al. 1993).

Whiteschists consist of a matrix containing quartz,
phengite, kyanite, and rutile + jadeite + tourmaline +
monazite + zircon. Within the matrix, there are large
pyrope megablasts (up to 10 cm diameter) and small
pyrope porphyroblasts (0.5-1 cm). Pyrope megablasts
in our samples display two zones with differing garnet
composition and inclusion assemblages. The cores (Prp I,
Prpg,_¢;Alm,_¢Grs,_,) contain inclusions of kyanite, talc,
rutile, ellenbergerite, phlogopite, and sometimes Mg-chlo-
rite (sample DM1.1). The phlogopite is K-deficient and
similar to that identified by Schertl et al. (1991). Ellen-
bergerite shows large compositional variation (0-4.3 wt%
TiO,, 0-2.2 wt% ZrO,, 0-12.6 wt% P,Os) associated with
the substitutions Si + Al - P + Mg and (Ti,Zr) + Mg
— 2Al (Chopin et al. 1986). The megablast rims (Prp II)
are almost entirely free of Ca and contain inclusions of
phengite, coesite, quartz (after coesite), kyanite, talc,
rutile, and occasionally tourmaline (sample 15597). Small
pyropes (Prp II, Prpg;_o;Almg_;,Grs;) contain the same
inclusion assemblage as the pyrope megablast rims. The
outermost rim of the pyrope megablasts is replaced by
fibrous phengite and phlogopite. Three generations of
phengite are recognisable in the whiteschist: inclusions in
Prp II (phengite I), matrix phengite (phengite II), break-
down products on pyrope rims (phengite IIT). Mean Si
contents are very similar in Phe I (7.15 + 0.06 pfu [22 O
pfu]) and II (7.14 + 0.04 pfu) and slightly lower in Phe III
(7.10 £ 0.05 pfu) but all three populations overlap signifi-
cantly (Fig. 4). Mg/(Mg+Fe?*) is >0.85 in all whiteschist
minerals, consistent with the high bulk rock value. Our
petrographic observations fit with the previously described
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Fig.3 Thin-section photomicrographs of metagranite, orthogneiss,
and whiteschist. All images are in plane polarized light. (a) Orthg-
neiss sample 20178, showing the amphibolite facies assemblage
epidote, biotite, albite, phengite, and quartz. (b) Metagranite sam-
ple 17702. Igneous K-feldspar is largely unaffected by high-pressure
metamorphism. Quartz is also largely unreacted, but is recrystallized
into granoblastic, polygonal grains. Red—brown igneous biotite is par-
tially replaced by colourless phengite. Plagioclase laths are pseudo-
morphed by a fine-grained aggregate of zoisite, jadeite, quartz, and

phase evolution of the whiteschists (e.g., Schertl et al.
1991; Ferrando et al. 2009). Tourmaline occurs only in
rare samples (Table 1), which were described in detail by
Xiong et al. (2022). Tourmaline in these samples occurs

2 R LB EETINN

phengite. (¢) Whiteschist sample DM1.1, showing a composite inclu-
sion of ellenbergerite, talc, and rutile in a pyrope megablast (Prp I).
(d) Whiteschist sample DM1.1, showing inclusions of phlogopite,
talc, and rutile in a pyrope megablast (Prp I). (e) Whiteschist sample
DMS5.2, showing a small pyrope (Prp II) with inclusions of phengite
(Phe I) and rutile. (f) Whiteschist sample DM6, showing Phe III +
phlogopite forming at the expense of pyrope on the rim of pyrope
megablasts. Mineral abbreviations after Whitney and Evans (2010)

only in the matrix and as inclusions in Prp II, alongside
coesite/quartz, phengite, talc, and kyanite.

Phengite schists are mineralogically variable but all con-
tain significant amounts of phengite and quartz. Samples in
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Fig.4 Si (pfu) and Mg number 7.51
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this study also contain tourmaline and were described by
Xiong et al. (2022). Other minerals present in the matrix
include chlorite, phlogopite, muscovite, paragonite, garnet,
kyanite, and talc.

Mineral trace-element and isotope
compositions

Trace elements and H,O

In the metagranite, the Ti-rich phengites are enriched in B,
Be, and Sr compared to their parent biotites, and depleted
in Li, Cs, and F. Rb is very similar (Fig. 5, Table 2). The
Ti-poor phengites have lower Be, Rb, Cs, F, Li but higher
B and Sr compared to Ti-rich phengites. K-feldspar con-
tains large amounts of Sr and minor Rb, but is otherwise
not a significant host of trace elements. In the orthogneiss,
phengite is rich in B, having similar contents to the Ti-poor
phengite in the metagranite. Phengite is also the main host
of Be and a significant host of Rb, Li, and F. Biotite is the
main host of Rb, Li, Cs, F, and Cl, and epidote dominates
the budget of Sr.

In the bulk rock, whiteschists are enriched in Mg, and
depleted in Na, Ca, Fe, Sr, Rb, and Li compared to the meta-
granite and orthogneiss (Schertl and Schreyer 2008). Of the
prograde minerals present as inclusions in Prp I, phlogopite
has the highest concentrations of Li, B, Rb, Cs, Sr, and F of
all the minerals measured (sample DM 1.1). Ellenbergerite is
a significant host of Be, which correlates positively with Mg
content, and a minor host of B, F, and Cl. Ellenbergerite also
contains large amounts of H,O (6.0—8.8 wt%) compared
to other minerals (Tlc: 3.5 wt%, Phl: 4.5-5.1 wt%). The
K-deficient phlogopite present as inclusions in Prp I contains
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higher H,O contents than “normal" phlogopite coexisting
with Phe III (4.1 wt%). All other trace elements are present
in negligible amounts. Talc hosts only Cl, and minor F and
B. Kyanite is not a significant host of any of the measured
trace elements. No N data were collected for these phases.

Compared to phlogopite, ellenbergerite and talc, white-
schist phengite in the matrix and as inclusions in Prp II
is strongly enriched (>3x) in Li, B and Rb, and slightly
enriched (1-3x) in Be and Sr (Fig. 5). F contents are lower
than phlogopite but similar to talc, and CI is much lower in
phengite than any of the earlier prograde minerals. White-
schist DM6 contains all three phengite generations and has
the most complete record of their trace-element evolution.
Li, Be, Rb, Sr, Cs, and CI contents are similar in all phen-
gite generations. B contents are similar in Phe II and III
(172-202 pg/g) but higher in Phe I (240-292 pg/g, one outlier
grain with 189 pg/g). F is high in Phe II (2047-2253 ug/g)
and lower in Phe I and III (1195-2066 pg/g). N contents in
Phe I range from 37—41 pg/g, whereas N contents in Phe II
range from 14-53 pg/g. Phengite III has elevated N contents
(64-530 pg/g, n = 5) compared to other phengites. Phengite
in other whiteschists contains mostly similar trace-element
concentrations to DM6, although B is notably higher in
DM1b (342-402 pg/g), and Sr and Rb are slightly lower.
Whiteschist phengite is depleted in N, Be, Li, Rb, and Cs
compared to metagranite phengite, and enriched in B and Sr.
Whiteschist phengite has similar B contents to orthogneiss
phengite, but Li, Be, Rb, and Cs are lower in whiteschists,
and Sr and Be are higher.

Boron isotopes

Boron isotope data are presented in Fig. 6. In the meta-
granite, 5!'B values for Ti-rich phengite are — 11.9 to



Contributions to Mineralogy and Petrology

(2023) 178:76

Page9of22 76

Table2 SIMS trace-element and H,O data for selected minerals in whiteschist and country rocks

Sample  Textural position Mineral n N Li B Be Rb Sr Cs F Cl H,0 (wt%)
17702 Replacing Bt Phe 5 72 547 64 16 1291 8.5 67 2909 3.7
Replacing Pl Phe 2 404 205 5.7 431 28 10 2017 4.2
Igneous Kfs 4 6.1 6.1 1.4 384 231 6.9 8.1
Igneous Bt 4 914 25 73 1278 22 99 6199
20178 Matrix Phe 14 41% 160 277 17 586 9.9 92 1683 80 39
Bt 2 646 1.2 4.6 1005 25 52 4600 1163
Ep 1 5 020 2.6 3.6 0.58 757 1 184
Ab 1 0.7 0.04 3.6 3.2 0.8 17 0.8 2.8
DMI1.1  Megablast core Phl 2 11 50 29 172 15 19 5695 352 48
Tlc 2 0.17 8.0 0.07 0.1 0.15 0.01 1316 601 3.8
Ell 9 038 21 6.1 0.04 0.07 0.16 262 138 6.9
DM6 Megablast core Ell 2 004 84 7.1 <0.01 0.11 22 130 84 6.1
Megablast mantle  Ell 2 034 6.7 42 0.03 0.10 0.38 290 384 6.1
Tlc 1 3.4 1.4 092  0.02 0.32 0.07 <0.01 3597 82 3.6
Grt
Matrix pyrope Grt 1.0 12 11 0.24 34
Megablast rim/ Phe I 5 39 71 272% 11 414 21 42 1389* 21 40
matrix pyrope
Matrix Phe II 9 29 68 188 11 390 17 35 2178 82 38
Retrograded Phe 111 5 208 53 196 11 409 20 3.8 1407 120 3.6
megablast rim
Phl 1 65 33 3.0 67 1.7 0.81 8360 4.1
Grt
DMS5.2  Matrix pyrope Grt 2 9.9 027 <0.01 0.17 0.02  0.06 55
Phe I 10 54 231 11 388 19 3.7 1658 39
Tlc 1 025 62 0.08 0.24 0.23 0.01 2905 3.4
Matrix Phe II 12 68%* 193* 11 372 19 3.4 2296 3.9
DM1b Matrix pyrope Grt 1 0.61 14 1.1 41
Matrix Phe II 16 17 45 358 9.7 339 12 5.5 2411 54
Retrograde Phl 2 28 17 12542 118
pyrope rim

Concentrations in pg/g. n represents number of repeats. * denotes the mean exluding outlier data points. See text for discussion. Mineral abbre-

viations after Whitney and Evans (2010)

— 7.9 %o (n =5). Ti-poor phengite has lower, but overlap-
ping values (— 13.0 to — 9.2, n = 2). Orthogneiss has a
larger range of 6''B values (— 15.4 to — 5.7 %o, n = 8).

Phengite 6''B in tourmaline-absent whiteschists ranges
from —15.4 to =3.5 %o and therefore overlaps with both of
the protolith lithologies. Both samples from Case Ramello
have similar values (DM6 —15.3 to —8.0 %o, DM5.2 —13.0
to —=5.4 %o), whereas the sample from Tapina has heavier
values (—8.0 to —3.5 %o). There is no significant difference
between the mean §''B values of different phengite genera-
tions from the same sample, but Phe I has a wider range
of 6''B values than Phe II or III. There are no correlations
between B concentrations and §!'B of phengite in any of
the samples that we analysed.

Tourmaline-bearing whiteschists and phengite schists
were also analysed for B isotopes in tourmaline and phen-
gite (Phe II). There are significant systematic differences
in B concentration and isotopic composition of phengite
in samples with and without tourmaline, even if both are
from the same locality (Case Ramello). Here, Phe II in
tourmaline-bearing samples has a mean B isotope com-
position of =6.0 + 1.0 %o (n = 26) with 198 + 20 ug/g
B. Phe II in tourmaline-absent samples has a consistently
lighter B isotope composition (—10.6 + 1.2%0, n = 25) and
contains less B (171 + 14 pg/g). Phe I in these samples
has a larger range of B isotope values (—10.3 % 2.6%o,
n = 16) and B concentrations (196 + 34 ug/g). Tourma-
line from these samples has 6''B values ranging from —
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10.7 to —=1.4 %o (mean = —5.1+1.8 %0 (n = 56)). Phen-
gite in phengite schist from other localities (samples
26405, 17618) has heavier 6''B than Case Ramello for
both phengite (26405 —4.5 to —0.7 %o, 17618 —6.7 to —
4.9 %o0) and tourmaline (26405: —1.8 to +0.3 %o, 17618:
—1.5 to +0.5 %o [one outlier —=6.5 %o]). Some tourma-
line grains have a narrow rim of ca. 50-150 pm which is
around 1 %o lighter than the core of the grain. In samples
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where both tourmaline and phengite are present, the dif-
ference in boron isotope composition between coexisting
matrix phengite (Phe II) and tourmaline is small but some-
what variable, with mean A" Bp;, 1, of =1.6, =2.6 and —
5.0 %o in three separate samples. The difference between
tourmaline rims and immediately adjacent phengite grains
ranges from —3.7 to —1.1 %o (one outlier at +4.3 %o).
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Discussion

Element mobility during whiteschist prograde
metamorphism: implications for fluid sources

The whiteschists underwent several major mineralogical
changes during their metamorphic evolution, which are criti-
cal to understanding the fluid-mobile element evolution, and
are divided into six stages (A-F; Fig. 7). In this section, we
review the key reactions which lead to the formation of dif-
ferent mineral assemblages, and discuss the budget of major
and trace elements associated with these reactions, to gain
insight into element mobility.

Key prograde mineral reactions

Prp I (garnet megablast cores) formed by the reaction
kyanite + Mg-chlorite + talc — pyrope + H,O (Schertl et al.
1991; Ferrando et al. 2009). It is Mg-rich, and contains Mg-
rich inclusions, which implies that Mg-metasomatism took
place before the onset of garnet growth. The earliest pro-
grade assemblage is preserved as inclusions in some pyrope
megablast cores and consists of Mg-chlorite, kyanite, talc,

6B (%o0)

and rare muscovite (stage A, Fig. 7). Crystallisation pressure
for this assemblage has been constrained to ~ 1.7-2.1 GPa
based on the Si content of muscovite (6.36 Si pfu Ferrando
et al. (2009); Hermann (2003)). Therefore, Mg-metasoma-
tism took place during the early part of the subduction his-
tory, or prior to subduction altogether. Based on the most
recent prograde P-T path published for the BIU (Groppo
et al. 2019), a temperature estimate of 520-540 °C can be
obtained from these pressures. Most pyrope megablasts
also contain the inclusion assemblage ellenbergerite, talc,
phlogopite, kyanite, and rutile (stage B). This assemblage
formed on the prograde path by the reactions Mg-chlorite
+ kyanite + talc + rutile — ellenbergerite, and Mg-chlorite
+ muscovite — kyanite + phlogopite + talc + H,O (Fer-
rando et al. 2009; Schertl et al. 1991). During the later pro-
grade evolution, the reaction phlogopite + kyanite + talc —
pyrope + phengite + H,O replaces phlogopite with phengite
(Schertl et al. 1991; Hermann 2003), and grows additional
Prp I (stage C). All the mentioned reactions also create fluid.
Talc is found as inclusions in pyrope megablasts and small
pyropes but not in the matrix, so talc-out occurred later on
the prograde path compared to ellenbergerite or phlogopite.
Phase equilibrium modelling suggests that talc breakdown
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Fig.7 Metasomatic and
metamorphic evolution of the
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occurs gradually, over a wide P-T range, but that a final
phase of fluid release occurs at ~ 700-710 °C at >3.8 GPa
(stage D), close to the metamorphic peak, by the reaction
talc 4 kyanite — pyrope + coesite + H,O (Gauthiez-Putallaz
et al. 2016). This reaction grew Prp II (megablast rims and
matrix garnet) which contains the inclusion assemblage
kyanite + talc + coesite (Schertl et al. 1991; Ferrando et al.
2009; Hermann 2003).

Element mobility during prograde reactions

The phlogopite breakdown reaction (phlogopite + kyanite
+ talc — pyrope + phengite + H,0) is of particular inter-
est in assessing the trace-element mobility during prograde
metamorphism, since both the products and reactants
are significant hosts of fluid-mobile elements. Using the
measured compositions of prograde phlogopite, phengite,
pyrope, and talc, and assuming pure kyanite, we calculated
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the stoichiometry of the phlogopite breakdown reaction
by mass balancing K,0, MgO, Al,O;, SiO, for the prod-
ucts and reactants. Then, using the measured H,O contents
of the products and reactants, we calculated the mass of
H,O released. The calculated stoichiometry (by mass) is
1.72 phlogopite + 0.55 talc + 0.84 kyanite — 1 phengite
+ 2.03 pyrope + 0.07 H,O. By volume, the stoichiometry
is 1.79 phlogopite + 0.58 talc + 0.68 kyanite — 1 phengite
+ 1.57 pyrope + 0.15 H,O. More phlogopite is consumed
than phengite is produced, because the measured phlogo-
pite composition is deficient in K,O. To balance the MgO
contents, this leads to a large production of pyrope. This is
problematic, because if all the phengite in the whiteschists
(~25-50 vol%) was produced by this reaction, then the total
product volume would be close to or greater than 100%.
Since there are no other K-bearing phases which could break
down to form phengite during prograde metamorphism, this
suggests that phengite was in fact present throughout the
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prograde evolution, which is consistent with the thermody-
namic modelling of Gauthiez-Putallaz et al. (2016). Schertl
et al. (1991) found a single prograde phengite as an inclu-
sion within a kyanite inclusion in Prp I, which is consistent
with our conclusion. The reason why phengite inclusions
are so rare in Prp I may relate to compositional heterogene-
ity in the whiteschist (Hermann 2003). Phlogopite formed
via reaction of Mg-chlorite and muscovite and, therefore, in
chlorite-rich domains, muscovite could be largely consumed
during the formation of phlogopite. Since the first pyrope-
forming reaction also involves Mg-chlorite as a reactant,
these Mg-chlorite-rich domains also likely gave rise to the
pyrope megablasts, which preserve the prograde inclusion
assemblages. Prograde phengite would have been stable in
the chlorite-poor matrix (see Fig. 7), but it re-equilibrated at
peak conditions and is not preserved. This is consistent with
the experimental phase equilibria of Hermann (2003), which
show that phengite is stable under SiO,-saturated conditions
(matrix), whereas phlogopite is stable under SiO,-undersatu-
rated conditions (megablasts).

Of the reactant phases in the phlogopite breakdown reac-
tion, kyanite is not a significant host of any trace elements
that we measured, talc contains only F and minor B, and
phlogopite is a significant host for multiple trace elements.
Of the product phases, phengite hosts multiple trace ele-
ments, whilst garnet only contains significant amounts of Li.
Compared to the later forming phengite, phlogopite contains
less Li, B, Be, and Rb, slightly less Sr, and substantially
higher Cs and F. Ellenbergerite is also a significant host of
B and Be. Using the reaction stoichiometry calculated for
phlogopite breakdown and the phlogopite and talc trace-ele-
ment compositions measured from DM1.1, the trace-element
budget of the reactants can be calculated (Table 3). Compar-
ing this budget to the measured compositions of Phe I and

Table3 Top panel: trace-element concentrations in reactant and
product phases involved in the phlogopite breakdown reaction. Ellen-
bergerite is also show for comparison, since it breaks down at similar
conditions to phlogopite. Bottom panel: trace-element budgets of the

Prp 11, there is not enough Li, B, Be, and Rb in the phlogo-
pite + talc assemblage to account for the measured phengite
composition, if all of the trace elements in the products were
sourced from phlogopite breakdown (i.e., there was no phen-
gite/pyrope coexisting with phlogopite). For Sr, there is a
slight excess in the reactant minerals compared to the prod-
ucts, and for Cs, F, and Cl, there are large excesses. The con-
tribution of ellenbergerite cannot be assessed quantitatively
using this method, because the reaction through which it
breaks down is not known, and likely does not involve phen-
gite. However, the concentration of all these trace elements,
except Cl, is lower in ellenbergerite than in phengite (by at
least an order of magnitude for all elements except Be), so
it would require large modal abundances of ellenbergerite
relative to phengite to make up the missing concentrations of
Li, Be, B, and Rb. By comparing the measured Zr, P, and Ti
contents of ellenbergerite to average bulk contents reported
in Schertl and Schreyer (2008), we calculate that the ellen-
bergerite mode is unlikely to have exceeded 5% (Online
Resource 3), and cannot therefore account for the missing
trace elements. These missing concentrations suggest that
either there was addition of these elements to the whiteschist
during prograde metamorphism, or there is a missing res-
ervoir of these elements which we have not measured. This
missing reservoir could be prograde phengite, as there are
not any other obvious candidate minerals which are rich in
Li, B, Be, and Rb. This matches our earlier conclusion from
the major-element mass balance of phlogopite breakdown.
Alternatively, or perhaps additionally, external fluids rich in
B, Li, Rb, and Be infiltrated the whiteschist during prograde
metamorphism and resulted in addition of these elements
around stage C (Fig. 7). Whiteschist phengites are signifi-
cantly enriched in B compared to those in the metagranite
(~ 4x enrichment) and coupled with the higher phengite

reactant and product phases involved in phlogopite breakdown. See
text for calculation details and interpretation (Element mobility dur-
ing whiteschist prograde metamorphism, and its implications for fluid
sources)

Mineral Li B Be Rb Sr Cs F Cl
Avg. conc. (ug/g) Ell 0.32 17 6.0 0.02 0.08 0.50 246 153
Avg. conc. (ug/g) Tlc 0.59 5.7 0.05 0.07 0.12 <0.01 2076 471
Avg. conc. (ug/g) Phl 11 50 2.9 172 15 19 5695 352
Avg. conc. (ug/g) Phe I 58 237 11 395 20 3.9 1645 42
Avg. conc. (ug/g) Prp Il 22 <0.01 34

Stoichiometry Li B Be Rb Sr Cs F Cl
Phl budget (ug/g) 1.72 19 86 4.9 296 27 33 9821 607
Tlc budget (ug/g) 0.55 0.09 44 0.04 0.06 0.08 <0.01 729 333
Phe budget (ug/g) 1 58 237 11 395 20 39 1645 42
Prp budget (ug/g) 2.03 22 <0.01 69
Reactants/products 24% 38% 44% 75% 137% 851% 616% 2215%
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mode in whiteschist, this leads to 10-20x bulk enrichment
of B in the whiteschist compared to metagranite, supporting
the conclusion that a substantial amount of B was added to
the whiteschist during metasomatism.

For Cs, Sr, F, and Cl, the excess of these elements in the
reactants of phlogopite breakdown compared to the solid
products suggests that these elements were liberated into
prograde fluids and lost from the bulk rock. High ClI contents
in phlogopite (203-474 ug/g), ellenbergerite (41-522 pg/g),
and talc (565-645 pg/g) compared to the measured phen-
gite (5.3-299 pg/g, mean=43 ug/g, excluding 3 outliers with
Cl> 200 pg/g) are consistent with the presence of brines
during early prograde metasomatism, and the subsequent
evolution of the fluid phase towards a Cl-poor fluid (Fer-
rando et al. 2009). Phengite-fluid (D™ = 0.001) and
biotite—fluid (D™ = 0.008) partition coefficients for CI
in UHP eclogites can be calculated from the data in Svensen
et al. (2001). Using these values, the CI content in the fluid
coexisting with prograde phlogopite is estimated at 2.5-6
wt%. This is comparable to the values of 3.6—17 wt% calcu-
lated by Ferrando et al. (2009) from microthermometry of
fluid inclusions in prograde kyanite.

The trace-element data therefore suggest that the external
fluid composition evolved from Cl-rich during early pro-
grade metamorphism (stage B) to Cl-poor and B, Be, Rb, Li-
rich later on the prograde path (stage C). Most previous stud-
ies considered only a single major external fluid influx event
(Mg-metasomatism) followed by predominantly internally
derived fluids (e.g., Chen et al. 2016; Schertl and Schreyer
2008; Sharp et al. 1993; Tian et al. 2019; Chen et al. 2019;
Xiong et al. 2022; Ferrando et al. 2009; Gauthiez-Putallaz
et al. 2016; Chen et al. 2023). We suggest that later B, Be,
Rb, and Li-rich fluids were derived from a distinct external
source. This is supported by the composition of the orthog-
neiss: B contents are much higher in orthogneiss phengite
than in Ti-rich phengite in metagranite by about a factor of
3. There are no additional B-rich phases in the metagranite
which could break down to release B during recrystalliza-
tion, so this suggests that B was added to the orthogneiss
during its metamorphic history. Thus, the orthogneiss has
experienced B-metasomatism but not Mg-metasomatism.
The occurrence of two separate metasomatic event in the
whiteschists raises the possibility that different external fluid
sources may explain different aspects of the whiteschist geo-
chemistry (e.g., later B-rich vs earlier Mg, Cl-rich fluids),
especially if the later event only partially overprinted the
first event.

Effects of retrograde fluid addition
In the whiteschists, the retrograde stage is represented by

Phe III, which occurs as fibrous phengite + phlogopite
coronae on pyrope rims (stage F). These record the reaction
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pyrope + phengite + H,O — phlogopite + kyanite + talc,
which occurred during retrogression at ~ 2.5-3.0 GPa,
670-700 °C (Hermann 2003). This reaction requires fluid
input, so Phe III and the associated phlogopite record the
composition of retrograde fluids interacting with the white-
schist. There is little difference in B concentrations between
Phe IT and Phe III. Phe III has highly variable N contents
(64-543 pg/g), but all grains are enriched in N compared to
other phengite generations (14—41 pg/g), suggesting that N
was added during retrogression. Two points measured on the
rims of Phe II grains also have elevated N compared to other
Phe II analyses and therefore seem to record the same retro-
grade signal as Phe III. The strong N enrichment in Phe III
suggests an interaction with sediment-derived fluids, since
sediments are the only common lithology which contains
high N contents (100 s—1000 s pg/g, Johnson and Goldb-
latt (2015) and references therein). Phe III contains less F
than Phe II, and slightly less Li, but other trace elements are
similar. Coexisting phlogopite has slightly higher Li contents
than Phe III (65 pg/g vs. 42—61 pg/g), but contains much
lower concentrations of all other trace elements, except F.
The Li and F depletion in Phe III compared to Phe II may
therefore be due to incorporation of Li and F into phlogopite.

Boron isotope constraints on metasomatic fluid
compositions

Apart from some rare tourmaline-bearing samples, phengite
is the major host for B in the metagranite and whiteschists
and records information about B contents and isotopic com-
position of the metasomatic fluid. We will first discuss the
record that phengite provides of the metasomatic fluid com-
position, and then compare this to the record in tourmaline.

At the conditions of B-metasomatism (~ 600-700 °C),
the B isotope fractionation between phengite and fluid is
A"Bpye pruia = —11.2 to =9.3 %o, for fluids that are neu-
tral to acidic (Kowalski et al. 2013). Acidic fluids have
been assumed in previous B isotope studies to explain
the marked decrease in B isotope composition of the sub-
ducted slab with increasing depth (e.g., Konrad-Schmolke
et al. 2016; Peacock and Hervig 1999). Recent modelling
work has suggested that fluids in equilibrium with crus-
tal lithologies at subduction zone conditions should be
moderately alkaline (pH 1.5-3 units above neutrality Gal-
vez et al. (2016)) and this would result in a much smaller
phengite-fluid B isotope fractionation (—3.2 to —=2.6 %o at
600-700 °C, Kowalski et al. (2013)). However, tourma-
line is only stable in acidic fluids (Morgan and London
1989; Marschall et al. 2006), so the growth of tourmaline
in our samples suggests that the fluids were in fact acidic.
Whiteschist phengite B isotope compositions range from
—15.6 to —3.8 %o (mean = —10.1 + 2.3 %o), suggesting a
fluid composition between ~ -6 and +7 %o, assuming high
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fluid—rock ratios that completely overprinted the B isotope
signature of the protolith (§!'B = =8 to —13 %), or some-
what higher §'' B if fluid—rock ratios were low. In any case,
independent of the composition of the fluid, and as long
as temperature is comparable, the source lithology of the
fluid will have had a 6''B value comparable to phengite in
our samples (ca. —10 %o), as in most subducting litholo-
gies, B will be hosted in minerals with similar B coordina-
tion as phengite, which is what controls B fractionation.
There is some heterogeneity in phengite B isotope compo-
sitions within samples and particularly between different
localities, suggesting that the fluid composition may have
been variable or multiple episodes of fluids of different
compositions were recorded. Phengite B contents in white-
schist range from 155-344 pg/g. Reported phengite—fluid
partition coefficients for B in HP rocks range from 0.2
—0.7 (Marschall et al. 2006; Brenan et al. 1998; Adam
et al. 2014), which suggests that B concentrations in the
metasomatic fluid were in the range of 220-1720 ng/g,
assuming element concentrations in phengite were not
affected by changes in mineral modal abundance subse-
quent to fluid-rock interaction. As K,O appears to have
behaved conservatively during metasomatism (Schertl and
Schreyer 2008) and phlogopite, the only other K-bearing
phase, was only stable during a short section of the pro-
grade path, we conclude B in phengite reflects equilibrium
with the B-rich fluid. This is supported by limited varia-
tion of B in different phengite generations and between
samples. Thus, the B-rich fluid contained ca. 500 pg/g
with a 6''B of 0 + 6 %o.

Previously proposed sources for an Alpine metasomatic
fluid include slab serpentinite (Sharp and Barnes 2004; Fer-
rando et al. 2009), mantle-wedge serpentinite (Chen et al.
2016; Tian et al. 2019), and altered oceanic crust (AOC)
(Sharp et al. 1993; Demény et al. 1997). Fresh MORB con-
tains 1.2 pg/g B and depleted mantle contains 0.08 pg/g B,
so these cannot be sources of B-rich fluids during subduction
(Marschall et al. 2017). AOC has variable B isotope values
from —4 %o to +25 %o, with an average of +3.4 %o (Smith
et al. 1995), and B contents of up to 100 pg/g, but averaging
to values <10 pg/g since the B content depends strongly on
the degree of alteration (Smith et al. 1995; Yamaoka et al.
2012; Marschall 2018). AOC itself is therefore unlikely to
be a source of B-rich, isotopically light fluids. Lighter iso-
tope signatures can be generated by slab dehydration during
subduction (Marschall et al. 2007), but this also depletes
B, so deep AOC-derived fluids which are both B-rich and
isotopically light are therefore highly unlikely. Slab-hosted
serpentinites have §!'B > +10 %o (Hoog and Savov 2018;
Martin et al. 2020; Clarke et al. 2020), so our isotopic com-
position for the metasomatic fluid is not consistent with a
pure slab serpentinite source.

Mantle-wedge serpentinites form by hydration of the dry
mantle wedge by fluids derived from the subducting slab.
Shallow (forearc) mantle wedge serpentinites can have
high B contents (up to 80 pg/g) and heavy B isotope com-
positions (+15 to +25 %) ( Hoog and Savov (2018) and
references therein), whereas deep mantle-wedge serpent-
inites have a range of B isotope values from +3 %o down to
around — 14 %o, averaging to ca. —5 %o (Hoog and Savov
2018; Martin et al. 2020). The latter would be consistent
with our suggested isotopic composition of the metasomatic
fluid. However, these deep antigorite serpentinites contain
<60 ug/g B, averaging to ca. 20 pg/g (Hoog and Savov
2018; Martin et al. 2020; Yamada et al. 2019). Major fluid
release from serpentinites occurs mainly during antigor-
ite breakdown at ca. 650 °C. The amount of fluid released
is 6-13 wt%, depending on the serpentinite composition
(Padrén-Navarta et al. 2013; Ulmer and Trommsdorff 1995),
with B contents in the fluid (150-330 pg/g, based on 20 pg/g
bulk B and 6-13 wt% fluid release) in the lower end of the
range calculated for the metasomatic fluid (220-1720 pg/g,
see above). However, up to 30 pg/g B can be retained in
metamorphic olivine formed during antigorite breakdown
(Clarke et al. 2020; De Hoog et al. 2014), which would
reduce the amount of B released in the fluid. Fluid transport
modelling suggests that B contents in fluids released from
mantle wedge serpentinites could reach up to ca. 200 pg/g
(Konrad-Schmolke et al. 2016), similar to our simple esti-
mate, although fluid inclusions in HP antigorite serpentinites
measured by Scambelluri et al. (2004) had lower B contents
(1-50 pg/g, but mostly <20 pg/g, for bulk rock B contents
~10 pg/g). Overall, fluids generated purely from dehydra-
tion of mantle-wedge serpentinite are unlikely to explain
the high B contents in the metasomatic fluid as recorded by
phengite. Earlier fluids that caused Mg-metasomatism likely
contained B, and these may indeed have been derived from
serpentine dehydration, but the majority of B in the rocks
appears to be have been derived from other sources. The B
isotope composition of the Mg-rich fluids is not preserved in
phengite, since it was overprinted by the later B-rich fluids.

Sediments are another potential source of B-bearing fluids
in subduction zones. Carbonate sediments have very heavy B
isotope compositions (>20 %o), but other oceanic sediments
(e.g., pelagic clays, siliceous ooze, and turbidites) can have
negative B isotope values down to —13 %o, with most values
falling between —10 to 0 %o (Tonarini et al. 2011; Ishikawa
and Nakamura 1993; Marschall 2018). Boron contents are
mostly in the range 50-150 pg/g. Fluids sourced from sub-
ducted sediments are consistent with the negative B isotope
values of whiteschist phengite and and can also explain the
high B contents calculated for the metasomatic fluid. White
mica hosts >80% of the B in most meta-sedimentary rocks
(Bebout et al. 2007; Marschall et al. 2006). The average
K, O content of subducted sediments (excluding carbonates)
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is ~ 2.5 wt% (Plank 2014), which results in ~ 25% white
mica mode in the meta-sediment. Therefore, whole-rock B
concentrations of 50—150 pg/g translate to white mica B con-
centrations of 120-360 pg/g, which is similar to the range in
whiteschist phengite, and therefore whiteschists could be in
equilibrium with a sediment-derived fluid.

Comparison with previous evidence for fluid
compositions

Whiteschist trace elements do not present a clear argument
in favour of either serpentinite or sediment-derived fluids.
There is no enrichment in Ni and Cr in the whiteschists com-
pared to their protoliths (Schertl and Schreyer 2008). These
elements are commonly enriched in serpentinite-derived
fluids (e.g., Angiboust et al. 2014; Penniston-Dorland et al.
2010), including in mantle-wedge serpentinites (Martin et al.
2020), and the lack of enrichments in these were used to
argue against serpentinite-derived fluids in the metasoma-
tism of Monte Rosa whiteschists (Luisier et al. 2021). On
the other hand, the whiteschists are depleted in many large
ion lithophile elements (Na, Rb, Ba, and Sr) compared to
their protoliths, and these elements are commonly enriched
in sediment-derived fluids (e.g., Sorensen and Perfit 1997;
Sievers et al. 2017). K is a major exception to this, behav-
ing rather conservatively in the whiteschists despite its high
solubility in HP fluids (Connolly and Galvez 2018), which
suggests that metasomatic fluids were probably K-rich, or
else K would have been leached from the rocks (Luisier et al.
2021).

Previous studies discounted sediments as a source for the
metasomatic fluid on two main grounds. The whiteschists
have light oxygen isotopes (whole rock §'80=7.4 —8.4 %o,
Gauthiez-Putallaz et al. (2016), Sharp et al. (1993), Chen et al.
(2016)), which are much lower than values for sediments.
Additionally, fluids derived from sediment dehydration have
low Mg contents (Herviou et al. 2021; Manning 2004), which
does not explain the Mg enrichment in whiteschists. Mag-
nesium isotope data are also consistent with a talc-bearing
serpentinite source for the fluid (Chen et al. 2016). Due to the
high oxygen concentrations of rocks, resetting of whole-rock
O isotope signatures requires large fluid—rock ratios. If the
amount of B-rich fluid was small compared to the earlier Mg-
metasomatism, then O isotopes would likely still reflect the
Mg-rich fluid source. In situ O isotopes have been measured
in garnet, zircon, quartz, kyanite, and phengite (Sharp et al.
1993; Gauthiez-Putallaz et al. 2016; Chen et al. 2017). The
extent of zircon O isotope resetting during fluid—rock interac-
tion is known to be variable (Rubatto 2017). Other anhydrous
minerals (garnet, quartz, and kyanite) may also be expected to
respond slowly to fluid—rock interaction. For phengite, there
was a difference between the measured O isotope composition
and the value predicted by closed-system fractionation, which
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was attributed to issues with fractionation factors and inter-
sample comparison (Gauthiez-Putallaz et al. 2016), but could
alternatively reflect a partial resetting of hydrous mineral O
isotopes by B-rich fluids. As B-metasomatism was separate
from Mg metasomatism, neither the Mg-rich nature of the
whiteschists, nor the Mg isotope data present a difficulty for
our model, as Mg is a structural component of the main rock-
forming minerals in whiteschists, and therefore requires large
fluid-rock ratios to reset. In contrast, Li is a much more fluid-
mobile element and is therefore likely to have been affected by
fluid influx during B metasomatism. This may explain the lack
of correlation between bulk Li concentrations, Li isotopes,
and other isotope systems, as reported by Tian et al. (2019).
Furthermore, significant kinetic isotope fractionation of Li can
occur during garnet growth at HP conditions (Bebout et al.
2022). This could be significant in the whiteschists due to the
large modal abundance of garnet, and adds to the complexity
of interpreting the Li isotope data. Finally, recently published
Ba isotope data (Chen et al. 2023) are consistent with either
a sediment-derived fluid or a mantle-wedge serpentinite-
derived fluid, since the Ba isotope signature of mantle-wedge
serpentinites is inherited from the slab-derived crustal fluids
that formed them. Thus, a two-stage model where the second
stage involves a dominantly sediment-derived fluid is consist-
ent with our own as well as previous isotope data.

Although the majority of B appears to have been sourced
from sediments, it is possible that the B metasomatic fluid
also contained a serpentinite-derived component, but this
would have contributed little B due to the lower concentration
of B in serpentinites. Several studies of serpentinite dehydra-
tion have observed open system behaviour, where dehydrating
serpentinite is fluxed by B-rich, isotopically light, sediment-
derived fluids (Clarke et al. 2020; Harvey et al. 2014). The
sediment-derived component can comprise at least 15-45% of
the total fluid budget leaving the serpentinite, and the resulting
fluid would conceivably have mixed characteristics in terms
of B contents and isotopes as well as other elements. This
represents an alternative scenario of generating a mixture of
sediment and serpentinite-derived geochemical signatures in
the whiteschist. It would be difficult to distinguish such fluids
from fluids derived from mantle-wedge serpentinites, which
themselves formed by metasomatism of mantle peridotite by
slab-derived crustal fluids.

Finally, it is worth noting that the whiteschists and asso-
ciated metasomatic rocks constitute a volumetrically minor
part of the entire Brossasco-Isasca UHP Unit. External flu-
ids which affected the whiteschists therefore must have tra-
versed a significant portion of the rest of the unit to reach
the whiteschists, including metasediments. Therefore, it
is possible that the sedimentary B isotope signature of the
metasomatic fluids was acquired locally during transport
and that the original source of the fluids has been obscured.
Nevertheless, this would not explain Mg-metasomatism, so
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does not affect our interpretation that these were distinct
fluid infiltration events.

The differing records of tourmaline and phengite B
isotopes

Rare tourmaline-bearing samples (<1% of all samples) of
metagranite, orthogneiss, whiteschist, and phengite schist
provide an additional window into B behaviour during
metasomatism. Our own B isotope data for tourmaline in
these rocks match data presented by Xiong et al. (2022).
They explained the compositions of metasomatic whites-
chist tourmaline by reaction of isotopically light tourma-
line in the metagranite (—13.3 to =5.5 %o) with isotopically
heavier fluid (>+2.4 %o: the fluid in equilibrium with the
heaviest measured tourmaline) derived from dehydration
of mantle-wedge serpentinite (Mg-metasomatism). If tour-
maline grew during Mg-metasomatism, then its B isotope
composition should be unrelated to that of phengite, which
we have argued was acquired during later B-metasomatism.
Figure 8 shows the B isotope composition of a hypothetical
phengite in equilibrium with tourmaline at prograde to peak
conditions. This overlaps with the range of phengite B iso-
tope compositions observed in tourmaline-absent samples,
suggesting that tourmaline and phengite could therefore have
equilibrated with the same B-rich fluid during B-metasoma-
tism. High B concentrations in the fluid would explain the
crystallisation of tourmaline at this stage (stage C, Fig. 7).
This timing of tourmaline growth is supported by the obser-
vation than most tourmaline occurs in the matrix or as inclu-
sions in Prp II. Tourmaline inclusions in Prp I are very rare
(none were observed in this study, but they were documented

in at least one sample by Schertl et al. (1991)). Inclusions in
prp I may reflect igneous tourmaline from the protolith that
was recrystallized during Mg-metasomatism as suggested
by Xiong et al. (2022) for sample 15597. The large varia-
tion of tourmaline B isotope values in this sample reflects
incomplete re-equilibration with external fluid, whereas the
relatively small range of tourmaline B isotope compositions
in other samples suggest complete (re-)crystallisation with a
fluid, likely during B-metasomatism.

In samples where both tourmaline and phengite are
present, the boron isotope fractionation between coexist-
ing matrix phengite (Phe II) differs significantly from pre-
dicted equilibrium fractionation between tourmaline and
mica (observed A''Bp. 1, = — 1.6 to — 5.0 %o, predicted
AMBppequr = —12.3 %o at 530 °C (early prograde conditions)
and —8.2 %o at 730 °C (peak conditions), Fig. 8, Klemme
et al. (2011); Kowalski et al. (2013); Wunder et al. (2005)).
Furthermore, Phe II in tourmaline-bearing samples contains
more B and has a heavier B isotope composition than Phe IT
in tourmaline-absent samples from the same locality (Case
Ramello). Phe II in tourmaline-bearing samples could have
interacted with a separate, isotopically heavier fluid to Phe 1T
in tourmaline-absent samples, and to tourmaline itself. Tour-
maline was not affected by this fluid due to a kinetic control,
as B diffusion in tourmaline is slow as it is a structural com-
ponent. Thus, isotopic disequilibrium could be preserved. As
B isotope fractionation is strongly pH dependent, a change
in fluid pH from tourmaline to phengite crystallisation may
also have played a role. Alternatively, the fact that the anom-
alous B isotope composition of phengite only occurs in sam-
ples which contain tourmaline, which is a B-rich mineral,
suggests that tourmaline may be involved in generating the

Fig.8 6!'B values in tourmaline Locality Sample
and phengite from whites- .
chist and phengite schist. 1 s Masueria 17618 ® - ¢
uncertainties for tourmaline
are smaller than symbol size. San 26405 e ® Measured Tur
Also shown is the range of 5''B Bernado O Measured Phe
values which would represent . [ Phe in equilibrium
phengite in isotopic equilib- Tapina DM1b with Tur
rium with tourmaline (see
text for discussion). Phengite 15597 Tur inclusions
and tourmaline are therefore 540 %o IniReprL
not in isotopic equilibrium in
samples where both are present. 17478 Q4
Where tourmaline-bearing and Retrograde Tur
tourmaline-absent samples are Case 21437
available for the same locality Ramello
(Case Ramello), phengite in
tourmaline-bearing samples has DMS5.2
heavier 6!'B and higher B con-
tents than in tourmaline-absent DM6
samples (see text for discussion) =
-20 15 10 -5 0 5

3""B (%o)
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anomalous composition. This would require some process
to occur after B metasomatism which drove the phengite
and tourmaline B isotope compositions away from equilib-
rium, and could explain the presence of thin rims on some
tourmaline grains which have a B isotope composition ca.
1 %o lighter than the rest of the grain.

It is unclear which of these scenarios best explains the
anomalous composition of phengite in tourmaline-bearing
samples, but our data indicate that caution should be applied
interpreting phengite from tourmaline-bearing samples
as representing equilibrium B isotope fractionation. It is
important to note that tourmaline occurs only very rarely in
whiteschists (<1% of whiteschists and other related meta-
somatic rocks contain tourmaline), and that phengite from
tourmaline-absent samples dominates the whiteschist B
budget at the outcrop scale. Therefore, our interpretation
of the fluid sources recorded by B isotopes is unaffected by
these anomalous tourmaline-bearing phengites.

Wider implications

The occurrence of whiteschists and similar Mg-rich rocks
hosted within metagranitoids has been documented in mul-
tiple locations across the Alps (Ferrando (2012) and ref-
erences therein). They occur in units that reached a range
of peak P-T conditions from greenschist facies right up to
UHP eclogite facies. Our study shows that the Dora-Maira
whiteschists record multiple periods of fluid influx, which
occurred over a range of P-T conditions experienced dur-
ing subduction, suggesting that they may represent a long-
lived fluid pathway. Such pathways may transport multiple
generations of fluids, not just those which led to their initial
formation, and thus, subduction zone-related rocks likely
exhibit polymetasomatism. This may help to explain the
conflicting interpretations put forward for the formation of
different whiteschist bodies [e.g. Dora-Maira (our work and
references herein) versus Monte Rosa (e.g. Marger et al.
2019; Pawlig and Baumgartner 2001)].

Conclusions

Dora-Maira whiteschist are strongly enriched in Mg and B
compared to their granite protolith. Multiple lines of evi-
dence point to the conclusion that the majority of B was
added to the whiteschist at a later stage to the Mg-metaso-
matism, which produced the unusual major element com-
position. First, mass balance analysis of the metamorphic
reactions which occurred during prograde metamorphism
allows us to trace the gain or loss of different elements. Our
calculations suggest that there is an excess of B, Li, Rb,
and Be in the phases present during peak metamorphism
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compared to prograde phases and therefore that these ele-
ments were added by external fluids during prograde meta-
morphism. Second, high B concentrations and light §''B
values in whiteschist phengite point to sediments as the
main source of B-rich fluids. In some samples, tourmaline
also grew during this stage and recorded B isotope com-
positions in equilibrium with the same fluid. Whiteschist
phengite is more useful than tourmaline for recording the B
concentration in the metasomatic fluid, since B behaves as a
trace element in micas, and fluid compositions can therefore
be directly calculated using partitioning data. Finally, the
protolith orthogneiss records similarly high B concentra-
tions in phengite but has not undergone Mg-metasomatism,
which further supports the separation of B and Mg meta-
somatic events. These conclusions fit with the previously
proposed idea that fluid evolved from Mg—Cl brines to CI-
poor, aluminosilicate-rich fluids during prograde metamor-
phism (Ferrando et al. 2009), and they further constrain the
trace-element contents of these fluids. The B data imply
that multiple external fluid inputs were present throughout
prograde metamorphism, suggesting that the whiteschists
may record a long-lived fluid pathway. This study demon-
strates the utility of in situ analyses in unravelling complex
fluid-rock interaction histories, where whole rock analyses
make it difficult to distinguish between different stages of
fluid—rock interaction. Polymetasomatism of subduction-
related rocks may result in decoupling of isotopic signatures
for different elements.
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