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Lawsonite is an abundant hydrous mineral in oceanic crust, sediments, and metasomatic rocks at depths of ~45 to
300 km in most subduction zones, but it is rarely preserved in the geologic record because it commonly trans-
forms to epidote and other minerals during prograde or retrograde metamorphism. Owing to the significance
of lawsonite for water and element cycling in subduction zones, occurrences of fresh lawsonite in blueschist
and, more rarely, eclogite provide important opportunities to determine lawsonite composition, zoning, and
inclusion suites and to use this information to reconstruct reaction history during subduction and exhumation.

gfg::gﬁ; In this review, we use new and published data to document lawsonite composition in eight of the nine known
Eclogite lawsonite eclogite localities in which fresh lawsonite coexists with garnet + omphacite in the rock matrix, as
Lawsonite well as the composition of lawsonite inclusions in six of seven known sites in which lawsonite occurs only as in-
Subduction clusions in garnet in eclogite-facies rocks that lack matrix lawsonite. As lawsonite blueschist is much more com-
Zoning mon than lawsonite eclogite, we survey the composition of lawsonite in representative localities of blueschist,
including blueschist associated with eclogite (lawsonite-bearing, epidote-bearing), and blueschist not associated
with eclogite at current exposure levels. Included in this review are metabasaltic rocks, silica- and carbonate-rich
metasedimentary rocks, metasomatic rocks, and lawsonite-rich veins. This dataset demonstrates that lawsonite
composition is a sensitive indicator of reaction history during subduction and exhumation, and specifically of
fluid-rock interaction, with implications for element cycling in subduction zones. Furthermore, most exhumed
lawsonite eclogite records slab-surface conditions that correspond to the location where the slab-mantle inter-
face transitions from decoupled to coupled, and therefore provides key insights into the thermal history and

dynamics of subduction zones.
© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction slab-derived fluids influence oxidation state of the mantle (e.g., Gerrits

Volatiles and other elements are transferred from subducted litho-
sphere to the overlying mantle wedge, influencing the composition of
the mantle and, subsequently, the composition of arc magma, the atmo-
sphere, and oceans. Subducted sediments, oceanic crust, and serpent-
inized mantle begin to devolatilize at forearc depths (e.g. Hacker et al.,
2003a, 2003b; Kerrick and Connolly, 2001; Scambelluri et al., 2019;
van Keken et al,, 2011). Nevertheless, field, experimental, and modeling
studies show that subducted materials in all but the hottest subduction
zones retain abundant hydrous and/or CO,-bearing minerals into the
eclogite facies, including at conditions corresponding to the maximum
depth from which subducted oceanic crust is typically exhumed
(~70-80 km; e.g., Whitney et al., 2014; Collins et al,, 2015): e.g., amphi-
boles, lawsonite, epidote-group minerals, talc, chlorite, phengite, and
carbonate minerals. The locations and extent of devolatilization of
subducting crust and mantle are controlled by the thermal state
and composition of the slab, including degree of pre-subduction hydra-
tion/carbonation, and these in turn affect the extent to which

et al, 2019; Kelley and Cottrell, 2009). The geologic record of
fluid-mediated processes in subducted lithologies is primarily in high-
pressure/low-temperature (HP/LT) complexes: in tectonically-
exhumed mélange and more structurally-coherent terranes, as well as
in rare xenoliths derived from subducted oceanic crust.

Experimental and modeling studies of oceanic crust under the HP/LT
conditions of subduction metamorphism predict that the hydrous Ca-Al
silicate lawsonite (CaAl,Si,0,(OH)>H,0) is prevalent at forearc to
subarc depths (~45-300 km) in subducted oceanic crust (Grevel et al.,
2001; Hacker et al., 2003a, 2003b; Liu et al., 1996; Okamoto and
Maruyama, 1999; Pawley, 1994; Schmidt and Poli, 1998) (Fig. 1).
Lawsonite also occurs in subducted continental crust, continental mar-
gin material, oceanic sediments (metachert, metacarbonate), and meta-
somatic rocks (e.g. Martin et al., 2011b; Vitale Brovarone et al.,, 2014a),
and therefore has widespread stability in a range of rock bulk composi-
tions during subduction metamorphism, as also predicted by
experiments (e.g., Domanik and Holloway, 1996; Martin et al., 2014;
Ono, 1998).
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Fig. 1. Schematic illustration of a subduction zone showing the approximate stability region for lawsonite (Lws) in oceanic crust at or near the top of the subducting slab. Also shown is the
maximum decoupling depth (MDD) determined from modern subduction zones to be at ~80 km (Wada and Wang, 2009), corresponding to a switch from slab-mantle decoupling (below

a serpentinite (serp) ‘cold nose’) to a coupled interface.
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The primary significance of lawsonite for planetary processes is its
role in element cycling, including the transport of water through sub-
duction zones. Lawsonite contains ~11.5% H,0 (structurally bound as
both H,0 and OH), and is therefore a major carrier of water into forearc,
subarc, and deeper parts of the mantle (Forneris and Holloway, 2003;
Ohtani et al,, 2004; Poli and Schmidt, 2002). At depths at and near ~80
km - corresponding to the depth at which slabs change from decoupled
to coupled interaction with the overlying mantle wedge (Wada and
Wang, 2009) and the maximum depth from which rocks are typically
exhumed in oceanic subduction zones (Agard et al., 2009; Whitney
et al., 2014) - lawsonite may be the most abundant hydrous phase in
subducted oceanic crust and therefore the most important mineral in
the deep-Earth water cycle.

Lawsonite is also a major host of transition metals (Cr, Fe, Ti at
weight % levels) and trace elements (REE, U-Th-Pb, Sr), many of which
are useful for tracking subduction-zone processes (Fornash et al.,
2019; Fornash and Whitney, 2020; Martin et al., 20114, 2011b, 2014;
Pommier et al., 2019; Spandler et al., 2003; Tribuzio et al., 1996; Ueno,
1999; Vitale Brovarone et al., 2014a). Depending on coexistence and re-
action relationships with epidote/allanite, titanite, garnet, apatite, cal-
cite, and other minerals, lawsonite can host up to 60% of bulk Pb and
100% of bulk Sr, as well as substantial proportions of U, Th, Y, and REE
(30-100% of bulk-rock; Tribuzio et al., 1996; Spandler et al., 2003;

d
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Lawsonite blueschist

Martin et al., 2014; Hara et al., 2018) (Fig. 2). Lawsonite is typically
strongly zoned in these elements, providing information about reaction
history involving fluids during subduction (Fornash et al., 2019; Fornash
and Whitney, 2020; Vitale Brovarone et al., 2014a). In addition,
lawsonite-bearing assemblages can be dated with radiogenic isotopic
systems (e.g. Lu-Hf, Mulcahy et al., 2011, 2014), and lawsonite may re-
cord the isotopic composition of the host-rock protolith (Hara et al.,
2018) as well as the composition of syn-subduction metasomatic fluids
derived from different protoliths, including sediments (e.g., as seen in a
study of Li isotopic signatures of eclogite minerals; Simons et al., 2010).

Previous reviews of lawsonite eclogite and blueschist considered
known and potential lawsonite eclogites (Tsujimori et al., 2006) and
many examples of lawsonite blueschists (Tsujimori and Ernst, 2014), in-
cluding localities in which lawsonite is no longer preserved (e.g., pres-
ent only as pseudomorphs) or cases in which the former presence of
lawsonite is inferred from petrologic or geochemical data (e.g., Gao
et al., 2012). This paper focuses on occurrences of fresh lawsonite and
uses information from lawsonite composition and zoning to interpret
conditions and processes recorded in subducted and exhumed
oceanic crust.

Unaltered lawsonite is rare, particularly in eclogite, because
lawsonite is easily overprinted during prograde and/or retrograde
metamorphism and therefore is uncommon in the geologic record
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Fig. 2. Trace-element budgets of selected lawsonite-bearing rocks. (a) Lawsonite blueschist, New Caledonia (Spandler et al., 2003); (b) lawsonite eclogite, Guatemala (Hara et al., 2018);
(c) lawsonite-bearing quartzite, Sivrihisar, Turkey (Martin et al., 2014); (d) lawsonitite (metasomatic rock), Corsica (Martin et al., 2014). See also Wang et al. (2019) for additional geo-
chemical budget plots of lawsonite-bearing rocks. These diagrams compare the bulk-rock trace-element composition with the trace-element abundance of each mineral (as determined by
in situ methods). Values of <1 or >100 indicate that the element budget determined by in situ analysis of minerals does not correspond perfectly to the bulk composition owing to lack of

analysis of some phases (abundance <1), zoning, or presence of inclusions.
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(Clarke et al., 2006; Tsujimori et al., 2006; Whitney and Davis, 2006;
Zack et al., 2004). Nevertheless, there are excellent examples of
lawsonite-bearing eclogite and blueschist-facies rocks preserved in ex-
humed subduction complexes worldwide (Figs. 3-4), representing a
range of P-T conditions (Fig. 5) (Tables 1-3). We have identified nine
eclogite localities with preserved (not pseudomorphed) lawsonite that
coexists with garnet + omphacite in the rock matrix (e.g., Fig. 4a),
and seven sites with preserved lawsonite inclusions (£ omphacite in-
clusions) in garnet (e.g., Fig. 4b) (Fig. 3; Table 1). Blueschist-facies
rocks with preserved lawsonite are more common (e.g., Figs. 4c, d). In
this paper, we review representative localities of lawsonite-blueschist,
including some that are associated with lawsonite or epidote eclogite
and some that are not associated with eclogite at current exposure
levels (Table 2). We also document lawsonite occurrences in metacar-
bonate, quartzite, and metasomatic rocks and veins (Table 3).

This review is timely because the significance of lawsonite for un-
derstanding subduction processes has stimulated new research into
lawsonite composition, including acquisition of detailed major-
element, trace-element, isotopic, and microstructural data using in
situ methods. We survey and discuss what is known about lawsonite
composition and zoning in eclogites and selected blueschists and as-
sociated metasedimentary and metasomatic rocks, and present new
and compiled data and images that show how the petrology and geo-
chemistry of lawsonite can contribute to deciphering the conditions
and processes of metamorphism subduction zones, with implica-
tions for fluid-rock reaction.

2. Global survey of lawsonite-bearing rocks

In the following sections, we survey lawsonite-bearing rocks that
represent a range of bulk compositions and mineral assemblages and
a range of recorded P-T conditions (Fig. 5), structural characteristics of
the host terrane (mélange, coherent), and age (Neoproterozoic to Neo-
gene). Summary information for these sites (Tables 1-3) also include
references to papers with descriptions of the petrology and other as-
pects of the eclogites and blueschists; additional data are in review pa-
pers such as Tsujimori et al. (2006) and Tsujimori and Ernst (2014).

2.1. Lawsonite eclogite

Previous reviews have identified nineteen lawsonite eclogite locali-
ties (Tsujimori et al., 2006; Tsujimori and Ernst, 2014; Wei and Clarke,
2011), including some with altered (pseudomorphed) or inferred
lawsonite. In some cases, previously proposed lawsonite eclogites are
tentatively re-interpreted here because lawsonite is not evidently in
equilibrium with garnet 4+ omphacite. Our analysis indicates that
there are nine confirmed eclogites in which unaltered matrix lawsonite
coexisted in likely equilibrium with garnet and omphacite (e.g., Fig. 4a),
and seven localities with confirmed or likely eclogite-facies lawsonite
inclusions in garnet (but no matrix lawsonite; e.g., Fig. 4b) (Fig. 3,
Table 1). Note that most lawsonite eclogites with matrix lawsonite
also have lawsonite inclusions in garnet (e.g., Sivrihisar, Turkey; Pinchi
Lake, BC, Canada; Port Macquarie, Australia).

The nine lawsonite eclogites with fresh matrix lawsonite are clas-
sified by field structural setting as overall structurally-coherent (C),
mélange (M), or xenolith (X). These locations are: (1) the Sivrihisar
Massif, Tavsanli Zone, Turkey (C) (Fig. 6a, 7a-d); (2) the Schistes
Lustrés of Alpine Corsica, France (C); (3) Rio San Juan Complex,
Dominican Republic (M); (4) South Motagua fault zone, Guatemala
(M) (Fig. 6b, 7e-f); (5) Voltri Massif, Western Alps, Italy (M);
(6) Port Macquarie, Australia (M) (Fig. 6¢); (7) Ward Creek (C), a co-
herent part of the Franciscan Complex, California, USA; (8) Pinchi
Lake, British Columbia, Canada (blocks in glacial deposits,
interpreted as M by Ghent et al., 1993) (Fig. 6d); and (9) Garnet
Ridge, Arizona, USA (X) (Fig. 6e) (Fig. 3; Table 1). Note that, with
the possible exception of the Rio San Juan Complex, in which
lawsonite eclogite formed during prograde metamorphism prior to
a higher P-T peak phengite-eclogite facies, tectonically-exhumed
lawsonite eclogites with matrix lawsonite record peak conditions
of 2.4-2.6 GPa at ~500 =+ 50 °C (Fig. 5).

Metabasaltic rocks containing garnet with lawsonite and omphacite
inclusions but no matrix lawsonite occur in seven localities (Fig. 3;
Table 1): (10) the Elekdag Massif, Central Pontides, Turkey (C), (11)
the eastern Shikoku (Kotsu) region of the Sanbagawa belt, Japan (C),
(12) the Faro region of the Yukon-Tanana terrane, northern Canadian
Cordillera (C). (Fig. 4b), (13) North Qilian, China (C); the Tianshan,

Eclogites w/fresh lawsonite
matrix Lws + Omp + Grt

© coherentterrane @ melange
® UNknown (i gecatdep) ® xenol

Lws + Omp indusions in Grt ®
(0o matrix [ws)

Lws in edlogite (prograde/retr?) ©
Lws inclusions in Grt (UKP) ©

Lawsonite blueschists o
(zelected locetions)

Fig. 3. Locations of eclogite-facies rocks containing fresh lawsonite. Most of these localities also contain lawsonite blueschist and one or more types of lawsonite-bearing metasomatic
rocks. Sites are characterized by field occurrence: mélange, coherent, xenolith. Note that Pinchi Lake, BC, Canada, eclogite is categorized here as unknown because it consists of blocks
in glacial deposits, but was interpreted as mélange by Ghent et al. (1993). Mineral name abbreviations after Whitney and Evans (2010).



D.L. Whitney et al. / Lithos 370-371 (2020) 105636 5

Fig. 4. Photomicrographs of (a) lawsonite eclogite (Guatemala); (b) lawsonite and omphacite inclusions in garnet (Yukon, Canada); (c) lawsonite blueschist (Sivrihisar, Turkey); and
(d) lawsonite eclogite retrogressed to lawsonite blueschist; the garnet has been largely pseudomorphed by chlorite, but lawsonite inclusions in garnet were preserved (Sivrihisar, Turkey).

including (14) the SW part of the belt in China (C) and (15) the Atbashi
Ridge area, Kyrgyzstan (M); and (16) the Pam Peninsula, New Caledo-
nia (primarily C). In New Caledonia eclogites, lawsonite occurs only as
rare inclusions in garnet, in one case in a different domain of garnet
than omphacite inclusions (Clarke et al., 1997) and in another case
near the garnet rim in a rock with matrix omphacite (Vitale Brovarone
and Agard, 2013). Although it is possible that the New Caledonia
lawsonite inclusions formed during prograde, blueschist-facies meta-
morphism, the inclusions in garnet may represent lawsonite eclogite
conditions prior to subsequent metamorphism in the epidote stability
field, so we include it here as a possible lawsonite eclogite, consistent
with the calculation of peak P-T conditions in the lawsonite eclogite fa-
cies (Vitale Brovarone and Agard, 2013).

These 16 sites can be analyzed as indicators of lawsonite composi-
tion under eclogite facies conditions in oceanic subduction zones, and
can be compared owing to their similar major mineral assemblages. In
this paper, we use published or new data to document lawsonite com-
position for eight of the nine sites with matrix lawsonite + omphacite
+ garnet and six of the seven sites with lawsonite inclusions in garnet
in eclogite but no matrix lawsonite.

Two lawsonite-bearing sites (Sulawesi, Spitsbergen; Fig. 3) that
have previously been considered as lawsonite eclogites may not con-
tain the equilibrium assemblage lawsonite + garnet + omphacite
(based on textural relations of the minerals), and lawsonite may
therefore instead be part of a prograde or retrograde blueschist as-
semblage. Eclogites on the island of Sulawesi, Indonesia, contain
texturally-late lawsonite + chlorite domains that appear to be retro-
grade (Miyazaki et al., 1996), and lawsonite in eclogites on the island
of Spitsbergen occurs only as inclusions in garnet, which apparently
do not also contain omphacite inclusions (Hirajima et al., 1988). The
P-T conditions determined for these two sites are lower than those
proposed for other lawsonite eclogites (Table 1; Fig. 5). Additional

investigation is needed to determine if these sites contain lawsonite
eclogites.

In some UHP localities, including continental subduction terranes
such as western Dabieshan, China, the former presence of lawsonite at
eclogite-facies conditions is inferred from phase equilibrium modeling.
However, there are no lawsonite relics or pseudomorphs yet reported
in these rocks (e.g., Wei et al., 2010), so they are not included in this
review.

2.2. Lawsonite blueschist

Lawsonite blueschist is much more abundant than lawsonite
eclogite. Although lawsonite is commonly pseudomorphed in epidote
blueschist (Evans, 1990), there are nevertheless many sites with fresh
lawsonite + glaucophane + garnet (e.g., Figs. 4c-d, 6, 7; Table 2). For
this survey, we present a subset of lawsonite blueschist localities and
classify them according to whether they are (1) associated with
lawsonite eclogite; (2) associated with eclogite that does not contain
lawsonite (e.g., epidote and/or amphibole eclogite); or (3) not associ-
ated with eclogite at current exposure levels.

All of the tectonically-exhumed lawsonite eclogite localities are as-
sociated with lawsonite blueschists. Lawsonite blueschists may be
lower-grade/prograde relative to eclogite in the same HP/LT complex
or may have formed in a different litho-tectonic unit (e.g., New Caledo-
nia), whereas others may have formed by retrogression of eclogite
(e.g., some blueschists in Sivrihisar, Turkey, contain glaucophane rims
on omphacite; Davis and Whitney, 2006). Furthermore, some blueschist
is co-facial with eclogite; i.e., different mineral assemblages formed
owing to differences in bulk composition or oxygen fugacity (e.g.,
Corsica, Sivrihisar). Lawsonite blueschist also occurs in HP/LT com-
plexes with eclogite in which fresh lawsonite is not preserved but is
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Fig. 5. Peak metamorphic conditions of eclogite and blueschist containing unaltered lawsonite. Green circles indicate lawsonite eclogite; numbers correspond to those in Table 1. Blue
circles are selected lawsonite-bearing blueschists; numbers are keyed to Table 2. Also shown are typical slab-surface conditions for modern subduction zones (Syracuse et al., 2010),
and proposed conditions for lawsonite-out (epidote/zoisite-in) reactions: S95 = Schmidt (1995); WC11 = Wei and Clarke (2011). MDD = maximum decoupling depth of Wada and
Wang (2009). Some lawsonite-bearing rocks plot beyond the proposed stability limit of lawsonite; one possible explanation is that these record a different part of the P-T path than

that associated with lawsonite formation.

inferred from tabular pseudomorphs (e.g., Cycladic Islands, Greece; var-
ious localities in the Western and Eastern Alps) (Table 2).

Lawsonite blueschist is also common in HP/LT complexes that con-
tain epidote- and/or amphibole-eclogite, such as the Franciscan Com-
plex, New Caledonia, the Indo-Burmese Ranges, NW India, Cuba, and
HP/UHP terranes such as those in Tibet/China (e.g., North Qilian, North
Qiangtang) (Table 2). In these cases, blueschist may represent a
lower-grade unit than the eclogite or, in some cases, may represent
retrogressed eclogite.

Lawsonite blueschist with no apparent association with eclogite is
abundant in exhumed subduction complexes (Table 2) and typically re-
cordsvery low temperature conditions (<500 °C; Fig. 5). Examplesinclude
the Mona Complex, Anglesey, Wales UK (Neoproterozoic; the oldest doc-
umented lawsonite-bearing rock), Kodiak Islands and Seward Peninsula,
Alaska USA; several sites in the Klamath Mountains, California USA; the
Diamante-Terranova unit, Calabria, Italy; Villa de Cura belt, northern
Venezuela; the Scotia Arc, Chile and Antarctica; the Emo complex, Papua
New Guinea; the [zu-Mariana active subduction zone; the southern Ural
Mts, Russia; northern China/Inner Mongolia; HP belts in Japan; Zagros
and Makran, Iran; and parts of the Tavsanli Zone and Thrace, Turkey.

2.3. Other eclogite- and blueschist-facies lawsonite-bearing rocks
Lawsonite occurs in metasedimentary rocks such as metachert

and calc-silicate associated with mafic oceanic crust, and in metasomatic
rocks such as those formed by interaction between metabasite or

metasedimentary rocks with serpentinite at HP/LT conditions (Figs. 8a,
b; Table 3). These lawsonite-bearing rocks are typically interlayered
with or otherwise spatially associated with lawsonite eclogite and
blueschist. For example, layers of lawsonite-bearing quartz-rich
metasedimentary rocks occur in the Tavsanli Zone, Turkey, and are
interpreted to be metachert and metatuff (Okay, 1980; Whitney et al.,
2014) (Figs. 8a, b), and lawsonite + jadeite-bearing quartzite is associ-
ated with the Rio San Juan complex, Dominican Republic (Schertl et al.,
2012). Lawsonite in blueschist-facies mafic metasedimentary rocks also
occurs in Ladakh, India (Groppo et al., 2016). Some terranes contain
lawsonite in blueschist facies rocks with metasedimentary protoliths
that are more pelitic (shale/argillite) or semi-pelitic (e.g. Shuksan and as-
sociated terranes of NW Washington, USA; Diahot terrane, New Caledo-
nia) (Table 3). Pseudomorphs after lawsonite have also been reported
from UHP metasedimentary rocks (e.g., Orozbaev et al., 2015).
Lawsonite has been reported in metacarbonate rocks in some HP/LT
complexes (Table 3). For example, lawsonite-bearing calc-schists occur
with lawsonite eclogite and blueschist in the Sivrihisar Massif, Turkey
(Whitney et al., 2014) (Fig. 8c). These are inferred to have a metasedim-
entary protolith based on the field setting of marble and calc-schist
layers as well as the abundance of calcite + dolomite in the rocks, al-
though some calc-schists containing lawsonite + glaucophane +
omphacite may represent deformation and/or fluid-enhanced mixing
at the lithologic contacts of metacarbonate and metamafic layers.
Lawsonite is also present in HP carbonated metasomatic rocks in Corsica
(Piccoli et al., 2016, 2018; Vitale Brovarone et al., 2014a), in carbonated
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Table 1
Locations of eclogite with preserved lawsonite.
Site Field P (GPa)-T(°C) Age References
setting?® (Ma)
Matrix Lws + Grt + Omp (also contain Lws inclusions in Grt)
1. Sivrihisar Massif, Tavsanli, Turkey C 2.5/550 93 Davis and Whitney (2006, 2008), Whitney and Davis (2006), Fornash et al. (2016),
Pourteau et al. (2019)
2. Alpine Corsica, France C ~2.4/520 34 Caron and Péquignot (1986), Ravna et al. (2010), Vitale Brovarone et al. (2013, 2014b)
3. Rio San Juan, Dominican Republic M ~1.7/520 104-70  Zack et al. (2004). Escuder-Viruete and Perez-Estaun (2006, 2013)
4. S Motagua Fault Zone, Guatemala M 2.6/480 80-70 Harlow et al. (2004). Tsujimori et al. (2006), Endo et al. (2012)
5. W. Alps, Italy (Voltri Massif) M 2.4/470 45-34 Scarsi et al. (2018)
6. Port Macquarie, Australia M 2.7/590 490 Och et al. (2003), Tamblyn et al. (2019)
7. Ward Creek, CA USA C #/~320 ~152 Shibakusa and Maekawa (1997); Mulcahy et al. (2014)
8. Pinchi Lake, BC, Canada mP 2.5/450 222 Ghent et al. (1993, 1996, 2009)
9. Garnet Ridge, AZ USA X ~3/600 81-33 Usui et al. (2003, 2006)
Lws + Omp inclusions in Grt (no matrix Lws)
10. Elekdag, (Pontides) Turkey /M 1.7/490 105 C: Okay et al. (2006), M: Altherr et al. (2004)
11. Sanbagawa, Japan C 1.8/550 120-80  Tsuchiya and Hirajima (2013)
12. Yukon-Tanana, Canada C 2.1 /500 260 Faber and Rowe (2019)
13. North Qilian, China C 2.4/510 490-440 Zhang et al. (2007)
14. SW Tianshan, China C 2.4/500 320-310 Duet al. (2014), Lu et al. (2019)
15. W Tianshan: Atbashi Ridge, M 2.4/550 327-324 Shatsky and Usova (1989), Simonov et al. (2008)
Kyrgyzstan
16. New Caledonia C <2.4/<600 44-37 Clarke et al. (1997), Vitale Brovarone and Agard (2013)
Lws present but possibly not in equilibrium with Omp + Grt
17. Sulawesi, Indonesia 1.8-2.4 / 580-620 (peak 120-110 Parkinson (1996)
ecl)
18. Spitsbergen, Norway C 1.6 /400 470 Agard et al. (2005), Hirajima et al. (1988)

@ C = coherent; M = mélange; X = xenolith ; # pressure of Ward Creek Lws eclogite not known (Lws-pumpellyite rocks in the sequence are 0.7 GPa but other eclogite blocks in the

Franciscan are 2.0-2.5 GPa).

b Pinchi Lake eclogite occurs as blocks in glacial deposits, so field setting is not well known.

eclogite (Scarsi et al., 2018) and metasomatic rocks (Vitale Brovarone
et al,, 2020) of the Western Alps, and has been reported in HP marble
from Crete (Theye and Seidel, 1987) and schist from the NW Cycladic
Islands (Baziotis et al., 2019).

Lawsonite-bearing metasomatic rocks include jadeitite (Guatemala:
Harlow et al., 2003; Dominican Republic: Schertl et al., 2012; Iran:
Oberhdnsli et al,, 2007; Tavsanli Zone, Turkey: Okay, 1997), lawsonitite
(Corsica: Martin et al., 2011a; Vitale Brovarone et al., 2011b, 2014b),
lawsonite + chlorite 4 garnet rocks (Sivrihisar, Turkey, Fig. 8d:
Fornash et al,, 2019; Corsica:Vitale Brovarone et al.,, 2014a ; Vitale
Brovarone and Beyssac, 2014) (Fig. 8d), and lawsonite-phengite layers,
domains, and veins (e.g., Sivrihisar, Turkey; Port Macquarie, Australia;
South Motagua Fault Zone, Guatemala, Fig. 8e) (Table 3). In the case of
lawsonitite on Corsica, the lawsonite-rich rocks (>75 modal%
lawsonite) formed via metasomatic reaction that occurred between
meta-mafic, metasedimentary, and ultramafic rocks (Martin et al.,
2011; Vitale Brovarone et al., 2014a). Lawsonite in metasomatized
metapelites is also reported in the blueschist-facies units of Corsica
(Vitale Brovarone et al., 2014a; Vitale Brovarone and Beyssac, 2014).

Lawsonite-bearing omphacitites (lawsonite + omphacite rocks)
occur in the blueschist-facies units of Corsica (Vitale Brovarone et al.,
2013), in the Port Macquarie mélange (Och et al., 2003), and in the
South Motagua Fault Zone locality, Guatemala (Figs. 8f-g; Table 3). In
some blueschist and eclogite units of other HP/LT complexes, cm- to
dm-scale layers of omphacite + lawsonite (without garnet) occur
(e.g., Sivrihisar, Turkey). Omphacite + lawsonite rocks may result
from a different bulk composition from typical MORB, either related to
protolith composition or syn-metamorphic metasomatism.

Lawsonite-bearing veins have been reported in the Franciscan Com-
plex, California (Davis and Pabst, 1960; Martin et al., 2014); the Tavsanlt
Zone, Turkey (Davis and Whitney, 2008; Fornash et al., 2019; Fornash
and Whitney, 2020; Okay, 1982); Corsica (Vitale Brovarone et al.,
2011a); the Wellington Peninsula, New Zealand (George and Grapes,
1987); the lowest-grade unit of the Schistes Lustrés, Western Alps,
France (Ronan et al., 2019); and in the accretionary wedge of SW
Japan (lawsonite + quartz pseudomorphs after laumontite; Endo and

Wallis, 2017) (Fig. 9; Table 3). Two other localities have possible pseu-
domorphs after lawsonite in veins: Monviso, Western Alps, Italy
(Angiboust et al., 2011) and the Dabie-Sulu UHP belt China (Li et al.,
2005).

3. Lawsonite petrography, properties, and microstructure

Because lawsonite is a relatively rare mineral and may in some cases
be overlooked owing to its superficial resemblance to plagioclase or
owing to its fine grain size in some rocks, we briefly review its appear-
ance and properties.

3.1. Lawsonite appearance in outcrop and thin sections

In outcrop, lawsonite is typically white or pale pink (Fig. 9), the latter
owing to the presence of Fe and/or Cr; color may also be affected by the
presence of inclusions. In thin section, lawsonite is colorless under plane
polarized light (Figs. 4, 7, 8), with high first-order/low second-order in-
terference colors under crossed polars (Figs. 7, 8). Lawsonite has ortho-
rhombic crystal symmetry and commonly occurs as euhedral or
subhedral tabular crystals (Figs. 4, 7, 8), in some cases displaying
polysynthetic twinning (Figs. 7b, d). Although its tabular shape and
twinning may resemble plagioclase, lawsonite can be distinguished by
its higher birefringence, its optical properties related to orthorhombic
symmetry, and its crystal shape when viewed perpendicular to (001)
(Figs. 8e, 9a).

3.2. Inclusions in lawsonite

Common inclusions in lawsonite are titanite, rutile, epidote-group
minerals, glaucophane, apatite, sulfides, quartz, carbonates (aragonite,
calcite), carbonaceous material, and fluid inclusions (Fig. 10). Other in-
clusions occur but are less common, e.g., omphacite, tourmaline, and
chromite (Figs. 8f-g). Inclusions may be confined to particular textural
or compositional domains of a host crystal, providing information
about reaction history and changes in P-T conditions during lawsonite
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Table 2
Representative list of blueschists with preserved lawsonite.
Locality Field setting® P (GPa) /T(°C) AGE References
(Ma)
Lws in blueschist and associated eclogite
1. Sivrihisar Massif, Turkey C 1.2-2.6 /380-520  90-83 Davis and Whitney (2006), Fornash et al. (2016),
Pourteau et al. (2019)
2. Alpine Corsica, France C 1.0/420 34 Vitale Brovarone et al. (2014b)
3. Rio San Juan, Dominican Republic M 1.5 /500 35-33 Escuder-Viruete and Pérez-Estatin (2006)
4. S Motagua Fault Zone, Guatemala M 0.7 /300 125-116  Harlow et al. (2004), Tsujimori et al. (2006)
5. W. Alps, Italy (Voltri) M 2.4 /470 45-34 Scarsi et al. (2018)
6. Port Macquarie, Australia M 2.0 /550 470 Tamblyn et al. (2019)
7. Franciscan/Ward Creek, CA USA C ~0.9 /445 ~152 Shibakusa and Maekawa (1997)
8. Pinchi Lake, BC, Canada C 1.0/300 222 Ghent et al. (1996)
10. Elekdag (Pontides), Turkey C 1.7 /490 105 Okay et al. (2006)
17. Sulawesi, Indonesia M 1.8-2.4/580-620  120-110  Parkinson (1996)
(peak ecl)
Lws blueschist in the same terrane/complex as epidote/amphibole eclogite
7. Franciscan, CA USA (e.g., Ring Mt, Catalina Island) C/M 0.5/300 ~145 Bebout and Barton (1993), Mulcahy et al. (2011)
16. New Caledonia C 0.5-1.7 /300-510 37 Clarke et al. (1997), Fitzherbert et al., 2005, Vitale
Brovarone et al. (2018)
18. Spitsbergen, Norway C 1.6 /400 470 Agard et al. (2005), Hirajima et al. (1988)
19. Indo-Burmese Range, India C 1.1/340 80 Ao and Bhowmik (2014)
20. Ladakh, NW India C/M (kms-scale slices 1.0/470 100 Groppo et al. (2016)
within a ‘mélange’)
21. Southern Ural Mts, Russia M? 1.7 /570 370-380 Hetzel et al. (1998)
22. NE Oman (Saih Hatat) M 0.3-0.6 /250-300  72-80 El-Shazly (1994)
23. N Qiangtang, China C 0.9-1.1/330-415 242 Tang and Zhang (2014)
24. Cuba (Escambray) CM 1.5/570 70 Schneider et al. (2004), Garcia Casco et al. (2006)
Lws in blueschist, Lws pseudomorphs in eclogite
25. Cycladic Islands, Greece (rare fresh Lws, mostly C 1.6-2.4/450-580 50-40 Trotet et al. (2001)
pseudo.) - Sifnos, Syros regions
26. Roche Noire Massif, W. Alps, France C 0.8 /350 Mevel and Kienast (1980)
Lws blueschist not associated with eclogite
27. Anglesey Wales UK M 0.8 /415 560-550  Gibbons and Mann (1983); Kawai et al. (2006)
28. Easton terrane, WA C <0.7 /500 140-136  Cordova et al. (2019)
29. Seward Peninsula, AK (mostly pseudomorphs, rare  C ~1.2 /460 >120 Forbes et al. (1984); Patrick and Evans (1989);
fresh Lws) Hannula and McWilliams (1995)
30. Kodiak Islands, AK C >0.3 /<350 ~200 Roeske et al. (1989)
31. Klamath Mts, CA C ~0.7 /275 450 Cotkin et al. (1993)
32. Los Ollas Complex, Mexico M ~0.6/250 Mendoza (2000)
33. Villa de Cura terrane, Venezuela (eclogite in C <0.75 /350 80 Smith et al. (1999)
separate, northern belt)
34. Mt. Hibernia Complex, SE Jamaica C ~0.7 / 310-340 ~75 Willlner et al. (2016)
35. Diamante-Terranova, Calabria, Italy C 0.9-1.1/350-390 38-33 Fedele et al. (2018)
36. Scotia Arc, Chile and Antarctica (e.g., Elephant C ~0.8/300 120-80, Trouw et al. (1998)
Island, Smith Island) 58-47
37. Papua New Guinea C 35 Worthing and Crawford (1996)
38. [zu-Mariana trench M 0.5-0.6 / 200 48 Maekawa et al. (1993)
39. Ondor Sum, N China (Lws does not coexist w/Gln)  C ~0.7 /300 450 Tang and Yan (1993); de Jong et al. (2006)
40. Kurosegawa Complex, Japan M 0.7-0.9 / <300 280-245 Sato et al. (2014, 2016)
41. Renge Complex, SW Japan M 0.6-0.7 / 280 280-330  Tsujimori and Liou (2007)
42. Zagros (Seghin Unit), Iran C 1.7 /500 64-71 Agard et al. (2006); Angiboust et al. (2016)
43, Makran, Iran M (km-scale blocks) 0.9-1.4/300-380 ~88 Hunziker et al. (2017)
1. Tavsanl Zone, Turkey (other than Sivrihisar Massif) C ~1.1-2.2 / 250-300 ~85 Okay (1980, 1982); Okay and Whitney (2010);
Plunder et al. (2013)
44, Thrace, Turkey C ~0.8 /300 86 Topuz et al. (2008)
45. NW Cycladic Islands, Greece C 0.9/320 50-40 Baziotis et al. (2019)

¢ C = coherent; M = mélange ; Note: may be different from field setting of associated eclogite.

growth. Some lawsonite crystals contain trails of inclusions that can de-
lineate former foliations comprised of carbonaceous material or Ti-rich
minerals (Martin et al., 2014; Vitale Brovarone et al., 2014b)
(Figs. 10c-e). In these crystals, the abundance of inclusions may be
very high; they can comprise up to 50% of the mineral in some areas.
These inclusion-rich zones are commonly associated with trace-
element-rich cores, which are very difficult to analyze, even by in situ
techniques, owing to the abundance of inclusions. It is worth noting
that these inclusion-rich lawsonite crystals may be rimmed by an over-
growth of inclusion-free lawsonite (Figs. 10c-e), and also that the inclu-
sion phases may not be preserved in the matrix. Lawsonite crystals can
thus record different stages of subduction zone metamorphism though
their inclusion populations.

Lawsonite may also contain inclusions that post-date lawsonite crys-
tallization. For example, in some cases, epidote inclusions represent al-
teration of lawsonite rather than early-formed phases. Similarly, trace
element-rich minerals in cracks or altered zones in lawsonite may
form via dissolution-reprecipitation processes that modify the composi-
tion and texture of the original lawsonite (Martin et al., 2014).

3.3. Lawsonite pseudomorphs

Lawsonite is a very useful index mineral for documenting metamor-
phic conditions and associated tectonic and geochemical processes, so it
is important to know whether lawsonite was ever present in HP/LT
rocks that lack lawsonite when exhumed to the Earth’s surface.
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Table 3
Localities with Lws-bearing metasedimentary rocks, metasomatic rocks, and/or veins

Locality LWS-bearing rock types References

Tavsanlt Quartzite, calc-schist, Okay (1980), Okay and Whitney
Zone, chlorite-lawsonite+garnet (2010), Whitney et al. (2014),
Turkey rock, omphacitite, lawsonite Martin et al. (2014), Fornash

veins et al. (2019); Fornash and
Whitney (2020)

Alpine Calc-schist, lawsonitite, Martin et al. (2011a), Vitale
Corsica omphacitites, quartzite Brovarone et al. (20114, 2014a),
(Schistes Vitale Brovarone and Beyssac
Lustrés) (2014), Piccoli et al. (2016,

2018)

S Motagua Jadeitite Harlow et al. (2003)

Fault,
Guatemala

Rio San Juan, Jadeite-quartzite Schertl et al. (2012)
Dominican
Republic

W. Alps, Italy  Carbonated eclogite, lawsonite  Scarsi et al. (2018), Ronan et al.

veins, metasomatic rocks (2019), Vitale Brovarone et al.
(2020)

Port Omphacitite Och et al. (2003), Tamblyn et al.
Macquarie, (2019)

Australia

Franciscan Lawsonite veins David and Pabst (1960), Martin
Complex, et al. (2014)

CA, USA

Diahot Metapelite Spandler et al. (2003),
terrane, Fitzherbert et al. (2005), Vitale
New Brovarone and Agard (2013)
Caledonia

Ladakh, India Mafic metasediment Groppo et al. (2016)

Engadine Metapelite Goffe and Oberhansli (1992)
Window,

Switzerland

Wellington Lawsonite veins George and Grapes (1987)

Peninsula,
NZ

SW Japan Lawsonite in zeolite veins Endo and Wallis (2017)

Shuksan, WA  Lawsonite-bearing Brown and O’Neil (1982)
USA metasediments

Crete, Greece Metacarbonate Theye and Seidel (1987)

Methods for inferring the former presence of lawsonite include identifi-
cation of lawsonite pseudomorphs (e.g. Angiboust et al., 2012; Balllevre
et al., 2003; Forbes et al., 1984; Hamelin et al., 2018; Herndndez-
Uribe et al., 2019; Klemd et al., 2002; Lopez-Carmona et al., 2013;
Philippon et al., 2011; Sicard et al., 1984, 1986), inference from phase
equilibria modeling (e.g., Tian and Wei, 2013), and inference from
modeling of trace-element geochemistry (e.g., Sr, LREE; Guo et al.,
2013). Phases that commonly comprise pseudomorphs are white mica
(phengite, paragonite, muscovite), epidote-group minerals, actinolite,
chlorite, quartz, and albite.

In some cases, pseudomorphs after lawsonite exhibit textural zoning
in the minerals comprising the pseudomorph (e.g., Philippon et al.,
2013). This may indicate former compositional zoning in the original
lawsonite or may provide information about reaction history; e.g., the
distribution of Ti-bearing phases may indicate former Ti-zoning.
Lawsonite may also leave chemical traces in epidote-group minerals
that replace it, identifiable as former lawsonite by the tabular shape
(Fig. 10b). These compositional ‘ghosts’ are akin to pseudomorphs and
can be used to indicate reaction history.

3.4. Lawsonite crystal structure and related properties

The crystal structure and thermodynamic properties of lawsonite,
including the conditions of phase transitions, have been studied over a
wide range of P-T conditions using different methods (e.g., Boffa
Ballaran and Angel, 2003; Chinnery et al., 2000; Comodi and Zanazzi,
1996; Daniel et al., 2000; Libowitzky and Armbruster, 1995;

Libowitzky and Rossman, 1996; McKnight et al., 2007; O’Bannon III
et al., 2017; Pawley et al., 1996), with some disagreement about the
values of the bulk modulus at particular P-T conditions. At the condi-
tions recorded by exhumed lawsonite-bearing rocks, the mineral re-
mains orthorhombic (space group Cmcm; O’Bannon Il et al., 2017).

Owing to the significance of lawsonite for understanding the rheol-
ogy, seismic properties (e.g. regions of low seismic velocity), and interac-
tion of deformation and dehydration reactions (e.g., generation of
earthquakes) in the oceanic portion of subducted slabs. (e.g., Okazaki
and Hirth, 2016), the crystallographic orientation and seismic properties
of lawsonite along different orientations have been investigated in natu-
rally and experimentally deformed blueschist- and eclogite-facies rocks
(Bezacier et al., 2010; Cao et al., 2013, 2014; Cao and Jung, 2016;
Fujimoto et al., 2010; lizuka-Oku et al., 2019; Kim et al., 2013a, 2013b,
2015; Teyssier et al,, 2010; Whitney et al., 2014; Zucali and Spalla, 2011).

Lawsonite and associated glaucophane and/or omphacite commonly
exhibit a strong crystallographic preferred orientation (CPO), and distinct
CPO patterns have been observed in different studies (e.g., Cao and Jung,
2016; Teyssier et al., 2010). In some cases, the difference results from the
use of different space groups for indexing lawsonite crystallographic ori-
entation (Ccmm vs. Cmcm). However, different CPOs have also been de-
termined even for the same space group (Cmcm), likely in part because
different studies analyzed materials that varied considerably in mineral
mode, including relative proportions of lawsonite, glaucophane,
omphacite, and phengite, and differed as to whether the deformed mate-
rial was monomineralic or polymineralic. Other variables that might in-
fluence lawsonite CPO include P-T conditions, stress, strain, water
fugacity, and rock textural features (e.g., crystal shape, grain size). The
major controls on lawsonite CPO and the likely primary CPO in subducted
oceanic crust remain unresolved.

4. Lawsonite composition

Analyses conducted by electron microprobe, LA-ICPS, and other in
situ methods have determined that most lawsonite contains transition
elements (Fe, Cr, Ti) (Tables 4-8) as well as lesser and more variable
amounts of other elements (Sr, U, Pb, REE) (e.g., Fornash et al., 2019;
Fornash and Whitney, 2020; Li et al.,, 2013; Martin et al., 2011a;
Martin et al., 2014; Mulcahy et al., 2011; Spandler et al., 2003; Vitale
Brovarone et al., 2014a) (Table 9). The correlation of transition metal
abundance with AP concentration indicates that these elements sub-
stitute for each other in the lawsonite structure (Fornash et al., 2019;
Vitale Brovarone et al.,, 2014a) (Fig. 11a), whereas REE and other large
cations may substitute for Ca (e.g., Martin et al., 2011b).

4.1. Transition elements

Lawsonite can contain significant amounts of transition elements; in
particular, Fe (up to 8 wt% FeO*; Maekawa et al., 1993), Ti (up to 1 wt%;
Vitale Brovarone et al., 2014a; Piccoli et al., 2018; Fornash et al., 2019),
and Cr (e.g., ~6-11 wt% Cr,03. Mevel and Kienast, 1980; Sherlock and
Okay, 1999; Davis and Whitney, 2006; Vitale Brovarone et al., 2014a;
Fornash et al., 2019, Fornash and Whitney, 2020; this study) (Fig. 11b;
Tables 4-8), with lesser amounts of V, Sc, and Mn (Fornash et al.,
2019). Fe and Ti substitution for Al are most common, and Cr substitu-
tion is less so (Fig. 11a). Based on evidence for substitution of Fe for
Al, it is likely that Fe in lawsonite is primarily Fe*>*. Lawsonite with
the highest Ti contents has been reported in metasomatic rocks associ-
ated with serpentinites (Fornash et al., 2019; Vitale Brovarone et al.,
2014a), and the highest Ni content (tens of ppm) are in Cr-rich
lawsonite (Fornash et al., 2019). Cr-rich lawsonite occurs in both
blueschist and eclogite but is most common in metasomatic rocks and
veins (Fig. 11b). Although some Cr-rich lawsonite also contains substan-
tial Fe, Ti, these are exceptions; more common is for Cr-rich lawsonite to
contain low amounts of Fe and Ti or either Fe or Ti but not both
(Figs. 11b, S1).
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Fig. 6. Thin section scans of representative lawsonite eclogites: (a) Lawsonite-bearing metagabbro, Sivrihisar Massif, Turkey. Note relict augite that has been boudinaged and
partially replaced by omphacite. The white area in the matrix are dominantly comprised of fine-grained lawsonite. Garnet is not in the field of view. (b) Eclogite from the
South Motagua Fault Zone, Guatemala; lawsonite occurs in the matrix and in small lawsonite-rich veins and layers (sample MVE04-7-2 from Simons et al., 2010).
(c) Eclogite from Port Macquarie, Australia. Lawsonite occurs in the matrix and as inclusions in garnet. (d) Crossed-polars scan of Pinchi Lake eclogite; lawsonite occurs in
the matrix and as inclusions in garnet (sample BLR5 from Ghent et al., 1993). (e) Garnet Ridge xenolith, consisting primarily of garnet + omphacite + zoisite, with rare relict
lawsonite (sample 17GR11 from Herndndez-Uribe and Palin, 2019).

4.2. Sr and Pb relative to Pb in lawsonite may vary as a function of rock (protolith)
type. Previous studies have documented distinct trends in Sr/Pb for

Sr, Pb, and other large divalent and trivalent cations substitute for Ca metabasaltic vs. metasedimentary rocks: lawsonite in quartz-rich
(Martin et al., 2011b; Ueno, 1999). Indeed, there is a Sr end-member of metasedimentary rocks tends to have lower Sr/Pb (4-25) than
lawsonite, itoigawaite (Miyajima et al., 1999). The abundance of Sr lawsonite in metabasaltic rocks (>30) (Fornash et al., 2019; Hara



D.L. Whitney et al. / Lithos 370-371 (2020) 105636 11

Fig. 7. Photomicrographs of lawsonite in mafic rocks (left panels: plane polarized light, ppl; right panels: crossed polarized light, xpl); some crystals in the xpl images can be seen to display
twinning; (a-b) Lawsonite-garnet blueschist, Sivrihisar Massif; (c-d) omphacite-glaucophane-lawsonite-phengite-garnet rock at the blueschist margin of an eclogite pod, Sivrihisar

Massif; (e-f) Lawsonite blueschist, South Motagua Fault Zone, Guatemala.

et al., 2018; Martin et al., 2011b, 2014) (Fig. 12). Although data are lim-
ited, there are possible indications of two metabasalt trends: one with
very high Sr/Pb (>130) and another with more moderate ratios
(30-50) (Fig. 12). In the Sivrihisar Massif, Turkey, lawsonite in metaso-
matic rocks plot along the meta-mafic trend, although metasomatic
rocks exhibit a greater range in Sr and Pb than eclogite and blueschist
(Fornash et al., 2019) (Fig. 12). Distinct trends in lawsonite Sr/Pb have
also been documented for Alpine Corsica, but other lawsonite-bearing
terranes do not exhibit these trends, e.g. New Caledonia (Fornash
et al., 2019) (Fig. 12). Lack of a trend in Sr/Pb, such as variation in Sr
without an accompanying change in Pb, is likely associated with partic-
ular mineral assemblages, such as the presence of sulfide minerals that
preferentially incorporate Pb but not Sr. Sr and Pb isotopic compositions
of lawsonite are also an indicator of protolith type and how protolith
composition may change as a result of alteration, metamorphism, and
metasomatism (e.g., Hara et al,, 2018).

4.3. REE
REEs in lawsonite show great variability in patterns across samples

from different localities, bulk compositions of the protolith, and even
within a single crystal (Fornash et al., 2019; Martin et al., 2014).

Lawsonite is typically enriched in LREE relative to HREE, but also charac-
teristically displays enrichment in MREE relative to HREE and, in some
cases, relative to LREE (Fornash et al., 2019; Martin et al., 2014;
Spandler et al., 2003) (Fig. 13). Some crystals also show enrichment in
the heaviest REE compared to MREE (e.g., Corsica lawsonitite; Martin
et al., 2011a). Normalized Dy/Lu ratios in lawsonite are useful to repre-
sent the direction and steepness of the MREE-HREE slope in REE patterns.

In general, lawsonite in metasedimentary rocks has higher REE abun-
dance than in metabasaltic rocks (Figs. 13a-d), but there is considerable
variability in the abundance of REE and other trace elements in lawsonite
within and among different lawsonite-bearing rock types and localities.
Variation in REE content in different rock types and within a rock during
lawsonite growth (i.e., zoning) is influenced by the bulk composition of
the rock and, more specifically, by the presence or absence of other
phases such as titanite and apatite for MREE, garnet for HREE, and
epidote-group minerals (especially allanite) for LREE (Fig. 2; Martin
et al,, 2014). In addition to having higher overall REE abundances,
metasedimentary rocks tend to be enriched in LREE relative to HREE (av-
erage [La/Yb]y = 7- 739). In the case of metapelitic rocks, the higher (L)
REE concentrations may reflect the (L)REE-enriched nature of the
protolith. However, as quartz-rich metasedimentary rocks such as
metacherts are not expected to have very high bulk-rock REE contents,
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Fig. 8. Photomicrographs of lawsonite in metasedimentary and metasomatic rocks. (a,b) quartz-rich rocks from the Sivrihisar Massif, Turkey: (a) omphacite-quartz rocks; (b) quartzite
(metachert) containing omphacite, glaucophane, phengite, garnet, and lawsonite (Sivrihisar, Turkey); (c) lawsonite-bearing calc-schist; (d) lawsonite-chlorite rock, Sivrihisar, Turkey;
(e) lawsonite-phengite rocks, Guatemala, including a lawsonite crystal showing a characteristic (001) face and a more tabular crystal cut along a prism face; South Motagua Fault
Zone, Guatemala (xpl); a sketch of a euhedral lawsonite crystal with faces labeled is shown for comparison with the lawsonite in the associated photomicrograph; (f-g) lawsonite
from a lawsonite-omphacite rock, South Motagua Fault Zone, Guatemala (ppl, xpl); lawsonite contains inclusions of chromite and is zoned from more Cr-rich cores to lower-Cr rims.

the high REE contents in lawsonite in these rocks likely reflect its
lower modal abundance and/or a lack of other phases competing for
available REE.

Lawsonite-bearing metabasaltic rocks have normalized REE concen-
trations ranging from ~0.1 to 1000 times chondrite (Fig. 134, c, d).
Although there are no systematic variations in overall REE concentra-
tions between blueschist and eclogite, eclogites show an overall

enrichment in LREE relative to HREE (average [La/Yb]y = 5 - 537) and
most show a depletion in HREE, likely reflecting the co-existence of
lawsonite with garnet. Blueschists show more variation in REE trends.
Garnet-absent blueschists range from LREE-enriched (New Caledonia,
Sivrihisar) to HREE-enriched (Franciscan, Ligurian Alps) (Fig. 13c).
The HREE-enrichment may reflect lawsonite growth after garnet break-
down (Franciscan; Mulcahy et al., 2011) or the lack of another phase
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Fig. 9. (a-e) Photographs of lawsonite in outcrop. (a-d) Tavsanli Zone, Turkey, including (a) a lawsonite—chlorite rock, (b) pink lawsonite (Fe, Cr-bearing), (c) a lawsonite vein network in
blueschist, Sivrihisar Massif, and (d) lawsonite vein in blueschist; (e) lawsonite vein in blueschist, Franciscan Complex, USA (North Berkeley Hills, CA); (f) polished slice of mixed eclogite

and blueschist with phengite 4 lawsonite-rich domains, Port Macquarie, Australia.

that competes for HREE. Garnet-bearing blueschists are enriched in
LREE relative to HREE and show a depletion in HREE (Fig. 13d), likely
reflecting lawsonite growth during or after garnet growth. A unique fea-
ture of the lawsonite REE pattern for the blueschist from the Ligurian
Alps is the presence of a prominent positive Eu anomaly. In this case,
the positive Eu anomaly is likely inherited from the bulk rock, which
also has a positive Eu anomaly.

Lawsonite in metasomatic rocks are the most variable (Fig. 13e):
e.g., lawsonite in Sivrihisar lawsonite-chlorite rocks has lower trace-
element and REE abundance than associated metamafic and

metasedimentary rocks (Fornash et al., 2019). In contrast, lawsonite
in Corsica metasomatic rocks has higher trace-element concentra-
tions than lawsonite in non-metasomatic rocks (Vitale Brovarone
et al,, 2014a).

5. Lawsonite zoning
Lawsonite is commonly zoned in Al, transition metals, REE, Sr, Pb,

and other elements (e.g., Davis and Whitney, 2006; Fornash et al.,
2019; Fornash and Whitney, 2020; Martin et al., 2011a; Piccoli et al.,
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Fig. 10. (a-b) Photomicrographs (ppl, xpl) of lawsonite containing inclusions of epidote (core) and glaucophane (rim), corresponding to compositional zoning seen in the change in
interference colors in the xpl image; Sivrihisar Massif, Turkey; (c) inclusion-rich cores in. lawsonite with relatively inclusion-free rims, Corsica; inclusions are dominantly graphite and
Fe-Ti oxides; (d) Inclusion trails in lawsonite core region in glaucophane-bearing quartzite, Sivrihisar Massif, Turkey; inclusions are Fe-Ti oxide, quartz, apatite, rutile, and omphacite
(modified from Martin et al., 2014); (e) Texturally and compositionally zoned lawsonite with inclusion-rich domains comprised of fine-grained titanite + pyrite, Port Macquarie,
Australia; (f) Epidote containing lawsonite inclusions as well as ‘ghosts’ of former lawsonite, inferred from shape and from relict lawsonite in partially-replaced inclusions; garnet-epidote
blueschist, New Caledonia (see also Fig. 2f in Martin et al., 2014; sample 96322B1 is documented in Fitzherbert et al., 2005).

2018; Sherlock and Okay, 1999; Tsujimori and Ernst, 2014; Ueno, 1999;
Vitale Brovarone et al., 2014a) (Figs. 14, 15). Lawsonite may also exhibit
zoning in some isotopic systems (e.g., 87Sr/36Sr, 2°7Pb/2°°Pb; Hara et al.,
2018), although there have not yet been many studies of the radiogenic
isotope systematics of lawsonite, and application of stable isotopes (Li,
0, H) in lawsonite is currently in the initial stages of development
(e.g., Kang et al., 2019).

5.1. Transition element zoning

Ti, Fe, and Cr display characteristic zoning patterns (Fornash
et al,, 2019): (1) Ti commonly exhibits hourglass sector zoning
(Fig. 14a, 15a), although may also show other types of zoning;
e.g., Ti-rich rims, in some cases associated with a change in inclu-
sion assemblages (Figs. 14c, d) or other distinct domains
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Table 4
Selected compositions of lawsonite in eclogite.
Locality Sivri. Sivri. Corsica Pinchi Lk BC Pinchi LkBC ~ Rio S Motagua Motagua Voltri Pt Pt Grt Rdg AZ
Turkey Turkey France matrix inclusion DR GUA GUA Italy Macq Macq USA
matrix inclusion AUS AUS
Reference 1 1 2 3 3 4 3 3 5 6 7 8
Si0, 37.94 38.29 38.28 37.72 38.20 3830 3793 38.17 36.75 38.54 37.14 38.56
TiO, 0.31 0.07 0.13 0.25 0.15 0.04 0.08 0.08 0.15 0.03 0.50 0.12
Al,03 31.21 31.99 31.21 31.51 32.19 3156 32.01 32.07 30.13 31.42 31.76 30.00
Cr,05 0.02 0.01 bdl 0.11 0.10 0.01 0.08 0.06 0.39 0.19 bdl 0.19
FeO* 145 147 1.18 0.77 0.65 0.44 0.40 1.07 121 0.52 0.25 0.94
MnO bdl bdl 0.03 bdl bdl 0.02 bdl bdl bdl bdl bdl 0.01
MgO bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl 0.02
Ca0 17.92 17.86 17.76 18.54 17.45 17.74 17.83 17.94 16.86 16.90 17.32 17.04
Na,O bdl bdl bdl bdl bdl bdl bdl bdl bdl 0.01 bdl 0.00
K>0 bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl 0.00
Total 88.85 89.69 88.59 88.90 88.75 88.11 88.34 89.39 85.49 87.61 86.97 86.88
Cations (8 oxygen basis)
Si 2.00 1.99 2.01 1.98 1.98 2.00 1.99 1.99 2.01 2.04 1.98 2.06
Ti 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.01
Al 1.94 1.96 1.93 1.95 1.99 1.98 1.98 1.97 1.94 1.96 2.00 1.89
Cr 0.01 0.02 0.01 0.01
Fe* 0.06 0.06 0.05 0.03 0.03 0.03 0.02 0.05 0.06 0.02 0.07 0.04
Ca 1.01 1.00 1.00 1.04 0.98 0.98 1.00 1.00 0.99 0.96 0.99 0.97
Ti+Cr 0.07 0.06 0.06 0.04 0.05 0.04 0.02 0.05 0.09 0.03 0.09 0.06
+Fe

References: 1 = Fornash et al. (2019); 2 = Ravna et al. (2010); 3 = this study; 4 = Zack et al. (2004); 5 = Scarsi et al. (2018); 6 = Och et al. (2003); 7 = Tamblyn et al. (2019); 8 = Usui

etal. (2006).

FeO* (total Fe) reported for Fe-oxide from microprobe analysis; Fe in lawsonite is likely Fe>* and is reported as such in the cation list.

bdl = below detection limit.

Analyses were selected to show a range of compositions within and among HP/LT complexes; owing to zoning, these are not necessarily representative of the complete range of compo-

sitions in a crystal, rock, or terrane.

(Figs. 15b, ¢); (2) Fe is commonly concentrically zoned (Fig. 14b,
e), with distinct core and rim domains, although in some cases is
entirely or partially oscillatory (Figs. 14f, 15a) or occurs as patchy
‘ghost’ zoning that may be inherited from a precursor phase
(Fig. 14g); and (3) Cr commonly exhibits oscillatory zoning
(Figs. 14g, 15a, b), but may also occur in distinct domains. Differ-
ent zoning types (e.g., hourglass, core-rim, oscillatory) may occur
in the same lawsonite crystal for different elements (Fig. 15a, b),
indicating the simultaneous operation of crystallographic control

Table 5
Selected compositions of lawsonite inclusions in garnet in eclogite.

(Ti), changing P-T and/or fO, conditions (Fe), and/or fluids (Cr)
during lawsonite growth.

Growth zoning may be modified by deformation and other pro-
cesses. For example, in some Sivrihisar rocks, subgrain boundaries and
twin planes are enriched in Ti relative to other regions of lawsonite
grains (Fornash et al., 2019), and compositional variation in major and
trace elements is seen associated with fractures in lawsonite in the
Port Macquarie locality, possibly indicating dissolution-reprecipitation
processes.

Locality New Caled. Elekdag Turkey Tianshan China N Qilian China Sanbagawa Japan Monviso Italy Yukon Canada Pinchi Lk Canada
Reference 1 2 3 4 6 7 7
Si0, 38.47 38.20 36.76 37.63 38.52 3743 37.35 38.20
TiO, 0.05 0.14 0.14 0.08 0.20 nd 0.24 0.15
Al,05 32.29 31.23 30.39 30.75 31.61 30.39 31.37 32.19
Cr,05 0.03 0.03 0.02 0.04 nd nd 0.05 0.10
FeO* 0.51 0.74 0.80 0.58 0.86 1.98 0.86 0.65
MnO 0.04 0.02 bdl 0.05 0.11 bdl bdl bdl
MgO bdl bdl bdl 0.01 nd bdl bdl bdl
Ca0 17.14 17.73 17.78 17.91 17.86 17.32 17.73 17.45
Na,0 0.02 0.03 0.06 bdl nd bdl bdl nd
K>0 0.01 0.02 0.03 bdl nd nd bdl nd
Total 88.56 88.14 85.98 87.05 89.16 87.12 87.60 88.73
Cations (8 oxygen basis)

Si 2.01 2.01 2.00 2.01 2.02 2.00 1.98 2.00
Ti 0.01 0.01 0.01 0.01
Al 1.99 1.94 1.95 1.94 1.95 1.92 1.96 1.98
Fe3+ 0.02 0.03 0.04 0.03 0.04 0.08 0.04 0.03
Ca 0.96 1.00 1.03 1.03 1.00 0.99 1.01 0.98
Ti+Cr+Fe 0.02 0.04 0.05 0.03 0.04 0.08 0.05 0.04

References: 1 = Clarke et al. (1997); 2 = Altherr et al. (2004); 3 = Duetal. (2014); 4 = Zhang et al. (2007); 5 = Tsuchiya and Hirajima (2013); 6 = Groppo and Castelli (2010); 7 = this

study; 8 = Ghent et al. (1993); bdl = below detection limit; nd = not determined.
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Table 6

Selected compositions of lawsonite in blueschist.
Locality New Caledonia Sivrihisar Turkey Corsica France Franciscan (Ring Mtn) Motagua Guatemala Pinchi Lk Canada Kurosegawa Japan
Reference 1 2 3 3 3 3 4
Si0, 38.24 3741 37.73 38.40 38.14 37.71 38.65
TiO, 0.55 0.80 0.27 0.17 0.13 0.15 0.19
Al,O3 31.94 25.79 31.26 31.94 31.41 31.75 30.12
Cry03 0.04 5.81 bdl bdl bdl 0.05 bdl
FeO* 0.47 2.12 0.68 0.96 145 0.62 1.77
MnO 0.11 0.01 bdl bdl bdl bdl bdl
MgO 0.01 0.01 bdl bdl bdl bdl 0.22
Ca0 16.98 17.26 17.99 18.39 17.91 17.38 17.09
Na,0 0.01 bdl bdl bdl bdl bdl bdl
K>0 0.02 bdl bdl bdl bdl bdl bdl
Total 88.37 89.21 87.93 89.86 88.43 87.68 88.04
Cations (8 oxygen basis)
Si 2.01 2.01 2.00 1.99 1.99 1.99 2.04
Ti 0.02 0.03 0.01 0.01 0.01 0.01 0.01
Al 1.97 1.63 1.95 1.95 1.94 1.98 1.87
Cr 0.25
Fe* 0.02 0.10 0.03 0.04 0.06 0.03 0.08
Ca 0.95 1.00 1.02 1.02 1.00 0.99 0.97
Ti+Cr+Fe 0.04 0.38 0.04 0.05 0.07 0.04 0.09

References: 1 = Clarke et al. (1997); 2 = Fornash et al. (2019); 3 = this study; 4 = Sato et al. (2016).

bdl = below detection limit

Table 7
Selected compositions of lawsonite in metasedimentary rocks.

Locality Sivrihisar Turkey Sivrihisar Turkey Corsica France Sivrihisar Turkey Sanbagawa, Japan New Caledonia
Rock type Quartzite Quartzite Quartzite Calc-schist Metapelite Metapelite
Reference 1 2 1 1 3 4
Si0, 37.69 37.55 37.60 37.79 36.90 3841
TiO, 0.07 0.17 0.12 0.11 0.65 0.12
Al,O3 30.98 31.77 30.97 31.10 31.00 31.82
Cry03 bdl bdl bdl 0.05 0.12 nd
FeO* 1.89 142 0.20 0.68 0.32 0.20
MnO bdl bdl bdl bdl nd 0.12
MgO 0.02 bdl bdl bdl nd 0.02
Ca0 17.74 1743 17.81 16.53 17.50 16.96
Na,O0 0.01 bdl bdl bdl nd nd
K,0 bdl bdl 0.01 bdl nd nd
total 88.40 88.34 86.71 86.27 86.49 87.65
Cations (8 oxygen basis)

Si 2.00 2.00 2.01 2.02 1.98 2.02
Ti 0.03 0.03 0.01
Al 1.94 1.93 1.95 1.96 1.96 1.98
Cr 0.01

Fe3™ 0.08 0.06 0.01 0.03 0.01 0.01
Ca 1.01 0.97 1.02 0.95 1.01 0.96
Ti+Cr+Fe 0.08 0.09 0.01 0.03 0.05 0.02

References: 1 = this study; 2 = Martin et al. (2014); 3 = Ueno (1999); 4 = Spandler et al. (2003).

bdl = below detection limit; nd = not determined

5.2. Trace-element/REE zoning

Lawsonite is also commonly zoned in other trace elements and REE
(Fornash et al., 2019; Fornash and Whitney, 2020; Martin et al., 2014;
Spandler et al., 2003; Vitale Brovarone et al., 2014a). In some cases,
REE variation correlates with transition-metal zoning (Fig. 16a-b) and
in other cases it does not. Lawsonite in metasomatic rocks from Corsica
is strongly zoned in REE (Martin et al., 2011b; Vitale Brovarone et al.,
2014a) (Fig. 16c). Key features of trace-element composition and zon-
ing of lawsonite from these metasomatic rocks are strong zoning (1-3
orders of magnitude) in Th and REE, core to rim enrichment in Pb rela-
tive to Ce and Sr relative to Nd, and an increase in HREE relative to
MREE. In Corsica lawsonitite, the cores of lawsonite crystals have Sr/
Pb values similar to that of metasedimentary rocks, but the metasomatic
rims have Sr/Pb values more similar to metabasaltic rocks (Martin et al.,
2014). In contrast, core-to-rim zoning in 7Sr/%¢sr and 2°’Pb/2%°Pb

zoning in Guatemala lawsonite was interpreted to indicate an increas-
ing sedimentary influence on the fluid present during crystallization
of lawsonite rims (Hara et al., 2018).

Lawsonite from the Sivrihisar Massif, Turkey, also commonly records
zoning in REE (Fornash et al., 2019). Some grains record a core-to-rim
decrease in overall REE concentrations with no change in the overall
shape of the REE pattern, whereas other lawsonite records either a
core-to-rim increase in REE concentrations and/or a change in the
shape of the REE pattern. In one garnet-bearing blueschist, there is a
core-to-rim increase in MREE concentrations, likely signifying the
breakdown of an MREE-bearing phase such as titanite or apatite during
the growth of the lawsonite rim. As there is no concomitant increase in P
content between the core and the rim, the most likely phase is titanite.

A change in Eu anomaly from negative in the lawsonite core to pos-
itive near the rim was observed in Corsica lawsonitite (Martin et al.,
2011a) (Fig. 16c) and interpreted to indicate progressive growth of
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Table 8
Selected compositions of lawsonite in metasomatic rocks and veins.
Locality  Sivrihisar Sivrihisar Sivrihisar Corsica Corsica Corsica Corsica Motagua Francisc. Francisc. New Zealand
Turkey Turkey Turkey France  France France France Guatem. USA USA
Rock Metasom Metasom Lws vein in Lws vein in Lws vein
type Lws-Chl  Lwslayer Lwslayer Lws-Chl metased metased Omphacitite Omphacitite bls ecl low-grade
Reference 1 2 3 1 4 4 1 1 1 5 6
Si0, 37.83 38.31 38.31 37.65 37.38 38.37 37.34 36.04 37.84 37.48 39.35
TiO, 0.60 0.41 0.41 0.45 0.17 0.04 0.07 0.40 0.35 0.81 0.03
Al,03 31.00 31.97 31.97 31.04 26.53 31.56 31.47 22.80 30.88 31.24 3197
Cr,05 0.06 0.08 0.08 0.10 7.11 0.32 0.04 11.38 0.11 bdl nd
FeO* 1.26 145 1.45 0.41 0.27 0.50 0.91 0.46 1.60 1.47 0.14
MnO bdl bdl bdl bdl bdl 0.02 bdl 0.06 bdl bdl bdl
MgO bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl 0.02
Ca0 17.56 17.67 17.67 17.87 16.86 17.65 17.62 17.01 17.55 17.49 16.83
Na,O bdl bdl bdl bdl 0.01 0.01 bdl bdl 0.01 bdl nd
K>0 bdl bdl bdl bdl 0.01 bdl bdl bdl bdl bdl nd
total 88.32 89.89 89.89 87.51 88.34 88.47 87.44 88.17 88.34 88.49 88.34
Cations (8 oxygen basis)
Si 1.99 1.99 1.99 2.00 2.01 2.01 1.99 1.98 2.00 1.98 2.05
Ti 0.02 0.02 0.02 0.02 0.01 0.02 0.01 0.03
Al 1.92 1.96 1.96 1.94 1.68 1.95 1.97 1.48 1.92 1.95 1.96
Cr 0.30 0.01 0.50
Fe* " 0.06 0.06 0.06 0.02 0.01 0.02 0.04 0.02 0.07 0.06 0.01
Ca 0.99 0.98 0.98 1.02 0.97 0.99 1.00 1.00 0.99 0.98 0.94
Ti+Cr 0.08 0.08 0.08 0.04 0.32 0.03 0.04 0.53 0.09 0.09 0.01
+Fe

References: 1 = this study; 2 = Fornash and Whitney (2020): 3 = Fornash et al. (2019); 4 = Vitale Brovarone et al. (2014a); 5 = Martin et al. (2014); 6 = George and Grapes (1987).

bdl = below detection limit; nd = not determine

Table 9

Trace-element ratios in lawsonite from different rocks types and metamorphic facies.
Rock type Sr/Pb [La/Dy]n [Dy/Lu]n [La/Yb]n References
Metabasalts
Blueschist-facies
Franciscan (Ring Mt), USA nd 0.21 0.77 0.15 Mulcahy et al. (2011)
New Caledonia 3063 1.22 3.03 349 Spandler et al. (2003)
New Caledonia 166 1.78 5.42 8.42 Spandler et al. (2003)
North Qilian, China 600 0.53 0.45 0.28 Xiao et al. (2013)
North Qilian, China 310 0.72 2.99 1.60 Xiao et al. (2013)
Ligurian Alps, Italy nd 0.62 nd 0.66 Tribuzio et al. (1996)
Sivrihisar Massif, Turkey 45 12.09 2,57 30.62 Fornash et al. (2019)
Sivrihisar Massif, Turkey 182 2.70 6.10 18.36 Fornash et al. (2019)
Sivrihisar Massif, Turkey 30 2.82 34.43 2741 Fornash et al. (2019)
Eclogite-facies
Sivrihisar Massif, Turkey 38 2.58 39.19 11.97 Fornash et al. (2019), Fornash and Whitney (2020)
Sivrihisar Massif, Turkey 43 1.23 12.16 4,57 Fornash et al. (2019), Fornash and Whitney (2020)
S Motagu FZ, Guatemala 49 10.99 27.67 536.97 Hara et al. (2018)
S Motagu FZ, Guatemala 251 1.88 24.70 33.30 Hara et al. (2018)
Garnet Ridge AZ USA nd 5.69 3.10 16.63 Usui et al. (2006)
Metasediments
Metaquartzite (eclogite/blueschist facies)
Sivrihisar Massif, Turkey 7 3.59 535 6.63 Martin et al. (2014)
Sivrihisar Massif, Turkey 5 6.46 34.07 106.12 Fornash et al. (2019)
Metachert (eclogite facies)
S Motagua FZ, Guatemala 16 30.85 34.72 738.92 Hara et al. (2018)
Metapelite (blueschist facies)
New Caledonia 317 2.74 5.20 11.04 Spandler et al. (2003)
Metasomatic Rocks
Alpine Corsica, France 46 10.17 6.16 38.48 Vitale Brovarone et al. (2014a)
Alpine Corsica, France 77 12.41 2.55 28.57 Vitale Brovarone et al. (2014a)
Sivrihisar Massif, Turkey 45 1.18 1.91 227 Fornash et al. (2019)
Sivrihisar Massif, Turkey 26 0.12 2.07 0.20 Fornash et al. (2019)
Sivrihisar Massif, Turkey 29 0.64 0.83 045 Fornash et al. (2019)
Lawsonite-rich veins and layers
Franciscan, USA 57 0.19 222 0.34 Martin et al. (2014)
Sivrihisar Massif, Turkey 41 2.99 26.82 18.17 Fornash et al. (2019), Fornash and Whitney (2020)

nd = not determined
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Fig. 11. Lawsonite Al-site composition, with data from a wide range of localities and rock types (complete dataset with references in Table S1). (a) Fe + Ti + Crvs. Al plot, showing that the
transition metals typically substitute for Al in the lawsonite structure; (b) ternary Fe-Ti-Cr plot showing the abundance of these elements in blueschist- and eclogite-facies metamafic
(metabasalt, metagabbro), metasedimentary, and metasomatic rocks and veins from 15 different HP/LT complexes. In both (a) and (b), plotted data represent lawsonite in which Fe,
Cr, and Ti were analyzed, whether or not they were detected, and in which 1.97 < Al + Fe + Cr + Ti < 2.02.

lawsonite during plagioclase-bearing blueschist-facies to plagioclase-
free eclogite-facies conditions. A systematic change in Eu is not ob-
served in other localities in which lawsonite likely grew over a
blueschist to eclogite transition (e.g., Sivrihisar, Turkey; Fornash et al.,
2019), indicating that there are other processes (unrelated to plagio-
clase) that may lead to a negative Eu anomaly, including crystallization
of titanite, change in oxygen fugacity, or metasomatic change in Eu in
the bulk rock (Fornash et al., 2019; Martin et al., 2014).

6. Lawsonite geochronology

A compilation of ages of lawsonite blueschist and eclogite shows
that, with the exception of the Neoproterozoic blueschist of Anglesey
(Wales, UK), all others are Phanerozoic (Fig. 17). This may in part be a
function of the lack of preservation, as Proterozoic HP/LT rocks in gen-
eral are rare. However, given the significance of lawsonite for indicating
cooler subduction geotherms, it is important to evaluate possible trends
in formation of lawsonite-bearing rocks. For example, Tsujimori and

Ernst (2014) noted that there is no difference in the occurrence of
lawsonite vs. epidote blueschists in Phanerozoic subduction complexes,
and therefore no overall global change in subduction geotherms in that
time. An apparent “hiatus” in lawsonite formation in the Permian was
attributed to processes related to the breakup of Pangaea, although sub-
sequent work has determined Permian ages for lawsonite blueschist
and eclogite (Fig. 17).

Most studies of the metamorphic age of lawsonite-bearing rocks
have employed methods that did not directly involve analyzing
lawsonite. The Lu-Hf isotopic system can be used to determine the age
of HP/LT metamorphism through analysis of lawsonite, other HP/LT
minerals (garnet, omphacite), and whole-rock composition, but this
method has thus far only been applied in a few studies (Mulcahy
et al.,, 2011; Vitale Brovarone and Herwartz, 2013; Mulcahy et al.,
2014; Tamblyn et al., 2019). Analyses of Franciscan lawsonite
blueschists from two regions of the complex yielded ages of c. 145 Ma
(Ring Mountain) and c. 152 (Ward Creek), within the range of 157-
141 Ma determined by other methods from HP rocks in the Franciscan
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Fig. 12. Pb vs. Sr in lawsonite from six localities including data from eclogite and blueschist-facies mafic rocks (metabasalt, metagabbro), metasediment (quartzite ), and metasomatic rocks
(lawsonite-chlorite rocks, lawsonite-rich veins and layers) (data and data sources are in Table 9).

(Mulcahy et al., 2011, 2014). Application of the Lu-Hf method to
Sivrihisar, Turkey, lawsonite-bearing rocks yielded ages of ~91 Ma for
eclogite and ~83 Ma for blueschist (Mulcahy et al., 2014), consistent
with the results of “°Ar->°Ar phengite analyses (Fornash et al., 2016;
Sherlock et al., 1999) and a Lu-Hf garnet geochronology study
(Pourteau et al., 2019) from the same HP unit.

Lu-Hf ages of ~37 Ma for a lawsonite-bearing blueschist (garnet-ab-
sent metagabbro) from Alpine Corsica are slightly older than Lu-Hf gar-
net ages (~34 Ma) obtained for lawsonite eclogite, interpreted to
indicate diachronous HP metamorphism in the two units (Vitale
Brovarone and Herwartz, 2013). Similarly, the recent work of Tamblyn
et al. (2019) on the Port Macquarie mélange indicates that lawsonite
eclogite (~480 Ma) is older than associated lawsonite blueschist (~470
Ma), which likely formed by retrogression of eclogite. These studies es-
tablish the reliability of the method for determining the age of HP meta-
morphism and for distinguishing ages of eclogite and blueschist. Owing
to technical and other challenges, there have thus far been no studies in
which different ages have been determined for lawsonite core vs. rim or
for different textural generations of lawsonite within a rock.

7. Discussion

Although somewhat rare in the geologic record, particularly in
eclogite, lawsonite is predicted from experiments, thermodynamic
modeling, and geophysical data to be an abundant mineral in subducted
oceanic crust and sediments. Lawsonite also occurs in metasomatized
rocks, including in veins that record HP fluid systems. The discrepancy
between predicted occurrence in active subduction zones and preserva-
tion in the geologic record has been termed the ‘lawsonite paradox’
(Clarke et al., 2006), and is important to understand because of the

significance of lawsonite for subduction thermal structure and element
budgets. For lawsonite to form and then survive continued subduction
and subsequent exhumation, lawsonite-bearing rocks must remain
relatively cold (<7-10 °C/km thermal gradient, depending on the P-T
location of the lawsonite-out reaction; Fig. 5) during prograde meta-
morphism and exhumation.

A H,0-rich environment promotes lawsonite crystallization and
persistence, and bulk composition of the rock is important in determin-
ing whether the presence of CO, will contribute to lawsonite or carbon-
ate stability; e.g., in some basaltic bulk-compositions, CO, may increase
the lawsonite stability field, along with Mg-carbonates (Martin and
Hermann, 2018; Poli et al., 2009). However, if quartz is present, the re-
action lawsonite + quartz + CO, = calcite + pyrophyllite + H,O may
restrict lawsonite to very low fco, (Okay, 1980).

This set of conditions may be achieved at the top of slabs in normal
to cool subduction zones if a slice becomes detached and is refrigerated
by continued subduction below it and/or if subduction and exhumation
are relatively rapid. Numerical models show that P-T conditions suitable
for the growth of lawsonite are easily attained during subduction, and
maintenance of sufficiently cold conditions is facilitated in mature sub-
duction zones (e.g., Gerya et al,, 2002; Malatesta et al.,, 2012). In a study
of deformation fabrics involving lawsonite, Teyssier et al. (2010) pro-
posed that oblique exhumation below a serpentinized mantle wedge
driven in part by rapid pure-shear extrusion in the subduction channel
facilitated preservation of lawsonite. However, exhumation need not be
rapid (cms/year) as long as a cool thermal gradient is maintained.

In the following sections, we discuss the data and observations pre-
sented in this review to develop ideas about how lawsonite can be used
as an important archive of information for reconstructing reaction
history, fluid-rock interaction, and fluid sources in subduction. We
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Fig. 13. REE abundance in lawsonite from different rock types and localities (representative data in Table 9; complete data in Table S2), including (a) eclogite (mafic protoliths); (b) quartz-
rich metasedimentary rocks; (c) garnet-absent blueschist; (d) garnet-bearing blueschist; (e) metasomatic rocks; and (f) veins and layers.

consider the role of lawsonite in the subduction component of the deep-
Earth water cycle and discuss how the geochemistry of lawsonite
provides new information about fluid-rock reaction during HP/LT meta-
morphism. We then use the compositional dataset summarized in this
paper to discuss how lawsonite composition and zoning may be used
to document subduction conditions and processes.

7.1. Lawsonite and subduction-zone water budgets

The H,0-rich nature of HP/LT rocks, and eclogite-facies rocks in par-
ticular, is important for understanding element cycling as well as the
rheology and geophysical properties of subducted crust. There has
been much research on subduction zone fluids because dehydration of
hydrous minerals in the slab is the key mechanism by which fluids are
transferred to the mantle wedge, driving arc magmatism and

contributing to the chemical heterogeneity of the mantle (e.g., Bebout,
1991; Scambelluri et al., 2019; Schmidt and Poli, 1998), with implica-
tions for the composition of the crust and atmosphere. In addition,
fluid release, including by lawsonite dehydration, may trigger
intermediate-depth earthquakes in subducted slabs (e.g., Abers et al.,
2006; Hacker et al., 2003b; Kirby et al., 1996; Okazaki and Hirth, 2016;
Peacock, 2001).

The growth and preservation of lawsonite has significant implica-
tions for water and element cycling in the Earth. In metamafic blues-
chists and eclogites, lawsonite may comprise 20-40% of the mode
(e.g., Davis and Whitney, 2006). Owing to its high modal abundance
and H,0 content of ~11.5%, lawsonite is a (and in some cases the)
major contributor to the water and element budget of subduction
zones. Some studies have proposed that most of the water in subducted
oceanic crust is released at the “wet” blueschist to “dry” eclogite
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Fig. 14. Transition-element zoning in lawsonite, illustrated with false-color images obtained by electron microprobe: (a) Ti hour-glass zoning and (b) Fe concentric zoning in lawsonite
from a blueschist, Sivrihisar, Turkey; (c) BSE image showing titanite and omphacite inclusions in lawsonite and (d) Ti concentric zoning in lawsonite from eclogite, Port Macquarie,
Australia; (e) concentric Fe zoning, Franciscan lawsonite blueschist (North Berkeley Hills); (f) oscillatory Fe zoning in a lawsonite blueschist, Sivrihisar, Turkey; (g) patchy Fe zoning char-
acterized by Fe-rich regions in lawsonite from quartzite, Sivrihisar, Turkey; and (h) oscillatory Cr zoning, Franciscan lawsonite blueschist.
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Fig. 15. Transition-element zoning in lawsonite, illustrated by false-color images obtained by electron microprobe: (a) Cr, Ti, Al, and Fe zoning in one lawsonite crystal from a blueschist,
Sivrihisar, Turkey; (b) Ti and Cr zoning in a lawsonite crystal from Port Macquarie, Australia; (c) BSE image of zoned lawsonite from a metasomatized blueschist, Alpine Corsica (modified
from Vitale Brovarone et al., 2014a); lawsonite crystals in this image show three distinct domains defined primarily by variation in Ti.

transition, but work in the last two decades has shown that hydrous
minerals such as lawsonite and phengite may persist to great depths
in eclogite and associated metasomatic rocks, and that these rocks are
therefore important in ferrying large amounts of H,0 into the deep
mantle (Forneris and Holloway, 2003; Ohtani et al., 2004; Poli and
Schmidt, 2002).

At ~550 °C, ~2.4 GPa - i.e., conditions corresponding to the maximum
depth from which oceanic rocks are typically exhumed from subduction
zones (Fig. 5), HP/LT oceanic crust is predicted to have ~2 wt% H,0
(Hacker, 2008; van Keken et al., 2011). According to bulk composition mea-
surements (e.g., loss onignition, LOI) and estimates from mineral modes and
compositions, lawsonite blueschists and eclogites commonly contain 2-7%
H,0 (e.g., Coleman and Lee, 1963; Davis and Whitney, 2006; Fujimoto
et al,, 2010; Groppo et al., 2016; Hara et al., 2018; Sato et al., 2016; Vitale
Brovarone et al., 2014a), similar to altered oceanic crust (which may also
contain substantial amounts of carbonate) (Hacker et al., 2003a; Kelley
etal, 2003; Peacock, 1993; Staudigel et al,, 1989).

Results of a survey of ~300 HP/LT metabasaltic rocks from 30 sub-
duction complexes (Fig. 18, Table S3) indicates that epidote blueschist
and eclogite have volatile contents (inferred primarily from LOI and as-
sumed to be dominantly H,0) of ~2.0-2.7%, with most ranging between
0.5 and 5 wt% and with more eclogites than blueschist with <1 wt% H,0.
Lawsonite-bearing metabasites typically have higher H,0 content: most
lawsonite blueschists range from ~2.5 to 8.5 wt% (a few are even more
H,0-rich), with an average of ~5%, and lawsonite eclogites range from
~1.2 to 6.4 wt% (average ~3%) (Fig. 18, Table S3). According to this
dataset, most lawsonite-bearing metabasalts have more H,O than pre-
dicted by phase equilibrium modeling.

Lawsonite-bearing metagabbro and metatroctolite (e.g., Fig. 6a) are
particularly H,O-rich (~7 wt% H,0), even under eclogite facies condi-
tions, because plagioclase in the protolith was converted to lawsonite.
Lawsonite + chlorite-rich metasomatic rocks are also very HO-rich
(~5-11%; Vitale Brovarone et al., 2014a). For example, lawsonitites
from Corsica contain up to 10.5 wt% H,O (Vitale Brovarone and
Beyssac, 2014). These data show how the formation of lawsonite-rich
rocks facilitates the transfer of H,0 to great depths in subduction zones.

Some lawsonite eclogites have similar amounts or, in some cases,
more H,0 than associated blueschists, including co-facial blueschist
and eclogite in which difference in peak mineral assemblage is related
to difference in bulk-composition and/or fO, (e.g., Fornash and
Whitney, 2020). For example, the calculated difference in H,O content
of core (lawsonite eclogite) and rim (lawsonite blueschist) of metamor-
phosed pillow basalts in the Alpine Corsica HP/LT complex is only ~0.7%
(Vitale Brovarone et al., 2011a). These observations show that the
blueschist-eclogite transition is not necessarily associated with a signif-
icant loss of H,0, particularly if there is an external source of fluids. Sim-
ilar retention of H,0 in reactions involving lawsonite and chlorite has
been proposed for lawsonite blueschists (Sato et al., 2016). Given the
likely location of most exhumed HP/LT rocks at or near the top of
the subducted slab, fluids derived by dehydration of deeper parts of
the slab will infiltrate this physically and chemically dynamic part
of the subduction system (e.g., Bebout, 2007; Scambelluri et al., 2001,
2015, 2019; Scambelluri and Philippot, 2001). The high H,O content of
lawsonite-bearing rocks may be an indicator of an open-system fluid
regime.
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Fig. 16. (a-b) Relationship of Fe and REE zoning in lawsonite, Sivrihisar, Turkey (Fe map modified from Fornash et al. (2019)); (c) variation in REE content, including sign of the Eu anom-
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7.2. Fluid-rock reaction in HP/LT rocks: Potential contributions of lawsonite
studies

From field, experimental, and phase equilibrium-modeling studies
of subduction zone P-T-X conditions, the stability of hydrous mineral-

bearing assemblages in rocks with mafic, ultramafic, and sedimentary
protoliths has been determined, as well as estimates of the amount of
fluid released, the nature and magnitude of fluid-rock interactions (if
any), the composition of fluids at HP/LT conditions, and the pathways
and scales of fluid transport within the subducted slab and between
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Fig. 17. Histogram showing ages of lawsonite blueschists and eclogites, based on a figure in Tsujimori and Ernst (2014) and showing their data in lighter colors and wider bars; new data
are shown in the darker/narrower bars. Sources of data are in Tsujimori and Ernst (2014) and Tables 1-2 (this paper).
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the slab and the mantle wedge (e.g., Bebout, 2007; Hacker, 2008;
Hacker et al., 2003a; Manning, 2004; Peacock, 1993; Poli and Schmidt,
1995; Scambelluri et al., 2001; Schmidt and Poli, 1994, 1998; van
Keken et al., 2011). In addition, some studies have documented trace el-
ement concentrations of HP/LT rocks to understand element cycling in
subduction zones (Bebout, 2007; Bebout et al., 1999; Bebout and
Barton, 1993; Becker et al., 2000; El Korh et al., 2009; Rubatto and
Hermann, 2003; Riipke et al., 2004; Sorensen et al., 1997; Spandler
et al,, 2011; Zack et al., 2001, 2002) or have used the trace element and
isotopic compositions of arc rocks (e.g. large-ion lithophile element en-
richment, high-field-strength element depletion) to evaluate
fluid-related processes that occurred in the slab (Pearce, 1983; Turner
et al.,, 1996), although comparatively few studies have focused on
lawsonite-bearing rocks (e.g., Fornash et al., 2019; Martin et al,,
2011b; Simons et al., 2010; Spandler et al., 2003). Documenting the
composition and zoning of lawsonite in HP/LT rocks can contribute to
understanding fluid-rock reaction in subduction zones because compo-
sitional characteristics can be related to P, T, and time, and because
lawsonite composition may be a sensitive indicator of the source(s) of
fluids involved in reactions. Tracking the composition of lawsonite in
HP/LT complexes could contribute to mapping and quantifying the
extent and nature of fluid-rock reaction at various scales (regional to
microscale), as well as the contributions of fluids from ultramafic,
mafic, and sedimentary sources (Section 7.3). For example, mapping
the chemical and P-T-t conditions of lawsonite crystallization in a sub-
duction complex could be used to track fluid pathways, including sites
of significant fluid-rock interaction (metasomatic rocks, veins).

7.3. Interpretation and significance of lawsonite composition and zoning

The composition of subducted oceanic crust preserved in HP/LT ter-
ranes may be influenced by processes that occurred: (1) at or near the
seafloor (e.g. hydrothermal alteration, which may be localized or perva-
sive); (2) during prograde metamorphic processes (e.g. interaction with
fluids derived from sediments and/or ultramafic rocks in the accretion-
ary wedge, at the slab-mantle interface, or at deeper levels of the
subducted slab); (3) at or near the maximum depth attained during
subduction (e.g. by interaction with fluids derived from dehydrating
rocks at depth in the slab, or by interaction with mantle-wedge
serpentinites or interlayered sediments - as in the prograde case);

and/or (4) during exhumation (e.g. retrograde hydration of eclogite
to blueschist, greenschist, or amphibolite). In most of these cases,
changes to rock and mineral composition are related to de/hydration re-
actions, although it has been proposed that changes in major and trace
element composition may be decoupled from volatile cycling (e.g.
Spandler et al., 2003).

Some blueschists and eclogites show compelling evidence for inter-
action with ultramafic or sedimentary host rocks, for example, as seen
in large-ion lithophile element (LILE) (K, Ba, Rb, Cs) enrichment in HP/
LT rocks that have interacted with subducted sediment in mélange
(e.g., Sorensen et al., 1997) or enrichment of HP vein minerals in ele-
ments that are characteristic of ultramafic rocks (Cr, Ni) (Spandler
et al,, 2011). Lawsonite composition and zoning record many of these
processes, including sources of metamorphic fluids. The substitution of
elements for Ca and Al in lawsonite - transition elements, REE, and
other trace elements - and the concentration and variation of elements
in several isotopic systems are the basis for the utility of lawsonite as an
indicator of subduction zone processes involving fluids at forearc to
subarc depths.

Composition and zoning in lawsonite have been related to textural
observations such as inclusion distribution to interpret whether
lawsonite grew during prograde, peak, or retrograde metamorphism.
In some cases, compositional and textural change in lawsonite may in-
dicate a change in mineral assemblage in the host rock, such as occurs
during a prograde change from blueschist to eclogite or retrograde
transformation of eclogite to blueschist (e.g., Martin et al., 2011a;
Vitale Brovarone et al., 2014a). For example, in the Alpine Corsica HP/
LT complex, lawsonite crystals record three (blueschist) to four
(eclogite) compositional and textural growth zones (Fig. 15¢). In some
zoned lawsonite, inclusion-rich and inclusion-poor regions correspond
to compositional domains, and in others, inclusion-rich regions do not
correspond to compositional zoning.

Although more work is needed to understand the parameters that
control lawsonite composition and zoning (including fO, and crystallo-
graphic effects), existing studies of element zoning in lawsonite demon-
strate that it is a sensitive indicator of reaction history as well as of the
possible source(s) of fluids that reacted with minerals under HP condi-
tions, and can be used to track changes as a function of changing P-T
conditions. In order to relate lawsonite composition to conditions, it is
essential to assess whether lawsonite grew during prograde, peak, or
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retrograde metamorphism. This can be done qualitatively using textural
(petrographic) observations, and is ideally complemented by geochro-
nology, including the use of isotopic systems such as Lu-Hf that involve
analysis of lawsonite and other minerals (or regions of zoned minerals)
that are part of the eclogite or blueschist facies assemblage.

7.4. Fluid-rock interaction in mélange vs. coherent terranes

Lawsonite-bearing eclogite and blueschist facies rocks occur in
mélange (used here to indicate a mixture of rock types and facies, typi-
cally in a matrix of serpentinite or (meta)sediment) and in more
structurally-coherent terranes (typically consisting of interlayered
slices of different rock types on the scale of hundreds of meters to kilo-
meters). Most HP/LT terranes contain both coherent and mélange do-
mains, and many are overall dominated by structurally-coherent
regions (e.g., Franciscan; Alpine Corsica; Tavsanli Zone, Turkey; Elekdag
Massif, Central Pontides, Turkey; Diahot and most of the Pouebo ter-
ranes, New Caledonia). A significant part of the slab-mantle interface
under eclogite and blueschist-facies conditions is characterized by
large-scale layers and slices of metamorphosed oceanic crust and asso-
ciated sediment rather than a mixture of rock types that record different
P-T conditions. In HP/LT complexes comprised of large-scale slices in
tectonized zones, the distinction between a mélange and a coherent ter-
rane is somewhat arbitrary, as there is an overall structural coherence
(i.e., the complex is not a chaotic mixture of blocks) but some displace-
ment and mixing may have occurred, particularly if serpentinite and/or
schist is present. Coherent terranes may also bear some resemblance
to mélange when metabasaltic rocks are substantially retrogre-
ssed (eclogite to blueschist, or eclogite and blueschist to chlorite-
actinolite), resulting in blocks of eclogite and/or blueschist in a highly
deformed matrix, as occur in local regions of New Caledonia, Port Mac-
quarie, and Sivrihisar.

Of the eight known tectonically-exhumed eclogites (i.e., excluding
the Garnet Ridge xenolith) that contain fresh matrix lawsonite, four
are in mélange, three are in coherent complexes, and one (Pinchi Lake,
BC) is ambiguous because eclogite blocks occur in glacial deposits (al-
though the blueschist part of the sequence is coherent and the eclogite
unit has been interpreted as a mélange by Ghent et al.,, 1993) (Table 1).
Three of the four eclogite-bearing mélanges are in Pacific or Caribbean
terranes, as is one of the coherent terranes (Ward Creek, Franciscan).

There are no discernible trends in P-T conditions of mélange vs. co-
herent eclogite or blueschist (Fig. 5), and both coherent terranes and
mélange contain metasomatic rocks and HP veins. Lawsonite abun-
dance and characteristics (composition, zoning) also indicate no signif-
icant difference in degree of metasomatism or other indicators of fluid-
rock interaction between the two types of terranes, at least under
lawsonite-stable conditions. Both types of terrane record extensive
interaction of different rock types (mafic, sedimentary, ultramafic) as
indicated by lawsonite composition and zoning. This likely reflects the
fact that both types of terranes, whether largely coherent or largely dis-
aggregated, were exhumed from the slab-mantle interface, the site of
significant fluid-rock interaction.

7.5. The record and interpretation of subduction P-T conditions

The observation that most lawsonite eclogites record maximum P-T
conditions at or near the global decoupling depth (~80 + 5 km; Fig. 5)
may indicate that the transition from a decoupled to coupled slab-
mantle interface induces exhumation at that point. Exhumation occurs
under warm (epidote) or cool (lawsonite) conditions depending on
the dynamics of the exhuming terrane relative to the rest of the
subducting slab.

Although P-T paths of subduction and exhumation may be confined
entirely to the lawsonite stability field, it is common for lawsonite in
eclogites and blueschists to occur in the same terrane - or even the
same rock - with epidote-group minerals that indicate a different

(warmer) thermal setting than the lawsonite-bearing assemblage. For
example, in the HP/LT complex of New Caledonia, lawsonite occurs in
the matrix of low-grade blueschists and is joined by epidote in higher-
grade blueschists (both in the Diahot terrane), in some cases occurring
as inclusions in epidote (Fig. 10f). In the adjacent Pouebo terrane,
lawsonite occurs only locally as inclusions in garnet in eclogites that
contain epidote and/or Ca-rich amphibole in the matrix (e.g., Clarke
et al., 1997). P-T modeling of the eclogites indicates that maximum
pressures and corresponding temperatures were in the lawsonite stabil-
ity field; the lack of matrix lawsonite in eclogite is the result of exhuma-
tion through the epidote-stability field at temperatures higher than the
conditions of prograde metamorphism (Vitale Brovarone and Agard,
2013). Widespread retrograde epidote-group mineral formation also
occurs in other lawsonite eclogites (e.g. Port Macquarie, Australia, mé-
lange; Garnet Ridge xenolith). The relative lack of fresh lawsonite in
eclogite globally is likely related in part to the prevalence of exhumation
through the epidote stability field. Although pseudomorphed lawsonite
is primarily replaced by hydrous minerals (paragonite, epidote, chlo-
rite), retrogression is driven by P-T changes, not by introduction of
fluids; lawsonite eclogites and blueschists that have interacted with
fluids that drove retrogression of garnet (e.g., replacement by chlorite)
will retain fresh lawsonite if retrograde metamorphism occurred
under low temperature conditions (Fig. 4d).

P-T paths in subduction metamorphism may be ‘counterclockwise’
(i.e., relative to P-T coordinates such as those in Fig. 5) (e.g., South
American Cordillera: Willner et al., 2004; Franciscan: Krogh et al.,
1994; Sivrihisar: Davis and Whitney, 2006, 2008), in some cases indicat-
ing a transition from epidote to lawsonite, such as may occur by contin-
ued subduction of colder rocks below a detached slice. This transition
may be preserved as epidote inclusions in garnet in a blueschist or
eclogite with matrix lawsonite. In such cases, it is important to
determine what part of the P-T path is recorded, so as to understand
the thermal evolution of the exhumed HP/LT rocks and therefore the
subduction zone.

The P-T path of a rock, including conditions of retrogression, may
affect the recorded conditions - and, as is true for many metamorphic
rocks, different thermobarometric methods may produce different
results — leading to some uncertainty about the estimated maximum
depth and corresponding temperature. The broad scatter in conditions
recorded by lawsonite blueschist (Fig. 5), including some that record
conditions beyond the experimentally-determined upper stability
limit of lawsonite, may to some extent reflect this uncertainty and/or
the effects of retrograde heating during exhumation. There is less scatter
in conditions recorded by lawsonite eclogite: most experienced peak
conditions between 2.4 and 2.5 GPa and 500 + 50 °C, corresponding
well with modeled slab thermal conditions (Fig. 5) and perhaps indicat-
ing preferential exhumation and preservation associated with the max-
imum decoupling depth of subduction zones, a point beyond which
tectonic exhumation and/or preservation of eclogite is unlikely
(Whitney et al., 2014).

In recent years, there has been much discussion of the observation
that many exhumed HP/LT rocks apparently record higher tempera-
tures than predicted by thermal models (Penniston-Dorland et al.,
2015). Indeed, even with a revised P-T dataset that includes more
lawsonite eclogites (e.g., Port Macquarie, Australia; central Pontides,
Turkey) and that excludes rocks that experienced ultrahigh-pressure
conditions of continental subduction (Table S4), results show that
most blueschist-facies rocks record higher-temperature conditions
than modeled slab-surface temperatures for a typical (normal/cold)
subduction zone (e.g., Syracuse et al., 2010) (Fig. 19). However, it is in-
teresting that a majority of HP/LT rocks plot in the lawsonite stability
field (>3x as many as in the epidote stability field, though results vary
depending on which lawsonite-out reaction is assumed). In addition,
most lawsonite eclogites - and all but one with fresh matrix lawsonite
- plot in the realm of modeled slab conditions (Figs. 5, 19). Furthermore,
some subduction complexes containing high-temperature rocks
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(600-700 °C) also contain very-low-temperature rocks, including
lawsonite eclogite (e.g., Rio San Juan/Samana Complex, Dominican Re-
public), indicating that the thermal conditions of the material exhumed
from the subduction zone varied considerably in time and/or space.

8. Suggestions for future research

To make progress with developing lawsonite as a tool for under-
standing subduction zone processes and evaluating the contributions
of fluids from different chemical sources to element cycling and mantle
redox conditions, it will be useful to:

(1) acquire major and trace element data from lawsonite from
more terrains with different structural settings (mélange, coherent),
P-T conditions, and geochemical contexts, accompanied by a thorough
assessment of whether lawsonite is prograde, peak, or retrograde. Of
particular utility are data from terrains with multiple generations of
lawsonite in associated rocks, such as lawsonite inclusions, matrix
lawsonite, and lawsonite-bearing veins, as well as compositional data
from other minerals. When analyzing lawsonite by electron micro-
probe, it is important to take into account the beam-sensitivity of the
mineral, to analyze for Fe, Ti, and Cr, and - although likely not present
- to analyze for Mn, Mg, Na, and K as a means of evaluating interference
with adjacent/host phases (e.g., Mn from garnet; Na or K from
white mica).

(2) obtain microstructural data for lawsonite, including system-
atic study of the crystallographic preferred orientation (CPO) of
lawsonite in different rock types recording eclogite- and blueschist-
facies conditions, for better understanding of the rheology and
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Fig. 19. P-T diagram showing recorded conditions of HP/LT rocks exhumed from oceanic
subduction complexes (small blue dots; dataset of Penniston-Dorland et al. (2015), with
addition of lawsonite eclogites in this compilation and other data from the literature and
subtraction of continental subduction rocks; Table S4). Lawsonite eclogites and
blueschists of this paper’s compilation are highlighted using the same symbols used in
Fig. 5. Also shown are the slab-surface conditions of Syracuse et al. (2010), the
maximum decoupling depth (MDD) of Wada and Wang (2009), and the lawsonite-out
reaction of Schmidt (1995).

geophysical properties and dynamics of subducted oceanic crust at
forearc to subarc depths. Electron back-scatter diffraction (EBSD) analy-
sis of lawsonite CPO should be accompanied by information about the
overall mineral assemblage (including mode) and an evaluation of the
fabric data in the context of textural generation of lawsonite and P-T
path. Comprehensive, high-quality datasets that integrate composition
with microstructure allow evaluation of the parameters that control
trace-element incorporation in lawsonite (crystallographic effects, P-
T-X conditions - including fO5,).

(3) conduct radiogenic isotopic studies of lawsonite, including de-
velopment of lawsonite geochronometers, ideally with in situ methods,
leading to better integration of lawsonite data with other geo/petrochr-
onometers such as those involving garnet, rutile, and/or titanite. As with
other compositional analyses of lawsonite, it is important to consider
zoning and the interpretation of lawsonite in the context of P-T condi-
tions and path.

(4) develop methods for stable isotopic (O, H) analysis of
lawsonite, as results could be used to aid interpretation of fluid sources
involved in lawsonite growth and fluid-rock reactions in subduction
zones (e.g., Kang et al., 2019). In this case, too, lawsonite zoning and
P-T conditions/reaction history should be considered, as well as the ef-
fects of protolith composition, including those related to seafloor
alteration.

Lawsonite has the potential to be a powerful new petrochronometer
for subduction processes that are recorded in exhumed HP/LT rocks.
Lawsonite composition, zoning, microstructure, and age provide signif-
icant information that can be linked to prograde, peak, and retrograde
metamorphism to document the conditions, mechanisms, and magni-
tude of water and element cycling between the subducted plate and
overlying mantle, including the contribution of subducted slabs to man-
tle redox conditions.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.lithos.2020.105636.
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