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Abstract During the subduction of an oceanic plate, fluids are released from metabasaltic crust,
metasediment, and serpentinite under high-pressure/low-temperature conditions. Although some fluids may
eventually leave the slab, some participate in metamorphic reactions within the slab during subduction and
exhumation. To identify fluid sources and other controls influencing mineral composition, we report the in situ-
measured 5'20 of lawsonite and garnet in blueschist- to eclogite-facies rocks from 10 subduction zones that
represent various field settings, including mélanges, structurally coherent terranes, and an eclogite xenolith
derived from a subducted plate. Lawsonite records distinct 8'%0 depending on the host rock type and other rock
types that were fluid sources during lawsonite growth. In general, lawsonite in metabasalt (7.6 + 0.2—

14.8 + 1.1%o) is isotopically lighter than in metasediment (20.6 + 1.4-24.1 + 1.3%o) but heavier than in
metagabbro (4.0 £ 0.4-7.9 £ 0.3%o). The extent of 8'80 fractionation was evaluated for lawsonite—fluid and
lawsonite—garnet pairs as a function of temperature (7). Results demonstrate that variations of >1.7%o in
lawsonite and >0.9%o in garnet are not related to changing 7. More likely, the relative contributions of fluids
derived from isotopically heavier lithologies (e.g., sediments) versus lighter lithologies (e.g., ultramafic rocks)
are the major control. Monte Carlo simulations were performed to investigate the sources of metasomatic fluids
and the water/rock ratio that formed lawsonite-bearing metasomatite. Results indicate that 6180Lws and 63»180Grt
record interactions with fluids sourced from diverse lithologies (sediment, serpentinite), further supporting that
5'80, ., is a useful indicator of subduction fluid-rock interactions.

Plain Language Summary Lawsonite and garnet are silicate minerals that occur in a wide range of
rock types (e.g., metamorphosed oceanic crust, sediment) in oceanic subduction zones. They remain stable at
great depths under high-pressure/low-temperature (HP/LT) conditions. Consequently, the composition of
lawsonite and garnet can serve as a useful recorder of fluid-rock interactions that likely took place under HP/LT
conditions during the subduction and exhumation of the oceanic plate. This study presents a comprehensive data
set of oxygen isotope analyses for lawsonite and garnet in HP/LT rocks from 10 oceanic subduction zones. The
results indicate that lawsonite oxygen isotope composition is largely influenced by the host rock type. In
general, lawsonite in metasediments is isotopically heavier than that in oceanic crustal (metamafic) rocks.
Despite occurring in a similar type of host rock, significant variations in oxygen isotope composition were
observed within individual lawsonite and garnet grains as well as among different samples and subduction
zones. These variations are likely attributed to the variable contributions of fluids sourced from isotopically
distinct rock types. If the fluids had substantially different isotopic compositions and/or infiltrated at high water/
rock (>1), fluid-rock interactions could have significantly modified the original oxygen isotope composition of
host rocks.

1. Introduction

Fluids in subduction zones are important because of their role in transferring elements between different li-
thologies (Elliott, 2004; You et al., 1996) and dictating the location and extent of flux-melting in the mantle
(Grove et al., 2006; Kelley et al., 2010). In situ-measured oxygen isotope analysis of garnet in exhumed high-
pressure/low-temperature (HP/LT) rocks is a widely used tool to investigate evidence of fluid-rock interactions in
subduction zones (Bovay et al., 2021; Cruz-Uribe et al., 2021; Errico et al., 2013; Martin, Rubatto, et al., 2014;
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Page et al., 2014). Garnet is a nominally anhydrous mineral that is commonly found in HP/LT rocks and its
oxygen isotope composition is not very susceptible to intracrystalline diffusion (Coghlan, 1990; Page et al., 2010;
Scicchitano et al., 2022). These characteristics allow garnet to retain important records of fluid-rock interactions
in the form of zoning.

Lawsonite is a hydrous silicate mineral (CaAl,Si,O,(OH),H,0) that occurs across a wide range of bulk-rock
compositions (e.g., metabasalt, calc-silicate, quartzite) at HP/LT conditions up to ~300 km in subduction
zones (Forneris & Holloway, 2003; Schmidt & Poli, 1998). Because lawsonite is a major host of H,O (~11.5 wt
%) and trace elements (e.g., Sr, Pb, U, Th, REE) (Fornash et al., 2019; Martin, Hermann, et al., 2014; Whitney
et al., 2020), its composition and zoning can record interactions with fluids sourced from chemically distinct
lithologies (e.g., serpentinized mantle, altered oceanic crust, sediment) during its growth (Fornash & Whit-
ney, 2020; Kang et al., 2022; Whitney et al., 2020). However, the oxygen isotope composition of lawsonite and its
partitioning during fluid-rock interactions at subduction zones have not been systematically investigated due in
part to the limited understanding of the potential matrix effect arising from compositional variability of lawsonite
(Melnik et al., 2023) and the effects of temperature (Taylor & Coleman, 1968; Vho et al., 2019) and intra-
crystalline diffusion on lawsonite 8'0.

An additional important consideration is the tectonic setting of exhumed lawsonite-bearing rocks. The occurrence
of lawsonite-bearing HP/LT rocks in exhumed subduction complexes is commonly characterized by meters-scale
blocks within mélange domains (Endo et al., 2012; Krebs et al., 2011; Wakabayashi, 2015) or as kilometer-scale,
structurally more coherent units (Harvey et al., 2021; Martin et al., 2011; Vitale Brovarone & Herwartz, 2013;
Whitney et al., 2014). However, there are some cases in which the distinction between blocks in mélange and
structurally coherent units becomes challenging. This ambiguity arises (a) where mélange areas interfinger with
coherent units at a local scale (Vitale Brovarone et al., 2018; Wakabayashi, 2015), (b) where the preferential
weathering of mélange matrix has created isolated exposures of blocks that lack clear geological context (Krogh
et al.,, 1994), and (c) where HP/LT rocks were exhumed as xenoliths in diatremes (Hernandez-Uribe &
Palin, 2019; Usui et al., 2003, 2006).

Extensive research has been focused on mélange domains to investigate element transfer along the slab-mantle
interface owing to the ample evidence of fluid-rock interactions in the highly deformed mélange matrix
(Errico et al., 2013; Penniston-Dorland et al., 2010). In contrast, the role of more structurally coherent HP/LT
terranes has received less attention, and these terranes have, in some cases, been interpreted as compositionally
closed systems (Collins et al., 2015; Spandler et al., 2011). However, the presence of HP veins and metasomatic
reaction zones indicate that some coherent terranes experienced extensive metasomatism (Fornash & Whit-
ney, 2020; Piccoli et al., 2018; Vitale Brovarone et al., 2014).

This study aims to track fluid-rock interactions and the sources of fluids in subduction complexes using the
oxygen isotope composition of lawsonite in exhumed HP/LT rocks. We targeted lawsonite from mélange do-
mains (Port Macquarie/Australia; Rio San Juan/Dominican Republic; South Motagua/Guatemala; Franciscan/
USA), from more structurally coherent units (Catalina/USA; Diahot/New Caledonia; Alpine Corsica/France;
Tavsanli/Turkey), from isolated eclogite blocks (Pinchi Lake/Canada complex), and from one diatreme (Garnet
Ridge/USA). Garnet coexisting with lawsonite was additionally analyzed for its oxygen isotope composition in
some samples. To differentiate the influence of fluid-related factors on 5'%0; ., we evaluated the temperature
influence on 5]80Lw5 and 8'®0g,,, and the contribution of intracrystalline diffusion to 5'*0,, as a way of
assessing the same effect on 5'%0, .. Relationships between water/rock (W/R) ratio and the 8'30 of fluid that
formed lawsonite-bearing metasomatites from two structurally coherent terranes (Tavsanli/Turkey; Alpine
Corsica/France) were also investigated using Monte Carlo simulations. Therefore, this study presents a new
method for tracking fluid-rock interactions and fluid sources in subduction complexes using the novel method of
lawsonite oxygen isotope composition in concert with other geochemical indicators.

2. Geology and Sample Descriptions

The general field relations of the 10 subduction complexes are briefly summarized along with textural de-
scriptions of the samples. A detailed description of the samples is provided in Text S1 of the Supporting
Information S1.

KANG ET AL.

2 of 32

od ‘v ‘¥TOT ‘LTOTSTS1

/:sdny woiy papeoy

9sUQ0IT suowwo)) dAnear)) djqesrdde oy £q pouraaoS are sajonIe V() 9sn Jo sa[NI 10§ A1RIqIT SUI[UQ AJ[IAN UO (SUONIPUOD-pUE-SULId)/wW0o" Aa[im"ATeIqrjour[uo//:sdny) suonipuoy) pue sutd I, oy 908 “[+707/40/€1] uo A1eiqr auruQ A9qip “ernsnyoueiyoo) Aq 68€1100D€T0T/6T01°01/10p/wod Kaim Areqrour|



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Geochemistry, Geophysics, Geosystems 10.1029/2023GC011389

2.1. Port Macquarie, Eastern Australia (Serpentinite-Matrix Mélange)

In the Port Macquarie mélange, a serpentinite-matrix surrounds two large (~100 m scale) bodies of chlorite-
actinolite schist that enclose blocks of blueschist, eclogite, chert, marble, omphacitite, and massive serpentin-
ite. Lawsonite-bearing HP/LT metabasalts mostly occur as blocks, some of which consist of alternating mm- to
cm-scale blueschist and eclogite layers. Lawsonite eclogite records peak P-T conditions of 590°C, ~2.7 GPa with
an age of 490 Ma, whereas lawsonite-garnet blueschist records slightly lower peak P-T conditions (550°C,
~2.0 GPa) with an age of 470-460 Ma (Fukui et al., 1995; Och et al., 2003; Tamblyn, Hand, Kelsey, et al., 2020).

Samples 17RB-22 and 17RB-3C are from a metabasalt composed of alternating mm- to cm-scale layers of
blueschist and eclogite (Figure 1a). Lawsonite in eclogite (17RB-22) occurs either as inclusions in garnet or in
texturally late phengite- or chlorite-rich domains (Figure 1b). Garnet in the texturally late domains contains
lawsonite and epidote as inclusions. Lawsonite in blueschist (17RB-3C) occurs in the matrix and as inclusions in
garnet.

2.2. Rio San Juan Complex, Dominican Republic (Serpentinite-Matrix Mélange)

Serpentinite-matrix mélanges occur in the northern part of the Rio San Juan complex and contain blocks of
various rock types (e.g., serpentinite, blueschist, eclogite, marble) (Krebs et al., 2011). Although very rare
lawsonite eclogite occurs in these mélange bodies (Thomas et al., 2004), lawsonite primarily occurs in blueschist-
facies rocks that record peak P-T conditions of 360-370°C and 1.6-1.7 GPa with ages of 62.1-71.9 Ma (Krebs
etal., 2008, 2011). Sample IEC15-3.5 is from a blueschist-facies metamafic boulder that contains lawsonite in the
matrix. This sample is interpreted as a metagabbro owing to the coarse-grained major matrix phases (Kang
et al., 2022).

2.3. South Motagua Fault Zone, Guatemala (Serpentinite-Matrix Mélange)

The extensive serpentinite mélanges of Guatemala are exposed to major strike-slip faults, such as the South
Motagua fault zone (Marroni et al., 2009; Ratschbacher et al., 2009). The South Motagua fault zone contains HP/
LT blocks (e.g., lawsonite eclogite and blueschist) and metasomatites (e.g., jadeitite, omphacitite). Lawsonite-
bearing HP/LT blocks evolved along a clockwise P-T path, with peak P-T conditions of 480-520°C, 2.5—
2.6 GPa (Endo et al., 2012; Tsujimori, Sisson, et al., 2006) and ages of 140-120 Ma (Brueckner et al., 2009;
Harlow et al., 2004).

Sample MVE(04-7-2 is a lawsonite eclogite, with lawsonite occurring in the matrix and as inclusions in garnet
(Figure 1c). Sample 01GSn2-9 is an omphacitite consisting of omphacite, lawsonite, and actinolite with minor
amounts of apatite, quartz, and sulfides. Lawsonite in this rock commonly includes chromite.

2.4. Franciscan Complex, California, USA (Serpentinite- and Siliciclastic-Matrix Mélange)

The Franciscan Complex of California is comprised of coherent thrust belts consisting of metabasaltic and
metasedimentary rocks, with mélange units that contain HP/LT blocks within a sheared serpentinite- or silici-
clastic matrix (Wakabayashi, 2015). High-grade lawsonite-bearing blocks record an anticlockwise P-T path,
evolving from epidote-eclogite facies (600-700°C, 0.7-1 GPa) (Ernst & Liu, 1998; Tsujimori, Matsumoto,
et al., 2006) to lawsonite-blueschist facies conditions (150-250°C, 0.6-1 GPa) (Brown & Ghent, 1983;
Ernst, 1993; Ernst & McLaughlin, 2012). These high-grade blocks reached peak metamorphic conditions between
166 and 140 Ma (Anczkiewicz et al., 2004; Mulcahy et al., 2009, 2014; Page et al., 2007).

We analyzed four samples from three mélange zones in the Franciscan Complex. Samples LVT-1 and RR-1 are
from a serpentinite-matrix mélange exposed in the Ring Mountain Preserve in Marin County. Sample LVT-1 is a
lawsonite-bearing metabasite composed of alternating mm- to cm-scale blueschist and eclogite layers. Both layers
contain lawsonite-rich veins. Sample RR-1 is a blueschist, with lawsonite occurring in the matrix and in a calcite-
rich vein. Sample EC-1B is a lawsonite blueschist from a North Berkeley Hills serpentinite-matrix mélange.
Lawsonite veins in EC-1B have been partially to completely replaced by chlorite and pumpellyite. Sample SM-8
is from a small (~35 cm wide) lawsonite blueschist block from a siliciclastic-matrix mélange at Blind Beach
(Sonoma County).
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Figure 1. (a, b) Images of interlayered metabasalt from the Port Macquarie serpentinite-matrix mélange (17RB-3C, 22), showing alternating blueschist (BLS) and
eclogite (ECL) layers (a; outcrop) and lawsonite in texturally later domains (e.g., phengite-rich vein) (b; PPL). (c) Photomicrograph of lawsonite-bearing eclogite from
the South Motagua serpentinite-matrix mélange (MVE04-7-2) (c; PPL). (d) BSE Image of lawsonite-bearing blueschist-facies metagabbro from the structurally
coherent Diahot terrane (NC19-159). (e, f) Photomicrographs of lawsonite-bearing metasomatites from the structurally coherent Alpine Corsica (e, f; XPL). One sample
has a higher lawsonite mode (COR18-PK3 with >75 vol%; e) than the other sample (COR18-PK4 with ~25 vol%; f). (g) Photomicrograph of eclogite-facies xenolith
from the Garnet Ridge/Colorado Plateau (g; PPL). Note that lawsonite has been partially replaced by fibrous aggregates of zoisite. Mineral abbreviations follow
Whitney and Evans (2010).
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2.5. Catalina Schist, Santa Catalina Island, California, USA (Structurally Coherent)

The Catalina Schist is largely composed of meter- to kilometer-scale coherent units, primarily consisting of
metagreywacke and metapelite. These coherent units are locally associated with highly sheared zones, including
mélange zones. The highest-grade, amphibolite-facies mélange preserves records of metasomatic reactions; it
contains a range of rock types (e.g., quartzite, metapelite, ultramafic/mafic rocks) as blocks in a matrix of mixed
ultramafic and mafic material (Bebout & Barton, 1993, 2002; King et al., 2006).

Lawsonite-bearing blueschist is the most abundant rock type of the Catalina HP/LT complex and it primarily
occurs as coherent units that reached peak conditions of ~350°C, ~0.8—1.2 GPa (Grove & Bebout, 1995; Grove
et al., 2008; Penniston-Dorland & Harvey, 2023) at ~116-106 Ma (Grove & Bebout, 1995; Grove et al., 2008;
Penniston-Dorland & Harvey, 2023). We analyzed two lawsonite blueschist-facies metabasalts: one with garnet
(B16-006) and one without garnet (B16-011).

2.6. Diahot Complex, New Caledonia (Structurally Coherent)

The Diahot Complex is part of the New Caledonia blueschist-to-eclogite facies sequence (Clarke et al., 1997). It
dominantly consists of coherent metasedimentary units (metagreywacke and metapelite) that also contain layers
of metabasalt and metafelsic volcanic rocks (Clarke et al., 1997; Fitzherbert et al., 2005). In the HP/LT complex as
a whole, including the adjacent Pouébo terrane HP/LT rocks (e.g., epidote eclogite), these lithologies are locally
interleaved with serpentinite along 100 m-scale sheared domains (Rawling & Lister, 2002; Vitale Brovarone
et al., 2018).

HP/LT rocks of the Diahot Complex record a range of P-T conditions, from ~360°C, ~0.7-0.9 GPa near the
lawsonite-in isograd to ~540°C, 1.0-1.2 GPa near the lawsonite-out (epidote-in) zone (Clarke et al., 1997; Vitale
Brovarone & Agard, 2013) with an age of ~40 Ma (Baldwin et al., 2007; Cluzel et al., 2010; Vitale Brovarone
et al., 2018). Sample NC19-159 (IGSN: IENHRO005V) is a lawsonite-bearing blueschist interpreted as a meta-
gabbro based on its textures (Figure 1d).

2.7. Alpine Corsica, France (Structurally Coherent)

In Alpine Corsica, lawsonite-bearing HP/LT rocks are exposed as stacked coherent units (Vitale Brovarone &
Herwartz, 2013). In addition, lawsonite occurs within calc-schist associated with eclogite and within meta-
somatite at the contact of serpentinite with metasedimentary rocks (Martin et al., 2011; Piccoli et al., 2018).
Lawsonite also occurs in omphacite-rich rocks (omphacitite) hosted by metagabbro (Vitale Brovarone, 2013).
Lawsonite-bearing HP/LT units decrease in age structurally downwards from metasediment-richer blueschist
units (350-460°C, 1.5-1.8 GPa, 36-38 Ma) to metaophiolite-richer eclogite units (490-550°C, 2.2-2.4 GPa, 33—
36 Ma) (Martin et al., 2011; Ravna et al., 2010; Vitale Brovarone & Herwartz, 2013; Vitale Brovarone
et al.,, 2011). Eclogite-facies lawsonite-bearing metasomatites have been interpreted to have formed during
subduction metamorphism at 350-550°C, 1.5-2.3 GPa (Vitale Brovarone et al., 2014).

We analyzed three samples of lawsonite-bearing rocks from this complex. Sample C13 is a metagabbro that
mainly consists of omphacite and lawsonite. Samples COR18-PK3 and COR18-PK4 are lawsonite-bearing
metasomatites with different lawsonite modes (>75 vol%; ~25 vol%, respectively) (Figures le and If).
COR18-PK3 contains abundant chlorite (Figure 1e) and COR18-PK4 contains quartz and graphite (Figure 1f). In
COR18-PK4, lawsonite also occurs in quartz veins.

2.8. Tavsanh Zone, Turkey (Structurally Coherent)

The Tavsanli Zone is an HP/LT belt characterized by interlayered metasedimentary and metabasaltic coherent
units (Okay, 1980, 1982, 1986; Plunder et al., 2015). Marble and calcschist are dominant lithologies relative to
quartzite and metabasite. We analyzed six samples from the Tavsanli Zone (TZ), including five from the Siv-
rihisar Massif (SV), which is the lawsonite eclogite-bearing part of the Tavsanli Zone. In the Sivrihisar Massif,
lawsonite occurs in all lithologies except pure marble. The structurally coherent units of lawsonite blueschist
contain layers and pods of lawsonite eclogite. Lawsonite also occurs in chlorite + garnet-rich metasomatite at the
contact of serpentinite lenses with metabasite and metasediment. The HP/LT rocks record prograde-to-peak P-T
conditions of 380-550°C, 1.2-2.4 GPa (Davis & Whitney, 2006, 2008; Kang et al., 2020; Pourteau et al., 2019)
with ages of 105-83 Ma (Fornash et al., 2016; Mulcahy et al., 2014; Pourteau et al., 2019); eclogites are older than
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the dated blueschists, indicating that at least some blueschists are retrograde (Fornash et al., 2016; Mulcahy
et al., 2014).

Samples were analyzed from 6 lawsonite-bearing rock types: an eclogite (SV08-283C); a lawsonite + garnet
blueschist (SV01-75A); a metabasite with alternating fine-scale blueschist and eclogite layers, both of which
contain lawsonite in the matrix and in calcite veins (SV01-50A); a lawsonite + chlorite-rich metasomatic block
(TZ10-2.2C); a lawsonite + garnet-bearing quartzite (SV08-281D); and a lawsonite-bearing calc-schist (SVO08-
7ADD). Some garnet grains in SVO1-75A have been extensively replaced by chlorite.

2.9. Pinchi Lake, British Columbia, Canada (Boulders)

In the Pinchi Fault Zone, lawsonite occurs in eclogite boulders that show no clear field relations with the sur-
rounding rocks, although these boulders have been interpreted as part of a mélange (Ghent et al., 1996, 2009).
Eclogite blocks are in the same HP/LT complex as carbonate-bearing coherent blueschist units, and both eclogite
and blueschist have similar cooling ages (223-211 Ma) (Ghent et al., 1996; Paterson & Harakal, 1974). Lawsonite
eclogite blocks record peak P-T conditions that slightly differ from each other depending on the extent of
retrogression; least retrogressed eclogite: 450°C, 2.5 GPa; retrogressed eclogite: 570°C, >1.3 GPa (Ghent
et al., 1993, 2009). Analyzed samples are from a retrogressed eclogite (BLR4) and a relatively fresh eclogite
(BLRS), both of which contain lawsonite in the matrix and as inclusions in garnet. Lawsonite also occurs in a
phengite-rich vein in BLRS.

2.10. Garnet Ridge Diatreme, Navajo Volcanic Field, Arizona, USA (Xenolith)

More than 50 diatremes are exposed in the Navajo Volcanic Field in the central Colorado Plateau; three (including
Garnet Ridge) contain lawsonite-bearing xenoliths (Atwater, 1970; Dickinson, 1997). These xenoliths are sur-
rounded by brecciated fragments of serpentinized ultramafic rocks and experienced lawsonite eclogite-facies
metamorphism (560-700°C at 3 GPa; 600-760°C at 5 GPa) at 81-33 Ma (Hernandez-Uribe & Palin, 2019;
Smith et al., 2004; Usui et al., 2003). Subsequent recrystallization partially decomposed lawsonite into fine
aggregates of fibrous zoisite (Usui et al., 2003, 2006).

Sample 17GR11 is a lawsonite-bearing eclogite xenolith from the Garnet Ridge diatreme. It is composed of
garnet, omphacite, and lawsonite partially replaced by fibrous zoisite aggregates, with minor amounts of rutile
and pyrite (Figure 1g; see also Figure 2 in Herndndez-Uribe & Palin, 2019). Garnet contains inclusions of
omphacite, lawsonite rimmed by fibrous zoisite aggregates, and rutile.

3. Analytical Methods
3.1. Major and Minor Element Compositions

Major and minor element compositions of lawsonite and garnet were analyzed with a JEOL JXA-8530F Plus
Electron Probe Microanalyzer in the Department of Earth and Environmental Sciences at the University of
Minnesota. A 15 kV accelerating voltage and a 20 nA beam current were used for quantitative analyses, with a
focused beam for garnet and a defocused 10 pm for lawsonite. X-ray element maps of lawsonite and garnet were
acquired using a 15 kV accelerating voltage, a 100 nA beam current, a focused beam, and a dwell time of 10 ms. A
step size (0.3-3 pm) was adjusted depending on grain size.

3.2. Oxygen Isotope Compositions

The oxygen isotope ratio (**0/'°0) of lawsonite and garnet was determined by SIMS using a Cameca 1280 multi-
collector ion probe at the Center for Microscopy, Characterization and Analysis, University of Western Australia.
Samples were mounted as thin section cuts or polished rock chips in a 25 mm diameter epoxy disk, together with
matrix-matched standards of lawsonite and garnet.

Both lawsonite and garnet were analyzed using the same analytical protocol. In situ oxygen isotope analyses were
performed using a Gaussian Cs™ beam, focused to a 15 pm spot on the sample surface, with a beam intensity of
~2.5-3 nA and a total impact energy of 20 keV. Each analysis consists of a 20 4-s cycle acquisition. The
analytical session of lawsonite was monitored for drift and precision by analyzing two lawsonite bracketing
standards every 5-6 sample analyses. Instrumental mass fractionation (IMF) was corrected using the matrix-
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matched reference materials, including SHB32 as a primary standard (LF 8'0ygyow = 13.4 % 0.2%0, n = 3) and
LW-C as a secondary standard (LF 8'"®0ygyvow = 8.68 £ 0.2%0, n = 2).

To monitor the stability of garnet analytical sessions, one garnet standard (UWG-2) was analyzed twice every 5—-6
garnet sample analyses. For each mount, 6 garnet standards with different grossular compositions (Xg,,) were
measured at the beginning, middle, and end of the analytical session to account for the matrix effect of X, on the
measurement bias of 618OGIT (e.g., Martin, Rubatto, et al., 2014; Page et al., 2010; Vielzeuf et al., 2005). The
relationship between the bias and X, of all mounts was fitted with a parabolic curve, returning a regression
residual of ~0.3%0, which is within the external reproducibility observed on UWG-2. The garnet reference
materials used in this study include 10,691, 2B3, GRS-SE, and UWG?2 (Eiler et al., 1997; Kohn & Valley, 1998;
Valley et al., 1995) and ALM-GEM (in house, Xg,, = 0.01, 8'30 = 6.79%o). The reproducibility of the lawsonite
and garnet primary standards was better than 0.43%o¢ (20) and 0.57%o (20), respectively, across all sessions.

The oxygen isotope analyses of lawsonite and garnet samples were acquired within the same element zoning
domain of the spot locations where electron microprobe measurements were performed for matrix correction
(within <120 pm). Further details of the analytical methods are presented in Text S2 of the Supporting Infor-
mation S1. Complete oxygen isotope analyses (raw '*0/'°O ratios and §'%0 reported with respect to Vienna
Standard Mean Ocean Water) are provided in Table S1 of the Supporting Information S2.

4. Analytical Results

In the following sections, we document the major/minor element composition, zoning patterns of major/minor
elements, and oxygen isotope composition of lawsonite and garnet in the subduction sample suite.

4.1. Lawsonite Composition

Analyzed lawsonite grains are from diverse textural sites (e.g., in garnet, matrix, vein), and are largely unaltered,
without textural evidence for replacement except for those in the Garnet Ridge xenolith (17GR11; Figure 1g).
Some lawsonite grains were previously analyzed and reported for their major and minor element compositions
(Kang et al., 2022); therefore, these grains are only briefly discussed in the following sections.

4.1.1. Transition Metal Element Concentrations

Notwithstanding different lithologies, textural sites, and zoning patterns, lawsonite grains analyzed in this study
incorporate Fe and Ti at the weight percent level (up to 3.5 wt% Fe,O5*; up to 1.7 wt% TiO,) in addition to Ca and
Al as major components (Table 1 and Table S2 in Supporting Information S2). Most grains contain less Cr (<1 wt
%), with the exception of the chromite-bearing lawsonite in the S. Motagua fault zone (FZ) omphacitite (01GSn2-
9), which has a significantly high Cr-content (3.4-14.3 wt%) (Figure 2a and Table 1). Vein-lawsonite in some
Franciscan metabasalts (Ring Mt. interlayered blueschist/eclogite LVT-1, N. Berkeley Hills blueschist EC-1B)
and matrix lawsonite in Corsica metasomatites (COR18-PK3, 4) are higher in Cr- and Ti-contents than matrix
lawsonite in host- and/or adjacent rocks (Figure 2a). A negative correlation (Pearson's r < —0.71) is observed
between Fe and Al + Cr + Ti in ~36% of our compiled compositional analyses (Figure 2b).

4.1.2. Fe, Ti, and Cr Zoning Patterns

The analyzed grains display characteristic zoning patterns in Fe, Ti, and Cr, which vary among different sample
locations, samples, and individual grains even when occurring in the same textural site within the same lithology
(e.g., matrix grains in different blueschists) (Table 1, Table S2 in Supporting Information S2). Despite such
variations, our compilation of Fe, Ti, and Cr zoning patterns shows that concentric zoning is common, with
enrichment of these elements either at the core or rim (Figure 3a and Table 1), regardless of textural site and
lithology.

Some grains exhibit Ti-hourglass sector zoning (Table 1), which is characterized by up to four different domains
that vary in Ti content (Vitale Brovarone et al., 2014): Zone 1: Ti-intermediate core; Zone 2: Ti-rich mantle; Zone
3: Ti-poor rim; Zone 4: variable Ti-content with oscillatory Cr-zoning (Figure 3b; see also Figure 8e in Kang
et al., 2022). Zones 1 and 4 are preserved in some but not all of the analyzed grains.
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Figure 2. (a) Fe, Ti, and Cr ternary diagrams showing the relative abundance of these elements (in atoms per formula unit; p.f.
u.) in lawsonite from 17 blueschist- to eclogite-facies metabasites, 2 metasediments, 4 metasomatites, and 1 eclogite-facies
xenolith. (b) Fe>* versus Cr + Al + Ti in lawsonite. Filled symbols indicate matrix lawsonite, unfilled symbols indicate
lawsonite in texturally later domain (e.g., vein), and colored asterisks indicate lawsonite included in garnet. Symbols other
than asterisks represent different subduction complexes, with different colors indicating different rock types of lawsonite-
bearing host rocks or different texturally later lawsonite-bearing domains.

Fe-oscillatory zoning is observed in some matrix grains and vein-lawsonite (Figure 3c and Table 1). Analyzed
matrix grains from two Sivrihisar metasediments (quartzite SVO01-281D, calc-schist SV08-7ADD) display
concentric Fe- and/or Cr-zoning similar to those in metabasaltic layers in close proximity (e.g., interlayered
blueschist/eclogite SVO1-50A; Table 1). Distinctive Ti-zoning patterns are observed in Corsica metasomatic
lawsonite (e.g., hourglass sector zoning or irregular patchy zoning; COR18-PK3, 4) as compared to Corsica
metagabbro lawsonite (concentric zoning; C13) (Table 1).

4.1.3. Oxygen Isotope Compositions

Lawsonite in fine-grained blueschist- to eclogite-facies metabasalts (7.6 = 0.2-14.8 = 1.1%0, n = 309, 14
samples) records isotopically lighter 8'%0 than that in metasediments (20.6 + 1.4-24.1 + 1.3%0, n = 25, 2
samples), but its 5'%0 value overlaps with the upper range of lawsonite in coarser-grained metamafic rocks that
are inferred to be metagabbro (4.0 + 0.4-7.9 + 0.3%0, n = 36, 3 samples) (Figure 4 and Table 2). Metasomatite
lawsonite from the S. Motagua FZ mélange (omphacitite 01GSn2-9) and the Tavsanli coherent terrane (TZ10-
2.2C) has 8'80 within the range of metabasalt lawsonite from the same locations (S. Motagua FZ eclogite
MVEO04-7-2; Sivrihisar eclogite SV08-283C, blueschist SV01-75A) (Figure 4 and Table 2). This contrasts with
metasomatite lawsonite from the Corsica coherent terrane (COR18-PK3, 4: 11.0 + 2.0-12.2 + 1.5%0, n = 40, 2
samples), which is significantly heavier than Corsica metagabbro lawsonite (C13: 4.0 &+ 0.4%o, n = 12, 1 sample)
(Figure 4 and Table 2).

Lawsonite in metabasalt from more structurally coherent subduction complexes has a similar-to-higher range of
8'%0 (11.7 £ 0.4-14.1 + 1.0%0, n = 76, 5 samples) compared to that from serpentinite- and siliciclastic-matrix
mélanges (7.6 £ 0.2-10.3 £ 2.0%0, n = 167, 7 samples). Lawsonite in mélange metagabbro from the Rio San Juan
Complex (7.9 + 0.3%0, n = 9, 1 sample) is close to the upper 880 range of lawsonite in coherent terrane
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Figure 3. Fe, Ti, and Cr zoning patterns in lawsonite. (a) Cr-concentric zoning with irregular Cr-rich patchy domains at the
core of matrix lawsonite (S. Motagua FZ omphacitite 01GSn2-9). (b) Ti-hourglass sector zoning with Ti-rich (Zone 2; Z2),
Ti-poor (Zone 3; Z3), and Ti-variable (Zone 4; Z4) domains in matrix lawsonite (Corsica metasomatite COR18-PK3). Note
that Zone 4 is Cr-richer than the other domains. (c) Fe oscillatory zoning in vein-lawsonite (N. Berkeley Hills blueschist EC-
1B). White solid lines: grain boundaries of lawsonite grains. Dotted white lines: boundaries between Zone 3 and Zone 4.

metagabbro from the Diahot terrane and Alpine Corsica (4.0 =+ 0.4-6.4 + 1.8%o0, n = 27, 2 samples) (Figure 4 and
Table 2).

Approximately 28% of the analyzed lawsonite grains show ~1-1.7%o variations (>40) (Figure 4 and Table 2).
These isotopically zoned grains occur in the matrix or vein of S. Motagua FZ eclogite (MVE(04-7-2), Ring Mt.
blueschist (RR-1), Sivrihisar blueschist (SV0O1-75A) and calcschist (SV08-7ADD), Tavsanli metasomatite
(TZ10-2.2C), and Pinchi Lake eclogites (BLR4, 5). Notably, vein-lawsonite from N. Berkeley Hills blueschist
(EC-1B) and some matrix grains in S. Motagua FZ omphacitite (01GSn2-9), Ring Mt. interlayered blueschist/
eclogite (LVT-1), Catalina blueschist (B16-006), Diahot blueschist-facies metagabbro (NC19-159), Corsica
metasomatites (COR18-PK3, 4), and Sivrihisar quartzite (SV08-281D) are significantly zoned, showing 2.0—
3.8%o variations (Figure 4 and Table 2). Intergrain (within sample)-scale variation has only been observed for the
N. Berkeley Hills blueschist (EC-1B) in which vein-lawsonite is isotopically lighter by ~3%o compared to matrix
lawsonite (Figure 4 and Table 2).

4.2. Garnet Composition

We analyzed matrix garnet from two blueschist layers (Port Macquarie 17RB-3C, Sivrihisar SV01-75A), three
eclogite blocks (S. Motagua FZ MVEQ04-7-2, Sivrihisar SV08-283C, Pinchi Lake BLRS5), one eclogite xenolith
(Garnet Ridge 17GR11), and one quartzite layer (Sivrihisar SV08-281D). In all but the Sivrihisar blueschist
(partially chloritized garnet) and the Garnet Ridge xenolith (lawsonite replaced by fibrous aggregates of zoisite),
analyzed garnet is free of textural replacement and in textural equilibrium with matrix lawsonite.

4.2.1. Major and Minor Element Compositions

Except for Mn-rich garnet in the Sivrihisar quartzite (SV08-281D), the analyzed grains from blueschist- to
eclogite-facies metabasalts are Ca- and Fe-rich (Table 3 and Table S3 in Supporting Information S2). Garnet
within all samples but the S. Motagua FZ eclogite is more enriched in Mn in the core than in the rim (Table 3). An
oscillatory-zoned outermost rim is locally preserved on garnet from the Sivrihisar eclogite (SV08-283C) and
quartzite (SV01-281D), with the composition of alms;_soSPSe_15PIPe_148S23 026 and alm_,Sps;3_g>PIPe_o2lS3_; 1,
respectively (Figure 5a and Table 3). This is in contrast to the garnet from other locations (Port Macquarie, S.
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Core ECL
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Figure 4. 5'%0 of lawsonite and garnet. Each box is marked with the median value of lawsonite or garnet 5'®0 analyses on the left, and the bottom and top edges define
the 25th and 75th percentiles. Blue whisker lines extend to the most extreme values within the 1.5 interquartile range. Filled symbols indicate matrix lawsonite, unfilled

symbols indicate lawsonite in a texturally
garnet. Black crosses, “x”

It

texturally later lawsonite-bearing domains

later domain (e.g., vein), colored asterisks indicate lawsonite included in garnet, and colored “x”” symbols indicate matrix

symbols, and asterisks indicate 8'%0 analysis at the core, rim, and outermost rim positions of lawsonite or garnet. Symbols other than crosses,
x” symbols, and asterisks represent different subduction complexes, with different colors indicating different lithologies of lawsonite-bearing host rocks or different

Motagua FZ, and Garnet Ridge), which shows oscillatory zoning in Ca, Fe, and Mg throughout the entire grain
(Figures 5b and 5¢). The garnets from Port Macquarie and Garnet Ridge show similar zoning patterns in which Ca
is negatively correlated with Fe and Mg (Figure 5¢). The S. Motagua FZ garnet is oscillatory zoned in Mn in
addition to Ca, Fe, and Mg, with Ca oscillating inversely with Mg (Table 3 and Table S3 in Supporting
Information S2).

4.2.2. Oxygen Isotope Composition

Garnets in the Sivrihisar quartzite (SV08-281D) and blueschist (SVO1-75A) have a higher range of 3'%0
(20.7 £ 1.1-23.0 £ 1.2%o, n = 20, 2 samples) than in the other blueschist- to eclogite-facies metabasalts
(8.1 £1.3-13.1 £ 0.5%0, n = 121, 5 samples) (Figure 4 and Table 2). Only garnet in the Sivrihisar eclogite (SVO08-
283C) from the structurally coherent Tavsanli terrane has 8'®0 (12.1 + 1.1%o, n = 15) closer to the range of garnet
from the mélanges (Port Macquarie, S. Motagua FZ) (8.1 + 1.3-9.6 = 1.3%o, n = 56, 2 samples) (Figure 4 and
Table 2).

Garnet in the Sivrihisar eclogite (SV08-283C) and blueschist (SV01-75A) exhibits a core-to-rim decrease in 3'%0
(1.3-1.4%0) (Figure 4 and Table 2). A subsequent 8'80 increase (1.3%o) is only observed in the eclogite garnet,
and it occurs in the oscillatory-zoned outermost rims (Figure 5d and Table S1 in Supporting Information S2).
Garnet in the Sivrihisar quartzite (SV08-281D) shows a gradual decrease in 5'%0 toward the rims, but a 1.7%o
decrease is only noticeable in a garnet that preserves the oscillatory outermost rims (garnet 2 in Table 2).
Pervasively oscillatory-zoned garnet shows either an overall decrease (S. Motagua FZ eclogite MVE04-7-2:
—1.4%o; Garnet Ridge xenolith 17GR11: —1.7%o) or an increase in 8'®0 (blueschist layer of Port Macquarie
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Figure 5. (a, b) Element zoning in garnet from Sivirihisar eclogite (SV08-283C; a) and the blueschist layer of Port Macquarie
interlayered blueschist/eclogite (17RB-3C; b). (c, d) Major/minor element composition and 8'®0 zoning profiles of garnet
from the Port Macquarie blueschist layer (17RB-3C; c) and the Sivrihisar eclogite (SV08-283C; d). White arrows indicate
the starting positions of analytical traverses. Purple dots = point analysis locations of major/minor element composition;
White dots = point analysis locations of 5'®0; Error bar of §'*0g,, = +20.
interlayered blueschist/eclogite 17RB-3C: 1.4%0) toward the rims (Figure 4 and Table 2). Each oscillatory-zoned
garnet reveals distinct correlations between its '%0 and major/minor element concentrations: Port Macquarie
8'80,,, positively correlated with Mg and Fe but negatively correlated with Ca and Mn (Figure 5¢); S. Motagua
FZ §'%0g,,, positively correlated with Mn; and Garnet Ridge 6'20,,, negatively correlated with Ca. Garnet in the
Pinchi Lake eclogite (BLRS5) preserves <1%o variations.
5. Modeling Methods and Results
In this section, we describe modeling methods and results used to investigate the major controls on garnet and
lawsonite oxygen isotope composition and variations.
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Table 4
Time Interval of Garnet Growth Determined From the Ages of Lawsonite-Bearing HP/LT Rocks
Location Rock type Interpretation Age (Ma) Isotopic system Growth interval (Ma)
Rocky Beach, Port Macquarie ECL prograde age 489.7 + 5.5-487.0 = 11 Lu-Hf* 8.4-25
BLS peak-to-cooling age 472.4 £ 1.7-464 £ 39 Sm-Nd*
South Motagua, Guatemala ECL 140-120 Sm-Nd® 20
Sivrihisar Massif, Turkey Lws ECL prograde age 93.0 + 1.8-91.1 = 1.3 Lu-Hf%; “Ar/*°Ar 9.3-11.2
Ep ECL cooling age 81.8 £22 OAr A
Garnet Ridge, Colorado Plateau Xenolith prograde-to-cooling age 81-35 U-Pbf 46

“Tamblyn, Hand, Kelsey, et al. (2020). "Brueckner et al. (2009). “Mulcahy et al. (2014). 9Fornash et al. (2016). *Usui et al. (2003). ‘Smith et al. (2004).

5.1. Diffusion Profiles of §'*0y,,

To evaluate the effect of intracrystalline diffusion on 8'®0g,,, the diffusion profile of §'*Og,, was calculated as a
function of time at the peak condition for 4 selected garnet + lawsonite-bearing samples (3 eclogites (SV08-283C,
MVEO04-7-2, 17GR11), and 1 blueschist (17RB-3C)). The length scale of &'®0,, variation is not negligible
relative to the diameter of each garnet analyzed (Figure 5). Therefore, spherical geometry was considered to
model the diffusion profile, in which the oxygen isotope composition at a radial distance (r; a distance from garnet
core) is expressed as (Crank, 1979):

_(G=C Dty (—(a—r)z)
r T P 4Dt

1 a+r a—r
C(V,l) = Cl + Z(CO - Cl) [erf(m> + erf(z\/Dt)

oo

C, and C, are §'%0 at garnet core and rim, a is the radius of garnet, 7 is the timescale of garnet growth, and D (m?/
s) is a diffusion coefficient. This study used a diffusion coefficient associated with fast diffusion pathways (i.e.,
interstitial sites) (Scicchitano et al., 2022) to maximize the influence of intracrystalline diffusion in modeling
8'80,, variations. The longest time interval for garnet growth was determined based on the published prograde-
to-peak metamorphic ages (Table 4). For comparison, additional diffusion profiles were constructed using an
arbitrary long time interval of 10 Ga to assess the influence of growth time interval on 8'%0,, variations.

5.2. Water-Rock Ratio and Metasomatic Fluid §'%0

This study used Monte Carlo simulations to investigate potential correlations between water-rock ratio (W/R) and
the 8'30 of fluid that led to the formation of lawsonite-bearing Tavsanli (TZ10-2.2C) and Corsica metasomatites
(COR18-PK3, PK4). All targeted metasomatites formed along lithological contacts but at the expense of different
lithologies. The Tavsanli metasomatite likely formed at the expense of serpentinite lenses that have an ultramafic
protolith (Kang et al., 2022), whereas the Corsica metasomatites preferentially form within carbonaceous met-
apelites (Martin et al., 2011; Vitale Brovarone et al., 2014, 2020). Major parameters that control lawsonite 8'%01n
these metasomatites include (a) the 8'30 of fluid, (b) the temperature, and (c) the W/R at the time of fluid-rock
interactions. 8'®0y, during lawsonite growth can be expressed in terms of the last two variables as well as
5'%0, ,,, by applying a mass-balance equation as follows:

18 (5180st—bearing metasomatite 5180Precursor rock) + W/R (6180st - 1OOOlnast—Water)
o OWater = W/R (2)

where 8! 8OWater, 3! 8OLWs—bearing metasomatites SMOpmurs(,r rocks and 6180LWS are the oxygen isotope compositions of
fluid, lawsonite-bearing metasomatite, precursor rock of metasomatite, and lawsonite, respectively. One million
simulations were run to calculate 83Oy, in 300 < T (°C) < 800 and 0 < W/R < 1,000. 8" Op,ccurcor rock WS
constrained based on the 8'%0 of potential precursor rock of each sample (peridotite for Tavsanli metasomatite:
5.3-5.7%o; calcschist for Corsica metasomatites: 20-35%o) (Eiler, 2001; Kang et al., 2022; Vitale Brovarone
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}Zl:;trsed and Calculated Bulk 8'%0 of Lawsonite-Bearing Metasomatite

Location Sample Rock type Bulk 8'%0 (%o)

Alpine Corsica, France COR18-PK3 Metasomatite (Lws > 75 vol%) 4.7-10.4
COR18-PK4 Metasomatite (Lws ~ 25 vol%) 44-5.5

Sivrihisar Massif, Turkey TZ10-2.2C Metasomatite 12.2

etal., 2014). 6180st—bearing metasomatite OF €ach sample was previously measured or estimated from the modes and
oxygen isotope compositions of matrix minerals (Table 5) (Gauthiez Putallaz, 2017; Martin, Rubatto,
et al., 2014).

5.3. Modeling Results
5.3.1. Diffusion Profiles of 8'*0,,

The &' 8OGrt gradient of modeled diffusion profile becomes smoother at 10 Ga compared to the maximum growth
interval estimated from prograde-to-peak metamorphic ages (Figure 6). However, none of the modeled 8'*0,,
diffusion profiles reproduce the measured 8'#0g,, variations (Figure 6). In the Sivrihisar eclogite (SV08-283C),
the modeling results of 8'%0,, diffusion profiles increasingly deviate from the measured 8'®Og,, from the core to
the rims (Figure 6a). The measured 6180Grt gradually falls below the profile, with a difference of up to 1.7%o at
the rims (Figure 6a). However, the gap between the measured and modeled 6180(}rl decreases toward the
oscillatory-zoned outermost rims (Figure 6a).
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Figure 6. Modeled 8'%0 diffusion profiles of garnet in Sivrihisar eclogite (a; SV08-283C), South Motagua eclogite (b; MVE04-7-2), Port Macquarie interlayered
blueschist/eclogite (c; 17RB-3C), and eclogite-facies Garnet Ridge xenolith (d; 17GR11). Uncertainties (dotted lines) were propagated from 2¢ uncertainties on
diffusion coefficient (Scicchitano et al., 2022) and measured S'SOGrt. Note measured 5'%0,  was plotted at an arbitrary position, but calculated 830, . was plotted
along with the corresponding 8180(3n at the relevant radial distance in each plot.

Lws Lws
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Figure 7. Results of Monte Carlo simulations, showing a relationship between Slgowm and W/R. Inset of this figure is a
magnified image of the original diagram at 0 < W/R < 1. Solid lines = average 8'®Oyy,, of the simulated results; Dashed
lines = minimum and maximum &'®0y,,, of the simulated results; The color bar = probability density.

The 8'®0g,, diffusion profiles of oscillatory-zoned garnets either show a gradual decrease or increase in 5'*0
(Figures 6b—6d). Despite the variations in overall patterns, they show a similar extent of deviation from the
measured 8'80,, toward the rims in the S. Motagua FZ eclogite (MVE04-7-2: up to —2.2%o), the blueschist layer
of the Port Macquarie interlayered blueschist/eclogite (17RB-3C: up to 3%o), and the Garnet Ridge xenolith
(17GR11: up to —2.1%0) (Figures 6b—6d).

5.3.2. Water-Rock Ratio and Metasomatic Fluid §'%0

The result of simulations shows that the metasomatic fluid predicted from the Tavsanl metasomatite (TZ10-2.2C)
is >13.1%o across the entire range of 0 < W/R < 1,000 (Figure 7). However, 5"y, converges to 15.1 + 2.0%o
with increasing W/R but increases significantly at W/R < 1 (Figure 7). In contrast, two Corsica metasomatites
(COR18-PK3, 4) predict metasomatic fluids with 8'®*Oye; < 14.4%0 (Figure 7). Regardless of different law-
sonite modes, the &'80y,., of Corsica metasomatites converges to similar values (COR18-PK4 with ~25% of
lawsonite: 12.7 £ 1.8%o0; COR18-PK3 with >75% of lawsonite: 12.4 + 2.1%o) (Figure 7). The W/R corresponding
to the Corsica 8'® 0y, is consistently predicted to be >1 (Figure 7). In all cases of Tavsanli and Corsica
metasomatites, the simulated probability tends to increase as the SISOWater of each metasomatite approaches its
converging value (Figure 7), with the maximum probability density at W/R > 1 (TZ10-2.2C: 622; COR18-PK4:
416; COR18-PK3: 316).

6. Discussion

The main factors that may influence the oxygen isotope composition of lawsonite are temperature (Taylor &
Coleman, 1968; Vho et al., 2019), isotopic fractionation with coexisting minerals and/or infiltrating fluids (e.g.,
Gauthiez Putallaz, 2017; Martin, Rubatto, et al., 2014; Taylor & Coleman, 1968; Vho et al., 2019, 2020), water/
rock ratio (e.g., Vho et al., 2020), and intracrystalline diffusivity during the growth of lawsonite. The following
sections investigate the potential influence of each factor on §'®0, . in order to distinguish fluid-related vari-
ations in 6180LW5.
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Figure 8. 8'%0 versus Fe,0, in lawsonite from selected blueschist- to eclogite-facies 12 metabasalts (Port Macquarie 17RB-
22, 3C, Ring Mt. LVT-1, RR-1, N. Berkeley Hills EC-1B, Blind Beach SM-8, Catalina B16-006, Sivrihisar SV08-283C,
SVO01-75A, 50A, and Pinchi Lake BLR4, 5), 1 eclogite-facies xenolith (17GR11), 2 metagabbros (Rio San Juan IEC15-3.5,
Corsica C13), 3 metasomatites (Corsica COR18-PK3, 4, Tavsanli TZ10-2.2C), and 2 metasediments (Sivrihisar SV08-281D,
7ADD). Filled symbols indicate matrix lawsonite, and unfilled symbols indicate lawsonite in texturally later domains (e.g.,
vein). Symbols other than black horizontal lines, dots, crosses, “x” symbols, and asterisks represent different subduction
complexes, with different colors indicating different lithologies of lawsonite-bearing host rocks or different texturally later
lawsonite-bearing domains. Fe,O concentrations of lawsonite were partially obtained from Kang et al. (2022).

6.1. Correlations Between 5'%0; . and Lawsonite Major/Minor Element Composition

Analyzed lawsonite grains show a wide range of major and minor element compositions, with weight percent
concentrations of Fe, Ti, and/or Cr (Table 1). To evaluate the potential effect of lawsonite composition on the
analytical bias of 8'%0 . (i.e., matrix-bias), systematic correlations were investigated between element con-
centrations and 8'%0y ., using weighted linear regression that accounts for the uncertainty of 8'%0, .. Fe,05*,
TiO,, Al,05, Ca0, Cr,05 Fe,05* + TiO,, and Cr,05 + TiO, do not vary systematically with 5'%0 ., but instead
show different correlations (i.e., positively, negatively, or non-correlated) from individual grain to grain

(Figure 8). The lack of a systematic relationship supports a negligible matrix effect on the measurement of

SISOLWS, which is consistent with the previous estimate of a minor 8180LWS bias (—0.3%0) with varying
Fe,05* + TiO, content (Melnik et al., 2023). Therefore, any noticeable variations in 8'%0 .. (at least >0.3%o) as
well as correlations with major/minor element concentrations likely stem from factors other than matrix effect.
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6.2. Temperature Effect on Isotopic Fractionation Between 6'%0; .., "*0¢,;, and 83Oy aer

Lawsonite undergoes changes in its oxygen isotope composition as it experiences isotopic fractionation with
coexisting minerals (e.g., garnet) and/or fluid during its growth. The extent of isotopic fractionation between
lawsonite and coexisting phases (minerals, fluids) is a function of the temperature at which they are isotopically
equilibrated.

An oxygen isotope fractionation factor between lawsonite and aqueous fluid can be derived from a fractionation
factor between lawsonite and quartz and between water and quartz using the following relation:

5"0Lys — 6" Oyvyger & 1000101y yier = 10001015, — 1000Indyyyier—,

10° 103
= ( Ast—Qz - AWuter—Qz) * F + (BLWS—QZ - BWater—Qz) * T + (CLWS—QZ - CWatcr—Qz) (3)

A, B, and C are polynomial parameters associated with each of these fractionation factors (Vho et al., 2019). This
approximation is valid when the temperature is sufficiently high (>200°C) to ensure that oxygen isotope frac-
tionation between two phases is <~10%o (Sharp, 2007). Lawsonite-bearing HP/LT rocks, including the samples
analyzed in this study, typically record peak conditions of 300—650°C, which satisfies this condition (e.g.,
Davis & Whitney, 2006; Vitale Brovarone et al., 2011; see Tables 1 and 2 in Whitney et al. (2020)).

Similarly, the oxygen isotope fractionation factor between garnet and lawsonite at 7> 200°C can be described as
follows:

1000InaGr_.ys = 1000InaGy_q, — 1000Inayys—q, )

where 1,000 Inag,.q, is approximated as a linear combination of fractionations between each garnet end-member
and quartz, since garnet is a solid solution consisting of multiple end-members (Kohn, 1993; Vho et al., 2019):

1000Inag, zZ(A *1—06+B- *E+C- )*X*L (5)
1t—Qz i—Qz T2 i—Qz T i—Qz i NGrt

X, is the molar fraction of end-member i in garnet, N; is the number of moles of oxygen in end member 7, and Ng,,
is the number of moles of oxygen in garnet. A; o,, B; ,» and C; g, are polynomial parameters that define the
fractionation between each garnet end-member i and quartz (Vho et al., 2019). The amount of oxygen isotope
fractionation was assessed for the lawsonite—water and garnet—lawsonite pairs within the range of 300-650°C.
The molar fraction of each garnet end-member (X;) was randomly generated (5 million different numbers) and
applied in Equation 5 at 300-650°C, while ensuring that the sum of all X; values was equal to unity.

Our results indicate that §'0yy,,, is positively correlated with 8'%0, . (Figure 9a). 8'8 0y, differs by 0.2—
1.3%o from 8'%0; . at 650 to 300°C (Figure 9a). For a given 8'*0y, e 8' Oy, increases by ~1.7%o as T de-
creases from 650 to 300°C (Figure 9a). 5'0,, varies up to 0.9%o at 300-650°C, and its difference from 8'%0, .
changes from —0.9 to 0.02%o as temperature increases from 300 to 650°C (Figure 9b). 61800rt becomes lighter
than 8" 0y er by —0.5%o0 to —1.4%o with increasing temperature from 300 to 650°C (Figure 9¢). If §'%0 frac-
tionation between garnet and water is estimated with the actual X; values of garnet compositions (not randomly
generated) and different polynomial parameters (Zheng, 1993), the corresponding maximum &'0y,, variation at
300-650°C is 0.7%o, which only differs by —0.2%o from the simulation result. Therefore, if lawsonite, garnet, and
fluid were in isotopic equilibrium, temperature variations within 300-650°C wouldn't result in 8'®0 variations
that exceed ~1.7%o in lawsonite and ~0.9%o in garnet.

6.3. Diffusion Profiles of §'®0,: Implications for Fluid-Rock Interactions and Diffusion of §'%0;

The modeling results of §'%0y,, diffusion profiles vary among different samples, but none of the measured
61800rt variations can be modeled solely by intracrystalline diffusion within a reasonable timescale (Figure 6). In
the Sivrihisar eclogite (SV08-283C), garnet deviates by up to —1.7%o at the rims and positively deviates toward
the oscillatory-zoned outermost rims (Figure 6a). This amount of deviation exceeds the maximum 6180Grl
variation (0.9%¢) induced by temperature changes at 300-650°C. A similar extent of deviation is also observed
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Figure 9. Changes in 8'%0 fractionation between 8'%0; , and §'*0y,., (3), '%0 ,,, and 8'*0g,, (b), and 5'*0,, and
5"8 0o With varying temperature. The color bar = temperature; Black solid lines = temperature contours.

toward the rims of oscillatory-zoned garnets in the S. Motagua FZ eclogite (MVE04-7-2: up to —2.2%o), the
blueschist layer of the Port Macquarie interlayered blueschist/eclogite (17RB-3C: up to 3%o), and the Garnet
Ridge xenolith (17GR11: up to —2.1%o0) (Figures 6b—6d). All of these deviations suggest that the measured
8180Grt variations are not the result of intracrystalline diffusion and/or temperature changes at 300-650°C but
instead of isotopic fractionation, such as during fluid-rock interactions. The &'y, corresponding to the
8'80,, of the Sivrihisar eclogite garnet and oscillatory-zoned garnet ranges from 7.4 to 14.3%o based on the
calculated extent of §'®0 fractionation at 300-650°C (Table S1 in Supporting Information S2). This 8'® Oy,
falls within the range of hydrothermally altered upper oceanic crust (7-15%o; e.g., Eiler, 2001) and partially
overlaps with that of siliciclastic (meta)sediment (10-20%o; e.g., Eiler, 2001). Therefore, fluids sourced from
variable lithologies (altered oceanic crust, (meta)sediment) might have been intermixed in varying proportions
and generated 8'¥Oyy,, that is different enough to influence 8'®0g,,. The intermittent influence of this 8'%Oyyer
might have contributed to abrupt changes in 8'%0g,, toward the garnet rims-to-outermost rims during subduction
metamorphism. Inter-mineral 'O fractionation is an alternative factor that could have varied 8'®0g,, during
subduction metamorphism, but its effect has been interpreted to be negligible (<1%o variations in 8'®0g,,)
without external fluid influx (Vho et al., 2020) and the occurrence of quartz and feldspar (Vho et al., 2020;
Zheng, 1993), both of which are rare to absent in the analyzed metabasalts.

To evaluate isotopic equilibrium between the analyzed garnet and lawsonite, 830y, was calculated from the
measured 8'%0g,,, using the modeled extent of 8'®0 fractionation at prograde-to-retrograde conditions (in the
range of 300-650°C) (Table S1 in Supporting Information S2) and assuming that both phases were isotopically
equilibrated. The calculated 8'%0, .., corresponding to garnet core, rim, and/or outermost rim 8'%0, was then
compared with measured 8'%0y ... In the Garnet Ridge xenolith and the metabasalts containing oscillatory-zoned
garnet, the measured 5'®0 of matrix lawsonite overlaps with the calculated 8'%0y ., which corresponds to garnet
core-to-rim 8'®0 (Figures 6b—6d). This agreement suggests isotopic equilibrium between lawsonite and garnet at
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prograde-to-peak conditions. On the other hand, matrix lawsonite in the Sivrihisar eclogite (SV08-283C) has
5'80 corresponding to equilibrium with the garnet core-to-outermost rim 8'%0 (Figure 6a), indicating the con-
current growth of lawsonite and garnet at prograde-to-retrograde conditions.

The modeling results of (‘SIBOG,_t diffusion profiles support the widely accepted idea that 6180Grt is an excellent
recorder of fluid-rock interactions, as it is less affected by intracrystalline diffusion. The significant deviations
between the measured 8'%0,, and the modeled diffusion profiles (>0.9%0) provide compelling evidence sup-
porting fluid-rock interactions during the prograde-to-retrograde metamorphism of the analyzed samples, with
fluids originating from various lithologies (e.g., altered oceanic crust, (meta)sediment).

Lawsonite achieved isotopic equilibrium with matrix garnet at various metamorphic stages (prograde-to-retro-
grade), but many grains reached equilibrium during the growth of garnet core-to-rim, likely under prograde-to-
peak conditions (e.g., lawsonite in S. Motagua FZ eclogite, Port Macquarie blueschist, Garnet Ridge eclogite
xenolith). This indicates that §'®0; ,, can preserve information about growth conditions rather than undergoing
significant modifications through post-crystallization diffusion.

6.4. Lawsonite '®0: An Indicator of Fluid-Rock Interactions and Protolith §'0

Around 14% of the analyzed lawsonite grains preserve >1.7%o intragrain compositional variation (zoning). Such
significant 8'%0y,, zoning cannot be attributed to temperature variations at 300-650°C (maximum &'%0;
variation: 1.7%o) or to isotopic fractionation by coexisting minerals given the rare occurrence of quartz and the
absence of feldspar—two primary phases that fractionate 8'%0 (ASIEOQZ,LWS: 2.5-6.2%0 at 300-650°C; calcu-
lated with the parameters from Vho et al. (2019))—especially in the metabasalt and metagabbro samples (Text S1
in Supporting Information S1). Consequently, the most likely contributor to significant 8'®0 zoning in metabasite
lawsonite is fluid-rock interactions.

Despite occurring in different textural sites (e.g., in veins, matrix), most metabasite lawsonite with >1.7%o zoning
corresponds to heavy 8'80p, (6.2-14.6%o at 300-650°C; Table S1 in Supporting Information S2). The possible
sources of such fluid are siliciclastic-(meta)sediment and/or hydrothermally altered upper oceanic crust
(Eiler, 2001). The influence of (meta)sediments on Franciscan metabasalts has been documented by bulk
enrichment in large ion lithophile elements (LILE), light rare earth elements (LREE) and/or Th, which are
abundant in (meta)sediments (Kang et al., 2022; Sorensen et al., 1997). In addition, the metagreywacke and
metapelite-abundant geological settings of the Catalina Schist and New Caledonia Diahot Complex further
support the likely interactions with (meta)sediments during the growth of lawsonite (e.g., Fitzherbert et al., 2005;
King et al., 2006).

Up to —6%o zoning can be induced in lawsonite via isotopic fractionation with quartz at 300-650°C. This
fractionation effect would be significant in the quartz-abundant garnet-bearing Sivrihisar quartzite (SV08-281D)
and effectively demonstrates the substantial 6'%0; . zoning of individual lawsonite within the quartzite
(Figure 4). However, the fractionation effect alone cannot account for the discrepancy between the higher 5'20,
calculated from 8'%0g,, at 300-650°C and the measured 8'%0, . (20.6 + 1.4 vs. 23.5 + 1.5%0) (Table S1 in
Supporting Information S2), if lawsonite was isotopically equilibrated with quartz and garnet. Therefore, the
discrepancy between the calculated and measured 5'%0 ,, implies isotopic disequilibrium, in which case garnet
formed later than lawsonite and quartz during interactions with heavy-5'%0 fluids (22.4-25%o, calculated from
8'80,,; Table S1 in Supporting Information S2), potentially sourced from (meta)carbonate sediment (20-35%o;
e.g. Eiler, 2001). The later infiltration of (meta)carbonate-sourced fluids is also evident in Sivrihisar blueschist
(SV01-75A) as indicated by the high 8'®0 of partially retrogressed garnet (Figure 4), which is comparable to
(meta)carbonate 8'30 (Eiler, 2001).

The 8'30 of isotopically homogenous lawsonite (<4c variations) is largely governed by its host rock type, but it
varies among subduction complexes. Lawsonite in the Port Macquarie and Franciscan Ring Mt. interlayered
blueschist/eclogites (17RB-3C, 17RB-22, LVT-1), S. Motagua FZ eclogite (MVE04-7-2), and Garnet Ridge
eclogite xenolith (17GR11) are isotopically lighter than those in the Catalina blueschist (B16-011), Sivrihisar
eclogite (SV08-283C) and interlayered blueschist/eclogite (SV01-50A), and Pinchi Lake eclogites (BLR4, 5)
(8.8 £ 1.3-10.2 £ 1%o vs. 11.8 £ 1.2-14.2 + 0.9%0). However, all of them are significantly heavier than law-
sonite in the Corsica metagabbro (C13: 4.0 + 0.4%c) (Figure 4 and Table 2). If the homogenous 5'%0 . is the
outcome of negligible intracrystalline diffusion, minor isotopic fractionation between coexisting minerals, and the
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absence of external fluid influx during lawsonite growth, 8'%0, . could have inherited protolith 8'%0. In this
case, the likely mafic protolith is a hydrothermally altered basalt for the metabasalts but an altered gabbro for the
Corsica metagabbro (0-6%o; e.g., Eiler, 2001). Despite the similar basaltic protolith, up to a 3—7%o gap was found
between the SISOLWS of the Catalina Schist, Sivrihisar Massif, and Pinchi Lake FZ and the other four subduction
complexes (Port Macquarie, Franciscan, S. Motagua FZ, Garnet Ridge). This gap might stem from the different
contributions of isotopically heavier carbonate (20-35%o) and siliceous sediment (10-20%o) versus lighter mafic-
to-ultramafic rock, including serpentinite (0—15%o; e.g., Eiler, 2001), to mafic protolith §'30. This is supported by
the geological settings of the Catalina Schist/USA, Tavsanli Zone/Sivrihisar Massif, and Pinchi Lake FZ/Canada
complex, which are characterized by abundant sedimentary units relative to mafic-to-ultramafic units as
compared to the Port Macquarie/Australia, S. Motagua FZ/Guatemala, and Ring Mt./Franciscan (e.g., Davis &
Whitney, 2006; Ghent et al., 1996; King et al., 2006; Marroni et al., 2009; Nutman et al., 2013; Och et al., 2003;
Tamblyn, Hand, Kelsey, et al., 2020; Tamblyn, Hand, Morrissey, et al., 2020; Wakabayashi, 2015; Whitney
et al., 2014). The same reasoning also explains a large 5'%0; ,, difference between lawsonite in Sivrihisar
metabasalt and metasediment (Figure 4), since sediments likely acted as primary sources of heavy-8'%0) ,, within
the metasediment.

Lawsonite in the Rio San Juan metagabbro (IEC15-3.5) is also isotopically homogenous, but its 5'80
(7.9 % 0.3%o; Figure 4 and Table 2) overlaps with the range of hydrothermally altered basalt, although its likely
mafic protolith is inferred to be an altered gabbro given its coarse-grained major matrix phases. This noticeably
high §'%0; ,, compared to lawsonite in the Corsica metagabbro (C13) can also result from different contributions
of isotopically different lithologies on gabbroic protolith 5'%0, as similarly noticed in the metabasalt samples.

In general, lawsonite 8'%0 correlates with the protolith 8'30 of lawsonite-bearing host rock as indicated by the
lighter 8'%0, . of metagabbro, the heavier &'20, . of metasediment, and the intermediate 8'%0y ., of metabasalt.
Despite sharing a similar mafic protolith (basalt or gabbro), the 8'%0; . of metabasite shows a considerable
range. These SISOLWS variations can be attributed to the relative contributions of isotopically different lithologies
(lighter mafic-to-ultramafic rocks vs. heavier sediment) to protolith '%0. Significant intragrain-scale variations
(>1.7%o) are recorded in some lawsonite grains, indicating interactions with fluids isotopically different from the
protolith or 8'®0 fractionation with coexisting minerals (e.g., in metasediment).

6.5. Relationship Between Water-Rock Ratio and Metasomatic Fluid §'0

Metasomatite is a compositionally hybridized rock that develops by chemical mixing between compositionally
distinct lithologies (e.g., mafic and ultramafic rocks, metasediment) during fluid-rock interactions. Since meta-
somatite is the direct product of fluid-rock interactions, its 8'%0 record likely captures the important physical and
compositional parameters of metasomatism. The presence of lawsonite in metasomatic rocks indicates that the
fluid-rock reaction occurred under HP/LT conditions.

The result of simulations shows that metasomatic fluid predicted from the Tavsanli metasomatite (TZ10-2.2C) is
isotopically heavier (>13.1%o) than peridotite and its 8'%0 converges to 15.1 + 2.0%0 at W/R > 1 but increases
drastically at W/R < 1 (Figure 7). In contrast, two Corsica metasomatites (COR18-PK3, 4) predict metasomatic
fluids that are isotopically lighter than calcschist, with 8'®0y, ., converging to 12.4 + 2.1-12.7 + 1.8%0 at W/
R > 1 (Figure 7). In all instances, the simulated probability density tends to increase as the 8'®QOy,, of each
metasomatite approaches its converging value, reaching its maximum at W/R > 1 (Figure 7). This result is not
surprising, as simulated 8'®Oy,,., will satisfy the following relation (i.e., the limit of Equation 2 as W/R ap-
proaches infinity) more often at a wide range of W/R (e.g., 0 < W/R < 1,000), thereby more converging to a certain
value:

w}}em 5]80Waler = 5180st - IOOOIHGLWS—Waler (6)

However, it is still noteworthy that W/R at the maximum simulated probability density is consistently predicted to
be >1 for all metasomatite cases, even if a much-limited range of W/R (0 < W/R < 10) was used for simulations
(Figure S1 in Supporting Information S1).

At W/R > 1, the 8"® 0y, corresponding to the Tavsanli metasomatite 8'%0; ,,, falls within the range of hy-
drothermally altered basalt and siliciclastic (meta)sediment (Eiler, 2001). Bulk enrichment of Th/La and LILE has
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been reported for this metasomatite (Kang et al., 2022), supporting interactions with terrigenous sediments during
metasomatism. The Tavsanli metasomatite could have formed at lower W/R (<1) if the fluid had a sufficiently
higher 8'80 (>~20%o) than its ultramafic protolith, such as fluid sourced from carbonaceous (meta)sediment
(Eiler, 2001). This interpretation is consistent with the high 8'80 of garnet in the Sivrihisar quartzite (SV08-
281D) and blueschist (SV01-75A) (Figure 4 and Table 2). The Corsica metasomatites are predicted to have
formed at high W/R (>1) through interactions with fluids that were isotopically lighter than their calcschist
protoliths (Figure 7). The lower-8'%0 fluids were potentially provided from serpentinite, seawater-altered upper
oceanic crust, and siliciclastic (meta)sediment (Eiler, 2001), all of which have been suggested as potential sources
that contributed to the bulk Ca, Sr, Cr, and V enrichment of these metasomatites (Vitale Brovarone et al., 2014).
Nevertheless, the widespread preservation of disordered carbonaceous material in the regional Corsica meta-
pelitic rocks, unaffected by strong fluid-rock interaction, indicates that this expectation becomes relevant only in
the case of major fluid infiltration (e.g., Vitale Brovarone et al., 2020).

Our simulation results further support interpretations of the likely sources of fluids that generated the meta-
somatites and underscore the importance of high W/R (>1) as a prerequisite for metasomatite formation. How-
ever, high W/R is not always required to shift precursor rock 5'®0 during metasomatism if isotopic exchanges
occur between lithologies that are drastically different in §'%0 (e.g., Tavsanli metasomatite).

7. Conclusions

This study presents an extensive data set of in situ oxygen isotope analyses of lawsonite, a major hydrous mineral
in oceanic crust and sediments in subduction zones. Results show that §'%0, . largely varies as a function of host
rock type, which likely reflects protolith &'80. However, lawsonite in metabasalt and metagabbro records a wide
range of 8'%0, reflecting variable contributions from chemically diverse lithologies (carbonaceous and siliceous
sediments with higher 8'®0 vs. mafic-to-ultramafic rocks with lower 5'0) to protolith 5'®0. Significant §'*0
variations also occur in lawsonite (>1.7%o0) and garnet (>0.9%o) at the intragrain-scale, suggesting the influence
of 8'80 fractionation by coexisting minerals or metasomatic alterations by fluids with different isotopic com-
positions from the protolith. In structurally coherent subduction terranes, the formation of lawsonite-bearing
metasomatite requires either high W/R (>1; e.g., Alpine Corsica/France) or fluids with drastically different
5'80 from the protolith (Tavsanli/Turkey). In both mélange domains and more structurally coherent terranes in
subduction complexes, the 8'%0 records of lawsonite and garnet provide evidence of extensive fluid-rock in-
teractions and isotopically diverse sources of metasomatic fluids.

Data Availability Statement

All data for this research are available in Supporting Information S2. The Supporting Information S2 is publicly
available on figshare by Kang et al. (2024).
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