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Granulites, Sør Rondane, East Antarctica  
Pelitic gneiss: Grt-Sill-Bt 

Peak conditions 850°C, 1.1 GPa 
Garnet rim growth 800°C, 0.8 GPa   
!  Veins indicating penetration of Cl-rich brines  
!  Fluid infiltration at 800°C 

Higashino et al. 2013 

Fig. 4

F. Higashino et al. / Precambrian Research 234 (2013) 229– 246 239

Fig. 6. X-ray elemental maps of the garnet porphyroblast in sample TK2010011501A in terms of P, Cl, Mg,  and Ca. (a) X-ray map of P in garnet shows discontinuous zoning.
Rounded, coarse-grained zircon and Cl-rich biotite are included in the P-poor rim, and coarse-grained zircon is present in the matrix. (b) X-ray map of Cl shows that biotite
grains included in the garnet rim are Cl-rich. The dotted line drawn on the garnet grain represents the core-rim boundary. (c) X-ray map  of Mg.  The compositional change in
garnet  is clear towards the biotite in the matrix. (d) X-ray map  of Ca in garnet.

Fig. 7. X-ray elemental maps of a garnet porphyroblast in sample TK2010011501A in terms of P and Cl. (a) X-ray map of P shows a P-rich core and P-poor rim. (b) X-ray map
of  Cl shows that biotite and apatite grains included in the garnet rim are Cl-rich.
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!  Relaxed major 
element zoning  

!  Step-wise P 
zoning 

Element diffusion in garnet  
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!  Relaxed major element 
zoning  

!  Step-wise P zoning 

!  Symmetric 18O/16O 
zoning  

Oxygen isotopes 
-  Preserved δ18O 

zoning at 800°C!  

-  Core - rim zoning 
δ18O = 15.5 to 11.0 ‰  

-  Input of external fluids  

Higashino, Rubatto, Kawakami, Bouvier, Baumgartner   2019 



Oxygen speedometry 
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Data fitted to Fick´s second law 
(Crank, 1975) 
C = Cmin + 0.5 (Cmax- Cmin) erfc 
[x / (4Dt)0.5] 
 

Duration of high T 
metamorphism (800°C) 
between 0.5-40 Ma 
(maximum) 
 
Depends on diffusion coefficient D 

Higashino, Rubatto, Kawakami, Bouvier, Baumgartner 2019 



Oxygen diffusion experiments  
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Oxygen diffusion in garnet  
Experimental study using YAG (Y3Al5O12) and pyrope 
(Mg3Al2Si3O12) garnet in a 18O enriched matrix  
 

1.  Gas furnace with Ar flux  1500–1600°C 
2.  Piston cylinder   900–1600°C, 1.0–2.5 GPa, dry and wet 

Recovered garnet cubes after experiment 

500 µm 

 Scicchitano, Jollands et al. 2021 
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Measurement of 18O/16O with three methods 
 

1.  SIMS (SHRIMP and Cameca 1280) traverse – resolution 15–3 microns  

500 µm 

 Scicchitano, Jollands et al. 2021 
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Oxygen diffusion in garnet  
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Measurement of 18O/16O with three methods 

2.   SIMS (SHRIMP and Cameca 1280) depth profiling – resolution ~ 20 nm  

30 µm 

 Scicchitano, Jollands et al. 2021 



Oxygen diffusion in garnet  
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Measurement of 18O/16O with three methods 
  
3.   nanoSIMS traverses – spot resolution 200 nm  

In mount 

mount 

YAG crystal 

buffer 

interface 

25 µm 

 Scicchitano, Jollands et al. 2021 



Different types of profile  
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1. Error function profiles  
In LP–HT runs, in HP–LT “wet” runs  



Different types of profile  
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2. Stepped profiles 
In all HP “dry” experiments, 1 excl.    
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Results, first approximation 
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Full dataset (partial fitting)  

No composition effect   
See no H2O effect  
Cannot estimate P effect 



Results: stepped profiles  
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Overgrowth + diffusion is unlikely 
 
Not concentration-independent 
diffusion on a single site  
 
Two diffusion mechanisms likely 
fast pathway + slow pathway  
 
Diffusion on vacancy + interstitial 



Results: two mechanisms  
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Two diffusion mechanisms likely 
fast pathway + slow pathway  
 
Diffusion on vacancy + interstitial 
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Comparison to previous studies 
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All previous experimental/
natural/computational results  
fall within the range  
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Comparison to cations  
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Data are not normalized to a fixed oxygen fugacity.  
CG92: Chakraborty and Ganguly (1992); G98: Ganguly et al. 
(1998); FE99: Freer and Edwards (1999); V07: Vielzeuf et al. 
(2007); B12: Borinski et al. (2012). 
 

Activation energy O > 
major divalent cations  
 
⇒  Extrapolation to T<850 °C 

would result in slower O 
diffusivity relative to major 
cations  

 

ADVANTAGE for O  
•  is not a multicomponent system  
•  is not dependent on composition   



Natural data  
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Regional metamorphism:  
Fit to spherical geometry = logDt (m2) = –7.4±0.2  
800°C regression for the slow diffusivity gives  
logD (m2s-1) of –22.9±0.5 (2σ) = times of 30-320 M.y.  

Regional metamorphism:  
Best fit =  logDt (m2) of –10.8  
750 °C, logD (m2s-1) of –24.2±0.5 = max 1.6 M.y.  

Crustal melting:   
Fit to spherical geometry = logDt (m2) of –7.5±0.3 
At 800°C  regression for the slow diffusivity gives  
logD (m2s-1) of –22.2±0.4, = 4 to 50 M.y.  



Conclusions  
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>  Garnet O zoning can be retained at high T metamorphic 
conditions  

>  Diffusion of O in garnet is regulated by two mechanisms 
with the slow one being the most relevant to natural settings  

>  Diffusion of O is likely to be slower than that of major 
cations  

>  The diffusivity of O may be a “goldilocks” case in between 
major and trace elements  



How robust if oxygen in garnet?  
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Oxygen diffusion in garnet  
Experimental study using YAG (Y3Al5O12) and pyrope 
(Mg3Al2Si3O12) garnet in a 18O enriched matrix  
 

1.  Gas furnace with Ar flux  1500–1600°C 
2.  Piston cylinder   900–1600°C, 1.0–2.5 GPa, dry and wet 

Recovered garnet cubes after experiment 

500 µm 

M R Scicchitano, PhD thesis 2017 



Pervasive fluid flow in subducted crust 
Daniela RUBATTO, Thomas BOVAY, Pierre LANARI 
University of Bern, Institute of Geological Sciences, Switzerland   

Modified from Schmidt and Poli, 2003 

Fluid flow  
dynamics??  

Bebout, 2007 Angiboust et al., 2016 

enriched in the same chemical species thought to be
enriched in subduction-related lavas by fluids released by
subducting rocks and ascending into the mantle wedge
(e.g., Rb, Cs, Ba, B, and Li, in addition to Th, U, Pb, 10Be,
and the LREE; (see Elliott, 2003; Morris and Ryan, 2003;
Tatsumi, 2005; see Fig. 2). Attempts to quantify this slab-
to-mantle chemical flux rely on a modest number of
experimental studies investigating the partitioning of
these and other elements among minerals and various
types of fluid (alkali-chloride aqueous fluids, hydrous
silicate melts, and transitional supercritical liquids
(Manning, 2004; Kessel et al., 2005a,b; Hermann et al.,

2006). Although it appears that aqueous fluids are the
dominant fluid type released by subducting sediment and
basalt in forearc regions (Hermann et al., 2006; see Fig. 1),
the supercritical liquids and hydrous silicate melts may be
more important beneath volcanic fronts and across arcs
(e.g., for transporting Be, Th; Elliott, 2003; Morris and
Ryan, 2003). Many geochemical studies of OIB invoke
the presence, in mantle source regions, of subducted slabs
chemically modified by metamorphism (e.g., loss of Pb
and U; Hart and Staudigel, 1989; Chauvel et al., 1995;
Bach et al., 2003; Kelley et al., 2005). In this paper, I
discuss recently published field and geochemical

Fig. 1. Sketch of an ocean–continent subduction zone, illustrating key structural elements, some selected flux pathways, areas of remaining
uncertainty in considerations of subduction-zone recycling, and two models for the nature of the slab–mantle interface (Stern, 2002; see text for
discussion). Oceanic crust (and its associated mantle part of the oceanic lithosphere), variably altered geochemically at mid-ocean ridges (MOR), and
sediment deposited onto this crust, are deeply subducted, contributing fluids and elements to the mantle wedge (hanging wall). It is possible that fluids
are also contributed from the ultramafic part of the subducting oceanic lithosphere previously hydrated during slab bending in trench regions. On this
figure (insets and main figure), the blue arrows indicate additions of slab-derived “fluids” to the mantle wedge. At shallower levels (forearc regions, in
particular), these fluids are thought to be aqueous fluids, whereas the fluids added to the mantle wedge at greater depths (beneath volcanic arcs and
into the deeper mantle) likely transition into being silicate melts.

374 G.E. Bebout / Earth and Planetary Science Letters 260 (2007) 373–393

Fluid 
production 
is known  



Pervasive fluid flow in subducted crust 
Daniela RUBATTO, Thomas BOVAY, Pierre LANARI 
University of Bern, Institute of Geological Sciences, Switzerland   

metapelites of the Waits River Formation lost, on average,
4.25 mol total fluid (several wt% CO2þH2O) per liter rock
over the comparatively small temperature interval of 475–
550 "C. Relatively pure marbles and quartzites will generate
little fluid during heating, but these rock types are not domi-
nant in most metasedimentary sequences (although there are
of course exceptions, such as the thick marbles of Naxos,
Greece). Intrusive and extrusive igneous rocks may have a
wide range of volatile contents, depending on bulk composi-
tion, crystallization history, and the extent of postmagmatic
hydrothermal alteration. Strongly altered rocks, like spillites,
will act as volatile sources during heating, whereas less hydrous
igneous protoliths may act as fluid sinks, particularly if infil-
tration and the accompanying hydration and/or carbonation
reactions occur at low metamorphic grades. Hydration and
carbonation reactions typically produce increases in solid vol-
ume. Traditionally, this has been thought to close off porosity
and, thus, limit infiltration. However, recent work suggests
that it is possible that volume production by such reactions
could generate enough stress to fracture rocks, creating new
pathways for fluid flow (Jamtveit et al., 2008; Kelemen and
Matter, 2008).

4.6.4 Porous Media and Fracture Flow

Fluid flow through rocks is commonly referred to as being
pervasive or channelized, although some overlap exists in the
definitions of these terms. Fluid migration around individual
mineral grains through an interconnected porosity is known
as pervasive or porous media flow (Figure 4). Channelized or
focused flow implies preferential fluid motion in one or more
high-permeability conduits (Figure 5). These include highly
permeable layers, lithologic contacts, fracture sets, or individ-
ual fractures. Note that flow in a permeable layer could still be
pervasive at the grain scale within the layer, whereas flow in a
fracture is much more strongly localized to the open space
between the crack walls. Some metamorphic systems involve
both channelized and pervasive flow components (e.g., Oliver,
1996; Rumble et al., 1991).

4.6.4.1 Pervasive Flow and Darcy’s Law

Pervasive fluid flow through a porous, permeable medium is
described by Darcy’s law, written here for three dimensions
(e.g., Bear, 1972):

~qD ¼
qx
qy
qz
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in which x, y, and z are Cartesian spatial coordinates; ~qD is the
fluid flux vector or Darcy flux (qx, qy, and qz are the components
of the flux in the x, y, and z directions, respectively); ~k is the
intrinsic permeability tensor; m is the dynamic viscosity of the
fluid; Pf is fluid pressure; rf is fluid density; g is the acceleration
of gravity expressed as a constant (9.81 ms$2); and Z is a
vertical reference coordinate axis that increases upward
(Table 1). Darcy’s law is valid only when the flow is laminar,
not turbulent (Bear, 1972, pp. 125–129). Note that fluid flux
is a vector, having both magnitude and direction. Clearly,
the flux is increased by increasing permeability, increasing
fluid pressure gradients, and/or decreasing the fluid viscosity.
These key geologic variables are examined in the following
paragraphs.

4.6.4.2 Fluid Flux, Fluid Velocity, and Porosity

~qD is sometimes referred to as theDarcy velocity, but it is really a
flux expressed in terms of volume of fluid passing over unit

Figure 4 Schematic representation of metamorphic porphyroblasts
and matrix illustrating concept of pervasive, grain-scale flow. Flow paths
around grains denoted by black arrows.

Fold
hinges

Contacts

Boudin necks
Fault and
shear
zones

Permeable
layers

Fractures

Figure 5 Examples of channelized flow.
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•  channelized  
(veins, shear zones, contacts)  

•  pervasive 
(intergranular porosity) 

Ague, 2014 

Ague, 2014 



Theodul Glacier Unit (TGU)  

Zermatt Saas meta-ophiolite 
(serpentinites + eclogites + metasediments)  

Mafic schist  Chloritoid schist  Garnet schist Eclogitic boudin 

10 cm 10 cm 

TGU : Volcanoclastic sequence 
HP schists and mafic boudins 



Garnet textures  

Garnet schist  

Mafic boudins  Mafic schist 

Continuous zoning = continuous growth in a fractionating reactive bulk  

Discontinuous zoning = resorption and regrowth induced by fluids    

Bovay et al. 2021a, JMG, 10.1111/JMG.12623 

Chloritoid schist  



Garnet age  

Monometamorphic  
Alpine evolution  

with Matthijs Smit  

Bovay et al. 2021a, JMG, 10.1111/JMG.12623 



Garnet oxygen composition  

C
ore to rim

 in schist  

Schists  

=> Open system behavior with incoming external 
fluids at high pressure over the entire unit   

Mafic boudins 

Bovay et al. 2021b, CMP, 10.1007/s00410-021-01806-4   



Fluid modelling  

Garnet δ18O 1 ‰ at 580 °C      
=>  H2O ≤ 3.5 ‰ 

Lawsonite breakdown in  
mafic rocks ~ 2 wt% H2O  

Brucite + antigorite reaction in 
serpentinites = 3–7 wt% H2O  



Fluid modelling  

Garnet δ18O 1 ‰ at 580 °C      
=>  H2O ≤ 3.5 ‰ 

Bulk rock δ18O shift from 11 to 3 ‰ 
=>    H2O flux  1.1 x 105 cm3/cm2  

Using P-TLOOP (Vho et al. 2020) 

time integrated 

Exhumation path  



Using P-TLOOP (Vho et al. 2020) 

Schist  

Mafic rock 

Fluid modelling  

Lawsonite breakdown in mafic rocks 

cannot produce  

- water with low δ18O ≤ 3.5 ‰ 

- such large amount of water 

Brucite+ antigorite reaction in 
serpentinites = 3–7 wt% H2O  ✔ 

Garnet δ18O 1 ‰ at 580 °C      
=>  H2O ≤ 3.5 ‰ 

Bulk rock δ18O shift from 11 to 3 ‰ 
=>    H2O flux  1.1 x 105 cm3/cm2  

time integrated 

Exhumation path  



Volume variation modelling  

Bovay et al. 2021b, CMP, 10.1007/s00410-021-01806-4   



Pervasive fluid flow in subducted crust 

•  Elevated time-integrated 
fluid fluxes over the entire 
unit requires pervasive 
fluid flow 

Trigger: transient rock volume 
variations caused by lawsonite 
breakdown 
 
Fluid source: surrounding 
serpentinite  

Modelling    =>    H2O flux at HP    1.1 x 105 cm3/cm2  

Bovay et al. 2021b, CMP, 10.1007/s00410-021-01806-4   
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