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Giglio island

Monticiano-Roccastrada unit

Prograde stage - Qz-Car-Carb(Dol-Sd) vein formation; Chl + Kln = Car +Qz +H2O

Carpholite destabilization → replaced by Chl+Ms pseudomorphs 

Carpholite decomposition → replaced by Prl+Kln pseudomorphs; later also by Li-chlorite cookeite 

Prograde stage - Qz-Car-Carb(Dol) vein formation; Chl + Kln = Car +Qz +H2O
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Low amount of LREE and B mobilized
Higher V, Co, Ni, Zn in Car from Chl decomposition?

Decomposition of HREE rich phase - Chl?

LREE mobilized from altered metapelite to Car pseudomorphs

REE patterns influenced by altered metapelite and metabasite
Higher mobiliziation of HFSE (Car pseud.2), lower Pb contents

High Li mobilization

Li, B, Rb, Cs, Sr, Ba more mobilized as well

LREE mobilized from altered metapelite to Car pseudomorphs
With stronger alterations mobilization also of HREE and HFSE

Strong mobilization of Li with late alterations

Low amount of LREE and B, Li 
Higher V, Ni, Zn in Car from Chl decomposition?

Decomposition of HREE rich phase - Chl?
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Further alterations with retrogression; fluids equilibrated with metabasites?
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𝜹18O from rocks and derived fluids
Giglio island 
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Tuscan metasediments

500 µm Preserved carpholite with few pseudomorphs (Ms+Chl); Early grown Car contains
higher amounts of some trace elements (Ti, P, F) compared to later healed cracks

FG1938

500 µm

BSE
min maxrelative colour chart

Metapelite (left) with few Chl-rich domains representing Car-pseudomorphs; Folded Car pseudomorphs (Ms+Chl) together with inclusion 
of the wall rock (Ms+Hem) in Qz-vein (mainly right); boudinaged folded hydroshear vein - Qz boudin neck (bottom right) FG1938

Chl

(Ms+Hem)

Qz

Chl
(Ms+Hem)
metapelite

(Ms+Hem)

(Ms+Chl)

Geophysical studies of subduction zones have revealed deep episodic tremor and slow slip events (ETS), commonly occurring at 
depths >30 km1,2. This study focuses on crack-seal, fluid-mediated vein formation—considered a fossil record of ETS—typical of 
such settings. We investigated continental metasediments from the Northern Apennines, Italy, where quartz–carpholite crack-seal 
veins are widespread. The study highlights the composition and origin of fluids trapped as inclusions, and the mobility of major 
and trace elements during the vein formation and subsequent compositional changes during retrogression.
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•  Study area: Northern Apennines, Italy (Fig. a).
•  Rocks include oceanic (Ligurian Units) and continental 
(Tuscan Metamorphic Units, TMU) sequences.

•  Raman spectroscopy shows fluid 
inclusions containing H2O, CO2, 
SO4, N2, H2, CH₄ and anhydrite 
crystals  (Fig. a, b).

•  Quartz–carpholite veins formed under HP conditions by fluid release from chlorite breakdown.
•  Fluids enabled carpholite, carbonate growth, and CO2-rich abundant biphasic inclusions.
•  Fluids from Giglio Qz-Car veins equilibrated with nearby Tuscan marbles.

•  Metamorphic conditions: 0.8–1.6 GPa, 300–500 °C (27–18 Ma).2,3,4

•  TMU rocks later juxtaposed against non-metamorphic units.
•  Samples collected from Island of Giglio (Fig. b) and Monticiano–
Roccastrada Unit (Fig. c), ~80 km apart across TMU.

•  Metapelites hosting Qz–Car veins show foliation of white mica, quartz, hematite, 
and carbonate.

•  First detailed study of trace element redistribution during Qz–Car vein formation in subduction setting.

•  Carpholite preserved from both localities; pyrophyllite, chloritoid and Li-rich
 chlorite cookeite only at Monticiano–Roccastrada.
•  Veins show alternating Qz–Car bands and Ms+Chl pseudomorph bands.
•  Quartz fibers contain abundant fluid inclusion trails, oriented perpendicular to 
fiber elongation, with common later hydroshear cracks crosscutting them (Fig. a).
•  Early carpholite enriched in Fe, Ti, P, F; later healed cracks depleted (Fig. b).
•  Carpholite replaced by Ms+Chl pseudomorphs with Fe, F, Mn enrichment (Fig c).
•  Hematite needles aligned with stretched wall-rock metapelites folded into Qz–Car 
and retrogressed Qz–Ms–Chl veins (Fig. c).
Later dilational hydrocracking in Qz-Car vein

(b)(a)

(c)

•  Inclusions differ slightly between 
Giglio and Monticiano–Roccastrada 
veins.

•  In-situ δ18O SIMS of quartz 
fibers: +18.4 to +19.2‰, norm. 
to SMOW (Fig. c).

•  Bulk δ18O of rocks: +12.3 to 
+15.7‰ (Tuscan meta-
sediments), ~+23‰ (Tuscan 
marble), ~+14‰ (Ligurian 
metabasites), ~+12‰ (Ligurian 
marble) (Fig. c).

•  Fluid δ18O recalculations at 
350 °C suggest equilibration 
between Tuscan marbles and 
metasediments.

•  Metapelite 1 (unaffected) shows higher Mn, V, Co, Zn; possibly released during chlorite-out reaction (fluid production).
•  Chlorite breakdown mobilized HREE? → relative LREE/HREE enrichment in metapelite 2?; opposite trend in carpholite and carb.
•  Further alteration: LREE decrease in metapelites (3), progressive LREE-enrichement in Car-pseudomorphs 1 (Ms+Chl)?
•  Retrograde stages: increased lithium mobilization into more altered metapelite 4 and Car-pseudomorphs 2.
•  Late Li mobilization linked to metabasite at Giglio and other rocks (not yet identified) at Monticiano–Roccastrada.

•  Retrogression shows external inputs from metabasites (Giglio) and potentially other sources 
(Monticiano–Roccastrada).
•  Indicates broader fluid circulation during exhumation and nappe stacking.
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