What can petrology and geochemistry of
subduction-related rocks tell us about

subduction zone fluids?
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Why iIs subduction fluid flow important?

* Fluid transport within subduction
zones is important for mass transfer @y < Voletie Recycing
and geochemical cycling. =

 Fluids are implicated in the
generation of arc volcanoes.

* Fluids are associated with slow slip
processes and also deeper seismic
events

Mantle
Lithosphere

 Exhumed metamorphic rocks are
only source of material directly from

deep subduction interface after McGuire et al., 2017
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Fluid flow in subduction systems
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Fluid flow in subduction systems

4.0 ¢ =

Mechanisms of fluid flow PD15 20 & | Lae®

« Elemental transport in fluids p PO mean = =
* Fluid fluxes

* Fluid flow timescales
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Fluid channelization controls reaction

Fluid flow in subduction systems

« Mechanisms of fluid flow

rates and element redistributions during

metamorphism of the subducting
plate (Zack and John, 2007)
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Fluid flow In subduction systems
* Elemental transport in fluids
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Fluid flow in subduction systems

* Fluid fluxes

Continuum Model
(b)

flux J, through REV

unit area
of rock

Ferry and Gerdes, 1998

Veins
Otago Schist: Breeding and Ague, 2002 |: -_
Holsngy, Bergen: van Wyck et al., 1996 ]

Channelized (shear zones, interface)

Alpine Corsica: Piccoli et al., 2021 O O

Holsneay, Bergen:
van Wyck et al., 1996 O
Jamtveitetal, 1990 0O

Pervasive
Sesia Zone: Vho et al., 2020

Theodol Glacial Unit, Zermatt Saas:
Bovay et al., 2021

Dabieshan and Qinglongshan,
Tauern window:
Philippot and Rumble, 2000
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Fluid flow In subduction systems
* Fluid flow timescales

Catalina Schist
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Catalina Schist

« Subduction-related metamorphic rocks span range of P-T conditions
* Depths of metamorphism are equivalent to ETS (episodic tremor
and slip) depths

2.0

Santa Catalina Island, CA
Harvey et al., 2021
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* Block-in-matrix

structure
* Foliated matrix;

ontinuous lithologic layering - “f0 = & g /4l 4@ wraps around
ontains deformation structures ©% . SO T Mo C
“such-as foliation, folding and«+ 1= o 0r SCEEEE I Elle R EETC
faulting gi-rs e g e &8 reaction rinds
10




_ Forearc
Forearc Basin High
Great Valley Sequence l Franciscan Trench
=— Compiex  AXxis

ECLOGITE”

—=2. pseudotachylytes

Cloos. 1982 — g

Sedimentary rocks Not to scale! —— mineralized veins
©** Arc volcano

Basalt
e
é) Mélange

W heltng Mélange zones are thought to
represent material at the

it @) interface between subducting
slab and overlying plate.

Gabbro Bk Overriding plate

T Fluid flow

r} Diffusion

\ Fault
. Reaction rim

Bebout and Penniston-Dorland, 2016  Nielsen and Marschall, 2017 11



What does mélange tell us about fluid flow
at the subduction interface?

Sedimentary rocks
P

Basalt — N
. Arc

Gabbro
Continental crust

T Fluid flow

r] Diffusion

\ Fault

. Reaction rim BebOUt and Penn|St0n—

Dorland, 2016, Lithos




Catalina Schist fluids:
Evidence for large-scale fluid infiltration through mélange
Sedimentary-derived fluid (6'30=13%)
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Mechanical
mixing

Evidence for
mechanical
mixing of
materials at
block-matrix
interface

Reaction rlnd and matrlx formatlon
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Reaction rind and matrix formation

* Blocks form reaction rinds due
to fluid flow and mechanical
disaggregation followed by
recrystallization.

* Over time, meélange matrix
forms from mixing of materials
disaggregated from reaction

Lawsonite albite facies

Penniston-Dorland et al., 2014 15



Mechanical mixing changes chemistry

20

Maﬁc.
151 ®
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ALO, (wt. %)

Amphibolite facies

O

® mafic block

A ultramafic

O matrix

O mafic reaction

Aultramafic
reaction

ﬁi’matrlx ave.

-

Ultramafic

A“Au

0 10

Bebout and Barton, 2002

20 30
MgO (wt. %)

Amphibolite facies mélange is mostly mafic
and ultramafic blocks surrounded by matrix.

Immobile element concentrations of
melange matrix and reaction rinds
document mechanical mixing of materials
derived from mafic and ultramafic blocks.

Both matrix and reaction rinds fall in
between mafic and ultramafic blocks in
concentrations of fluid-immobile elements:
MgO, Cr, Ni, HSE, Al,O,, TiO,, and Zr.
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"\ Lithium &

 Liis a fluid mobile element

 Lithium diffuses rapidly and

its isotopes can fractionate

during
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Bulk-rock Li and ™7L]j
* Fluid travels through

. . 6.0
rock in fractures (veins)

a. ~
or within rock porosity ol ~100 yrs A#%‘[]%%“%‘

— , Eclogite
+ Li diffuses through ? O'Li=-0.2% Fluid
intergranular fluid >

"t éﬁﬁ%ﬁ" fon,

= 4.4%o
-2.0 I I
25 -2 ) - -0.5 0 0.5 1 1.5

Dlstance (cm) H

» Duration of fluid pulses
(weeks to hundreds of
years!)

0 02 04 06 08 10 12 14 16 18
Distance from the vein (m)

John et al., 2012, Nat. Geoscience

Penniston-Dorland et a. 2PSL 18



Timescales of fluid movement

* 10 days to hundreds of years for cm-scale features
« Short timescales = seismicity?
« Single events or multiple?
* Would larger-scale flow exhibit longer durations?

What is the duration of fluid transport at the subduction interface?

1-5 cm channels km-scale channel?

- >
Sedimentary rocks

Basalt

. ) 4,5
Vein selvage - Tianshan 0O

Gabbro

O Blueschist alteration of eclogite - Franciscan®
O Listvenite alteration of serpentinite - Caledonian?

O Eclogite vein selvage - Pouebo1

0 1 2 3 4 5 6
Duration (log,, years)

1.5Taetz et al., 2018, 2Smit and Pogge von Strandmann,
2020; 3Penniston-Dorland et al., 2010; 4John et al., 20iI2




Li concentration and &’Li
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Diffusion model

 Bulk Li advection-
diffusion model

 Monte Carlo
estimate of
uncertainty

Hoover et al., in prep
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Fluid transport
duration

« ~40 years of fluid

transport within the

melange matrix

« 21to 725 years (2 SD)
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® Bulk measured
Pinned
36 years (-32, +315)
Unpinned
57 years (-52, +668)

« QOverlapping timescales

between blocks

» Regionally-pervasive

fluid transport

Hoover et al., in prep

@)
=
Al12-4 a
i
0
® Bulk measured
Pinned
25 years (-23, +279)
Unpinned
54 years (-49, +605)

-6 f

-8
-0.15

2t J‘l |
-6 . : s
0.2 -0.1 0 0.1 0.2

Distance from block-rind boundary (m)

% %ﬁi

'% 1t

0.1 -005 0 0.05 0.1
Distance from block-rind boundary (m)

0.15

Aw}ltliTT .

g 1279 N

A5
T

25F

20

[Li] (ppm)

10

5 ! ! L
-0.15 -0.1 -0.05 0

15 1

Distance from block-rind boundary (m)

o T
-7

s

%

! $4¢

¢
% KT

0.05 0.1 0.5
Distance from block-rind boundary (m)

22



Conceptual model

 Duration at subduction interface not

1-5 cm & km-scale channels

any longer than cm-scale veins O Mela:sge reaction rinds - Catalina®
Vein selvage - Tianshan ' O
* 40 years << subduction to 50km O Blueschist alteration of eclogite - Franciscan
depth O Listvenite alteration of serpentinite - Caledonian?
° DifoSiOﬂ profiles develop > O Eclogite vein selvage - Pouebo1
Mechanical aspect of rind formation -1 0 1 2 3 4 5 6
destroys profiles Duration (log. , years)

1.5Taetz et al., 2018, 2Smit and Pogge von Strandmann,
2020; 3Penniston-Dorland et al., 2010; 4John et al., 2012;
6This study, Hoover et al., in prep
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Rind veining

« Quartz + garnet veins
 Peak metamorphic
conditions

* Fracturing



Single or multiple events?

 Fault-valve/fluid pressure cycling model  e.g., sibson, 1992

~40 years

Fluid transport

~ : Y ~~

RANER AR
\\\\ — \ ‘. N\ \\\\ ]

VW™ N W
N Nt - ~ N O] [N ] =
Aseismic creep +  Slow slip + fracture Fluid flow +rind ~ Permeability Aseismic creep + .
pore pressure development + development + healing rind mixing +
build up fluid escape pore pressure pore pressure

drop increases @
* 40 years =

 the permeability lifetime of one cycle?

Mantle wedge
Slab

Block

Rind

Slow slip

Fluid-filled
fracture

High pore
fluid pressure

* the integration of many cycles of seismicity and healing?

How episodic is fluid flow?

25



Episodic fluid flow

In situ Li isotopes in garnet - episodic fluid transport

Monviso Ophiolite
~_— External crystalline massifs

Briangonnais WeStern AIpS
B schistes Lustres High-grade block in shear zone
B Eclogitic Ophiolites 5 500C, 26-27 G Pa

Internal Crystalline Massifs

- Austroalpine Units

- Southern Alpine Units Previously studied
metasomatic rocks

Genova

(27 Ligurian
Sea

adapted from Locatelli et al, 2019

&
|| Metasediment
[ ] Metabasalt [ Fe-Ti metagabbro [ | Metaperidotite
serpentinite
| | Mg-Al metagabbro ] Eclogite breccia (| Shear zone matrix

Fe-Ti metagabbro v 2
adapted from cross-section D, Locatelli et al., 2019a g serpentinite + tic/chl schist
76



Hoover et al., 2022
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Monviso Ophiolite
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Monviso Ophiolite

High-grade blocks in shear zone
Garnet from block interior

Mn-Ca

x /annulus

10

¢ ¢ Negative 5’Li
5 + + 1| troughs observed
outside Mn-Ca
i | growth annulus

&’Li (%o LSVECQ)

0 400 800 1200 1600
Distance rim to rim (pm)

Hoover et al., 2022, Geology 29



Monviso Ophiolite  Negative 6’Li troughs observed

High-grade blocks in shear zone outside Mn-Ca growth annulus
Garnet from block interior * Annuli thicker at growth zone
corners
| Yol ©  Characteristic of rapid
4 annulis disequilibrium growth

10

&’Li (%o LSVECQ)

0 400 800 1200 1600
Distance rim to rim (pm)

Hoover et al., 2022, Geology 30



&’Li (%o LSVECQ)

Monviso Ophiolite

Mn-Ca.
oscillations .[
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b

200
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Distance rim to core (pm)

800

Garnet adjacent to outer reaction zone

Multiple low 87Li troughs observed (at least 4)
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&’Li (%o LSVECQ)

Monviso Ophiolite

Mn-Ca.
oscillations

: {

10+
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double excursion

%

200

400 600
Distance rim to core (pm)

800

Garnet adjacent to outer reaction zone

« Multiple low &’Li troughs observed (at least 4)

« Low &’Li values found in regions of oscillatory
zoning, also commonly associated with
disequilibrium

Boundary layer 2% osdliatory

R T C zoning
| ore
60F -

45}
oscillatory zoning

O’Li < -4.5%o

Mn _-oscillatory

30¢

zoning

-o-Almandine
—&— Grossular
—=-Pyrope
—4-Spessartine 0
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Bulk-diffusion + garnet growth

§'Li

Shear zone Reaction Block
zone

2 3 4 5
Garnet radial distance

reaction rind - eclogite block

—
Diffusion direction

Useful for
determining fluid
flow episodicity!

Li diffusion through an intergranular fluid
occurs into the block from the shear zone.

Garnet acts as passive marker while diffusion
front passes by

Multiple troughs imply multiple instances of
diffusion (at least four!) and therefore
episodic fluid flow events

Future goal is to combine bulk rock and in
Situ measurements 33



Ongoing work: Investigate samples from a variety of localities
New Caledonia eclogite

TA40-A f L 3 SN 7
: © §| unaltered host rock [FSEEEEES < !
e reference samples [[E s E
- Tt d - E F
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Conclusions

Duration: Li diffusion profiles in mélange reaction rinds from the
subduction interface record ~40 years of flow; shorter than
expected for large-scale flow but the same order of magnitude as
ETS (days to tens of years)

Episodicity: /n situ Li isotope measurements in garnet record
multiple (at least 4) episodes of fluid flow

Moving forward: \We need to combine bulk rock Li measurements
(total duration) with in situ Li in garnet measurements (number of
episodes) at the same locality




Questions?
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Block

Melange Matrix




>116 Ma 2 116-114.5 Ma

b) Mélange development begins at shallow c) Early garnet growth in coherent
depths by fluid-mediated mechanical dis- amphibolite, mélange reaches
sagregation. Brittle deformation dominates. amphibolite-facies conditions

Portions of the mélange zone coupled to the
downgoing slab continue to be subducted.

ca.114.5-109 Ma ca. 109-108 Ma

© Mélange block +

reaction rind
WX sheet silicate matri
N N eet silicate matrix

S
X g%-:%f Chain silicate matrix

E| Downgoing slab (mafic
+ metasedimentary)

= Qvemding plate d) Garnet growth continues in ) The subduction interface is underplated

(ultramafic) coherent amphibolite, mélange between 109 and 108 Ma. 38
continues to develop, shearing  Deformation stops in mélange zone either

S avrbman e mnm Ll smlerm e sl on e 1i "



Fluid pressure

Connecting to active
subduction processes

Fluid overpressure associated with
seismicity in subduction zones

VLFE and
tremor ETS

Great earthquakes Slow slip events
(+/-slow slip events) Tremor
LFE and VLFE

S 200-300 km >

Saffer and Tobin, 2011 39



Timing of fluid influx

« Amphiboles formed during peak
metamorphism record Li diffusion
profile

 ~Peak metamorphic fluid
transport

» Retrograde fluids consumed
amphibole

24r Amphibol
mphibole
B ® Li conc.
- bulk Li
18 i O conc.
-
o
g N _
_ n |
12 + -
" Fluid flow ’
L in rind _
6 L Rind lock . |
-5 0 5 10 15 40

Distance from block-rind boundary (cm)




Fluid source
* Metasedimentary
rock-derived fluids

* Consistent with O
Isotopes

S7Li (%o)

10

S

Serpentinite

MORB

Block Rind
W = A10-3
m T A124

Amphibolite-facies
melange matrix

O Amphibolite-facies
metasedimentary

k
Altered Oceanic Crust roces

Sediments

block

rinds =
( I

10

Li (ppm) 4
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Table 5.1: Parameter ranges used in the Monte Carlo transport model.

Parameter Units Range Source
Oelkers and Helgeson (1988), Bourg and Sposito
Diffusivity m?%/s 10 10 (2007), John et al. (2012), Bickle and McKenzie
(1987), Penniston-Dorland et al. (2010)
Richter et al. (2003), Richter et al. (2006), Teng et
Beta 0.015 0.215 al. (2006)
. ) ) Baumgartner and Valley (2001), Ague (2013),
6 3
Porosity 10 07 Taetzetal. (2018)
) Bear (1972), Fisher and Elliot (1973), Baumgartner
Tortuosity 0.3 0.6 and Valley (2001), Ague (2013)
Solid density g/em’ 31 Hacker et al. (2003), Gerya et al. (2002), Ji et al.
(2013)
. . 3 Penniston-Dorland et al. (2010), John et al. (2012),
Fluid density g/cm 0.95 1.21 Ague (2013)
Darcy velocity* m/s 10 107 Baumgartner and Valley, 2001
.. ) Marschall et al. (2006, 2007), Caciagli et al. (2011),
Bulk partition wr/fluid A10-3:0.489 G rman (2013), Penniston-Dorland et al. (2014),
coefficients Al12-4:0.512
Roble (2014)

* Fluid velocity multiplied by porosity
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