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The Navajo Volcanic Field in the Colorado Plateau (southwestern USA) is the only locality in the world where slab-derived high-
pressure metamorphic rocks have been rapidly brought to the surface as xenoliths. As those xenoliths occur within serpentinized
ultramafic microbreccias, they are interpreted to have been transported by an enormous explosion of the hydrated lithospheric
mantle, rather than directly by deep-sourced magma. However, some xenoliths preserve evidence of a thermal pulse related
to Oligocene Farallon slab tearing. Here, we examine records of the Oligocene thermal pulse in a lawsonite (pseudomorph)-
eclogite xenolith with petrological characterization and crystallographic analysis. Garnet porphyroblasts in the xenolith record
metasomatic overprinting by Mg-rich domains, and garnet cores were replaced by omphacite. These features suggest eclogite-
facies metasomatism similar to those proposed in previous studies. However, omphacite has cation-disordered structure, and
quenched felsic melt pockets of trondhjemitic to granitic composition are found as an array in omphacite, indicating that the
xenolith was heated above 800 °C after eclogite formation. Lawsonite pseudomorphs are basically composed of euhedral zoisite,
euhedral mica (~pgso margsg), anhedral to subhedral plagioclase (~abys anys), and altered silicate glass. Omphacite grains enclosed
in lawsonite pseudomorphs have zoisite-free halos in which peritectic aspidolite preferentially occurs. These observations suggest
the past presence of hydrous silicate melt in lawsonite pseudomorphs and its crystallization at sufficiently low-P conditions at which
plagioclase is stable. Multicomponent diffusion modeling of the metasomatized garnet constrains a short heating timescale to <10*
years, but probably <10 years if directly interacted with a deep-sourced magma. Taken together, we argue that a transient magmatic
episode first transported the eclogitized slab fragments into a shallower level (<60 km) in the subcontinental lithospheric mantle
or overlying crust, which caused rapid heating, local flux melting, dehydration melting of lawsonite, and quenching to subsolidus
temperatures. The xenolith then experienced the final explosive emplacement either immediately or after some period of subsurface
storage.
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Introduction orogeny was followed by slab tearing, sinking and invasion of hot
asthenospheric material (e.g. Humphreys et al., 2003; Usul et al., 2003;
Smith et al, 2004; Smith, 2010; Hoover et al.,, 2020). It is therefore
important to investigate detailed pressure-temperature-time (P-T-t)

histories from those xenolith samples for the general understanding of

The Navajo Volcanic Field in the Colorado Plateau, southwestern USA,
has hitherto been known as the only locality on Earth where slab-
derived high-pressure metamorphic rocks were rapidly brought to the

surface as xenoliths. In several diatremes, metamorphosed slab frag-
ments have been found as coesite-bearing lawsonite eclogite, together
with a great variety of sedimentary, igneous, and metamorphic rocks
(e.g. Watson & Morton, 1969; Helmstaedt & Doig, 1975; Helmstaedt
& Schulze, 1988; Usui et al, 2003). Petrological, geochemical, and
geophysical studies have revealed that low-angle subduction of the
Farallon plate beneath the Colorado Plateau during the Laramide

non-steady tectonic processes in the final stage of flat-slab subduction.

The failure of flat-slab subduction generally induces prominent
mass transfer with kilometer-scale migrations of both aqueous fluid
and magma. In particular, large-scale explosive silicic volcanism
called ‘ignimbrite flareup’ has received particular attention because
of its unique characteristics compared to typical near-trench arc
volcanism (e.g. Coney, 1978; Johnson, 1991; Best et al, 2016). In
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the western USA, such magmatism occurred at 38-23 Ma in the
surroundings of the Colorado Plateau (e.g. Karlstrom et al, 2022).
In addition, the slab foundering could have led to significant slab
dehydration, and the liberated aqueous fluid caused hydration of the
hanging-wall lithospheric mantle (e.g. Schulze et al, 2015; Hoover
et al., 2020).

The peculiarity of slab-derived xenoliths in the Colorado Plateau lies
not only in their rare origin but also in their exhumation process. In
the Navajo Volcanic Field, several diatremes of serpentinized ultra-
mafic microbreccias (SUM; McGetchin & Silver, 1972) and potassic
mafic-felsic minettes are exposed, whose emplacement ages are 32—
19 Ma (Naeser, 1971; Helmstaedt & Doig, 1975; Roden et al, 1979;
Laughlin et al, 1986; Smith et al, 2004). Although the SUM, which
host slab-derived eclogite xenoliths, were formerly called kimberlites’,
they prove not to be true kimberlites because their petrological and
geochemical features lack any evidence that they were originally
magma (e.g. McGetchin & Silver, 1972; Roden, 1981). Several stud-
ies argue that minette magma intrusion caused a thermal pulse to
heat up the hydrated mantle, thereby triggering devolatilization for
the explosion of gas-solid (SUM) mixtures, which brought various
xenoliths up to the surface (Smith & Levy, 1976; Smith et al, 2004;
Hoover et al, 2020). Nevertheless, it remains uncertain what kind
of heating processes caused the explosion. Considering the physical
condition for hydrofracturing, or positive volume change through the
devolatilization reaction (Nishiyama, 1989), the explosion of antigorite
serpentinite matrix should occur at lower pressure than ~2 GPa (e.g.
Ulmer & Trommsdorff, 1995); however, coesite-bearing slab fragments
have been exhumed in this locality, which must have originated from
significantly higher pressure conditions.

A major barrier to solving this riddle is scarce constraints on to
what extent the xenoliths suffered from heating during exhumation.
A detailed investigation of this point will help us understand the
actual medium bringing the xenoliths from depths. The only potential
constraint was provided by Smith (2010), who revealed evidence of
a later-stage thermal pulse from ultramafic xenoliths. They estimated
the heating to have lasted for less than 1700 years based on Mg-Fe
interdiffusion modeling in a compositionally zoned olivine. As the
zonation in the olivine is characterized by a Mg-rich rim formed by
chlorite breakdown, the temperature of the thermal pulse must have
exceeded 750 °C. However, the pressure conditions at which the ultra-
mafic xenoliths were heated were poorly constrained, and evidence of
such a pre-explosion heating has never been clearly described from
other xenoliths with different lithologies. The inspection of heating
records in lawsonite eclogite xenoliths, or Farallon slab fragments, is
thus of importance to understand the detailed explosion mechanism
on a lithospheric scale. Unraveling the origin and spatiotemporal
characteristics of the heat source may further constrain the general
dynamics with slab tearing, possibly accompanied by asthenospheric
intrusion or hot plume invasion.

In this study, we focus on an eclogite xenolith with lawsonite pseu-
domorphs from the Colorado Plateau to explore the record of later-
stage heating. We perform crystallographic and micro-to-nanoscale
petrological analyses of the lawsonite eclogite xenolith. Despite many
previous studies on the subduction history of the Farallon slab, the
following two aspects of the xenolith remain unexplored. First, the
crystallographic features of omphacite have never been discussed. The
space group of omphacite and its microstructure formed by cation
ordering have potential to constrain the T-t path and the recrystal-
lization kinetics (e.g. Carpenter, 1982b ; Fukushima et al,, 2021, 2024).

Second, the texture of lawsonite pseudomorphs, most of which are
occupied by tiny fibrous zoisite crystals, has been described only
qualitatively. It is also worth examining because it may be related to
the rapid heating of the xenolith. These investigations provide novel
constraints on the pre- or syn-explosion heating event, and serves as
a unique case study that illustrates the transient processes.

Background

The Colorado Plateau is an elevated region in the southwestern inte-
rior of the USA. It comprises unmetamorphosed and undeformed Pale-
o0zoic to Cenozoic sedimentary rocks on Proterozoic basement (Condie,
1982). The Farallon plate was subducting as a flat slab beneath this
plateau during the late Cretaceous and Paleogene (e.g. Atwater, 1970;
Karlstrom et al,, 2022), and its dip flattening followed by prolonged
low-angle subduction led to eastward migration of arc magmatism
(e.g. Coney & Reynolds, 1977; Lipman, 1992). Afterwards, the low-
angle subduction ceased with tearing of the slab rather than a simple
slab roll-back (Humphreys, 1995). This scenario has been confirmed
by two independent directions of the magmatic front propagation
(e.g. Coney & Reynolds, 1977; Clark et al, 1982; Armstrong & Ward,
1991) and by the presence of a fallen slab revealed by modern mantle
tomographic imaging (Schmandt & Lin, 2014).

Lawsonite eclogite xenoliths have been reported from the SUM dia-
tremes, and they were investigated in several studies. Typical eclogites
in the Navajo area (metabasic eclogites or ‘Navajo eclogites’) have
mineral assemblages of garnet, omphacite, rutile, altered lawsonite
(or pseudomorphs), and several minor minerals such as phengite,
zircon, and rare quartz and coesite (e.g. Watson & Morton, 1969;
Helmstaedt et al., 1972; Smith & Zientek, 1979; Helmstaedt & Schulze,
1988; Usui et al, 2003). Some eclogitic xenoliths consist mainly of
jadeitic pyroxene and are close to monomineralic jadeitite (Tsujimori
& Harlow, 2012). Their petrological features as Group-C eclogite (cf.
Coleman et al., 1965; Tsujimori & Mattinson, 2021) imply their similar-
ity to those of Franciscan oceanic eclogites (Helmstaedt & Doig, 1975).
The constituent minerals of the eclogite are significantly enriched
in 180 relative to mantle-forming minerals (e.g. Smith et al, 2004),
demonstrating their origin to be fragments of the Farallon slab. Petro-
logical and geochemical investigations suggest that the eclogite was
formed by the prograde metamorphism of altered mid-ocean ridge
basalt (Usui et al., 2006, 2007). On the other hand, U-Pb geochronology
revealed the presence of Proterozoic zircon (Smith et al, 2004) as
well as of minerals forming in the late Cretaceous-Paleogene (Usui
et al., 2003; Smith et al, 2004; Pohlner et al., 2025). The significantly
old zircon indicates that the eclogite protolith can be the overriding
continental lithosphere brought down by subduction erosion. Some
recent xenolith-based studies in the Farallon subduction zone suggest
inland transport of eroded materials (Chapman et al, 2020; Smith,
2020). In any case, one can assume that both the oceanic crust and
eroded continental crust experienced a similar prograde metamor-
phism with subduction. Phase equilibrium modeling of a phengite-
bearing eclogite xenolith has constrained the peak P-T conditions of
the prograde metamorphism to 3.7 GPa and 620 °C (Herndndez-Uribe
& Palin, 2019).

Recent studies of the lawsonite eclogite xenoliths and other types
of xenoliths have focused on the hydration process around the base
of the continental lithosphere. Schulze et al. (2015) proposed the pres-
ence of hydration event at ~28 Ma based on Th-Pb dating on accessory
monazite, and related this event to many previous observations of
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Figure 1 Photographs of the eclogite xenolith. (Lws) indicates lawsonite pseudomorphs. (a) Appearance of the polished xenolith sample. The yellow
dashed lines highlight the morphology of mineral banding. (b) Plane-polarized (PPL) microphotograph of the analyzed thin section. The major-element
compositional profile along the yellow line will be presented in Fig. 2c. (c, d) Enlarged PPL microphotographs. Matrix-forming omphacite grains tend
to have a dusty appearance. (e) BSE image of the matrix-forming omphacite. The white arrows indicate dissolved pores. (f) BSE image of a lawsonite
pseudomorph. The pseudomorph consists of micron-scale phases such as zoisite and plagioclase (see details in Fig. 4). (g) BSE image of another
lawsonite pseudomorph. Omphacite enclosed in the pseudomorph is surrounded by a zoisite-free halo (see details in Fig. 5). The white arrows indicate
veinlets extending from the pseudomorph, which crosscut matrix-forming omphacite. (h) BSE image of amphibole-rich veinlet adjacent to the lawsonite
pseudomorph in (g). Compositional heterogeneity in matrix-forming omphacite is also presented.

hydrous minerals in mantle-derived xenoliths (e.g. McGetchin & Silver,
1970; Smith, 1995, 2010). They called this massive hydration event
as ‘Great hydration’. Hoover et al. (2020) investigated oxygen isotope
zoning in garnet from the lawsonite eclogite xenoliths. They proposed
that the metasomatic fluid originated from serpentine minerals in the
sinking Farallon slab, and demonstrated a temporal link between the
Great hydration event and the SUM dike formation. Several studies
on halogen contents, and oxygen, hydrogen, and chlorine isotopes
of mantle xenoliths supported that the metasomatic fluid came from
the Farallon slab (Marshall et al, 2017; Segee-Wright et al, 2023,
2024). A few reports of garnetite xenoliths and discrete garnet crystals
also suggest the presence of mantle metasomatism (Smith & Griffin,
2005; Sakamaki et al., 2016), although the reported samples include
those probably coming from asthenosphere below the Farallon slab

(Sakamaki et al., 2016). More recently, petrochronology of eclogite and
omphacitite xenoliths revealed the presence of eclogite-facies meta-
somatism by Na-Si rich fluids that have predated the serpentinite-
derived fluid infiltration (Pohlner et al, 2025). Sr—Nd-S-O isotopic
compositions of pyrite-bearing eclogite and omphacitite xenoliths cor-
roborated that the Na-Si rich fluids, probably also enriched in S, were
derived from siliceous metasediments (Aulbach et al., 2026).

Methods
Sample preparation

We used an eclogite xenolith sample (~20 cm in size; Fig. 1a) collected
from Garnet Ridge, central part of the Navajo Volcanic Field (sample
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name: CLR-GR-O2T; courtesy of Dr Yoshihide Ogasawara, emeritus
professor of Waseda University, Japan). The appearance of this xeno-
lith sample has been reported previously (Tsujimori & Mattinson,
2021). From relatively fresh parts of the xenolith sample, we prepared
polished thin sections (~60 pm in thickness) for the characterization
of the mineral assemblage, rock texture, and mineral compositions.
For single-crystal X-ray diffraction experiments, omphacite crystals
were separated from the ~120-200 pm fraction (150-100 mesh) of
the crushed xenolith sample by using a Franz magnetic separator at
Tohoku University.

Mineral identification and electron microprobe
analysis

The polished thin sections were analyzed by using a JEOL JSM-7001F
field emission-scanning electron microscope (SEM) equipped with
an Oxford INCA X-act energy dispersive X-ray (EDS) spectrometers
at Tohoku University. All analyses described in this subsection were
performed at a 15 kV acceleration voltage. The back-scattered electron
(BSE)imaging and mineral identification were performed with a beam
current of 1.4 nA, whereas the X-ray intensity maps of the lawsonite
pseudomorphs were acquired with a beam current of 3.0 nA. EDS
data and obtained map data were processed with the AZtec software
(Oxford Instruments). Semi-quantitative analyses (using factory stan-
dards) were performed to evaluate major-element compositions of
representative phases. Processed map data with the TruMap mode
were re-processed to classify mineral phases by using the Image]
software (Abramoff et al., 2004).

We collected a qualitative, thin-section scale X-ray intensity map in
wavelength-dispersive (Ca, Mg, Mn, Na, Fe) and EDS (Al, Si, P, S, K,
Ti, Cu) modes by using a JEOL JXA-iHP200F field-emission electron
probe microanalyzer (EPMA) at Tohoku University. The mapping was
performed with a beam current of 300 nA and a dwell time of 25 ms.
In addition, the quantitative compositional analysis of the minerals
(garnet, omphacite and zoisite) was performed by using a JEOL JXA-
8200 EPMA at Bayerisches Geoinstitut (BGI) with a beam current of
10 nA and a spot size of 5 pm. This EPMA was also used for collecting X-
ray intensity maps of a representative garnet porphyroblast. The maps
(Mg, Al, Ca, Fe, Mn) were acquired with a beam current of 100 nA and
a dwell time of 18 ms.

Post-hoc analysis of X-ray maps

All the X-ray intensity maps obtained with EPMA were processed and
converted into phase maps with the software XMapTools 4.4 (Lanari
etal, 2014, 2019; Lanari & Tedeschi, 2025). For the representative gar-
net porphyroblast, a quantitative compositional map was additionally
generated by calibrating the obtained X-ray intensity maps with the
quantitative line profile.

The quantitative compositional map was further used for evalu-
ating annealing timescale by diffusion modeling. Two representative
diffusion profiles (DP-1 and DP-2) were carefully chosen and extracted
from the map, and one-dimensional multicomponent (almandine,
pyrope, grossular, spessartine) diffusion modeling was performed by
using the software DIFFUSUP v1.13 (Chen et al., 2024). The almandine
component, which is most abundant in the investigated garnet, was
regarded as a dependent component. Diffusion coefficients of the
divalent cations in garnet were taken from Carlson (2006), and the
effect of oxygen fugacity variation was ignored for simplicity (i.e.

graphite—oxygen buffer is assumed), similarly as in a previous diffu-
sion modeling (Hoover et al., 2020). The initial compositional profile
was set as a step function presumably generated by metasomatic
replacement (e.g. Putnis, 2009; Martin et al, 2011). The boundary
concentrations were estimated by averaging five data points from
each side. For the grossular profile, a small offset value (—0.005)
was added to one end for better fitting. The initial step coordinate
was approximated by the Matano interface for the pyrope profile.
Although this coordinate would not be strictly identical to the initial
step coordinate if cation diffusivity is spatially heterogeneous, we here
ignored the difference for simplicity. The best-fit diffusion timescale
and its uncertainty (derived from analytical uncertainties) were esti-
mated as the posterior mean and standard deviation based on the
Bayesian framework implemented in the software.

X-ray single crystal diffraction of omphacite

X-ray diffraction data of three representative omphacite crystals
(CLRO1, CLR0O2, CLR03) were collected by using an Oxford Diffraction
Xcalibur 2 diffractometer at BGI. The system included a charge-
coupled device (CCD) detector and graphite-monochromatized Mo-Ka
radiation operated at 50 kV and 40 mA. 2D diffraction images were
collected up to 26 max. = 72°, with an exposure time of 60 s and steps
of 0.5°. The measurement time was ~21 h per sample. Peak positions
and intensities were extracted from the diffraction images using the
CrysAlisPro software (Rigaku Oxford Diffraction), which was also
employed to apply Lorentz, polarization, and numerical absorption
corrections. The structure of each sample was solved and refined
using the SHELX software package (Sheldrick, 2015) in the ShelXle
graphical user interface (Hubschle et al, 2011). In each structural
model, the site occupancies of the M2 (Na, Ca) and M1 (Mg, Fe, Al)
cation sites were fixed according to the averaged results obtained from
EPMA, whereas the atomic coordinates and anisotropic displacement
parameters of all atoms were refined against the squared structure
factors F 2. Further details regarding the refinements can be found in
the deposited crystallographic information files (CIFs).

TEM sample fabrication

The omphacite single crystals from which diffraction data were suc-
cessfully obtained were mounted with epoxy resin and polished. A
thin foil with a thickness of 100-150 nm was fabricated from each
mounted grain using a focused ion beam (FIB) technique (Fig. S1). We
used an FEI Scios DualBeam FIB-SEM system equipped with a gallium
ion-gun and a thermal field emission electron gun at BGI, and the
same FIB-SEM system at the Geodynamics Research Center at Ehime
University (GRC). Representative compositions of the mounted grains
were obtained by using the JXA-8200 EPMA at BGI under the same
condition.

In addition to the mounted omphacite grains, omphacite located
inside an atoll-shaped garnet grain (CLRTS_04) and three lawsonite
pseudomorphs (CLR _ZoPs_01 and CLR_ZoPs_03: only pseudomorph;
CLR_ZoPs_02: including an interface between omphacite and pseudo-
morph) were also fabricated directly from a thin section into thin foils
by using the FIB technique.

TEM observation and nanoscale analysis

The thin foil specimens of omphacite were observed by using an
FEI Titan G2 80-200 S/TEM system at BGI for textural observation,
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compositional measurement, and compositional mapping. All anal-
yses described in this subsection were performed at a 200 kV
acceleration voltage. The degree of order of each omphacite specimen
was evaluated by acquiring selected area electron diffraction (SAED)
patterns along certain zone axes (e.g. c-axis). To reduce the effect
of multiple scattering, beam precession was introduced for some
SAED measurements. Bright-field (BF) and dark-field (DF) TEM images
were also obtained. Representative major-element compositions were
measured by selecting several regions of interest from EDS X-ray
maps collected by scanning transmission electron microscopy (STEM).
The EDS spectra data were processed by using the Esprit software
(Bruker), with the Cliff-Lorimer method for Z-number correction
(Cliff & Lorimer, 1975) and absorption correction (van Cappellen &
Doukhan, 1994). As for details of the measurement and analytical
methods, see Fukushima et al. (2024).

The thin foil specimens of lawsonite pseudomorph were observed
by using the same system at BGI (for CLR_ZoPs_01 and CLR_ZoPs_02),
and a JEOL JEM-2100F S/TEM (equipped with a silicon drift detector
DrySD60GV) at GRC (for CLR_ZoPs_01 and CLR_ZoPs_03). SAED pat-
terns of each phase, BF-TEM images, and EDS X-ray maps of represen-
tative areas were obtained for the characterization of lawsonite pseu-
domorph. The EDS spectra for the CLR_ZoPs_03 were obtained at GRC,
and processed by using the Noran System 7 software (Thermo Fisher
Scientific), with the correction based on experimentally calibrated
k-factors and the assumed specimen thickness.

All the analyses of SAED patterns for the mineral identification were
performed by using the ReciPro software (Seto & Ohtsuka, 2022).

Thermodynamic modeling and mass-balance
calculation

The following calculation methods were applied to discuss the
petrographic observations, especially local reaction textures. Ther-
modynamic calculations were performed by using the software
THERMOCALC v3.51 (Powell et al, 1998; Holland & Powell, 2011).
The Reactions software (by Dmitry Dolivo-Dobrovolsky; http://www.
dimadd.ru/en/Programs/reactions) was also used to confirm whether
a discontinuous reaction among multiple minerals was algebraically
allowed.

Sample petrography

In this section, we describe individual minerals in the xenolith based
on SEM-EDS and EPMA analysis. Mineral abbreviations follow Warr
(2021). The sample shows a compositional banding composed of alter-
nating garnet-rich and -poor layers (Fig. 1a, b). The mineral assem-
blage and modal proportions are: omphacite (70.7%), garnet (16.7%),
lawsonite pseudomorphs (zoisite-rich aggregates; 11.6%), and rutile
(0.7%) (based on surface area proportions in the phase map shown
in Fig. S2; map size=2.4 x 1.5 cm?). As accessory phases, plagioclase,
chlorite, sodic-calcic amphibole, zircon, barite, and Fe-Ti oxide were
identified with SEM-EDS point analyses. Neither phengite nor SiO,
polymorph was found in our sample. Representative mineral com-
positions of garnet, omphacite, zoisite, amphibole, and other minor
phases are presented in Tables S1-S7.

Omphacite

The matrix-forming omphacite grains are compositionally heteroge-
neous (quadss_so jd3p-50 aegio-2s; Figs 1h and 2a, Tables S2 and S3),
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and characterized by the presence of elongated pores (10-20 pm in
width; white arrows in Fig. 1e) and tiny pits (<5 pm in size). Their
dusty appearance in the optical microscope (Fig. 1c, d) appears to be
attributed to those micron-scale structures. The elongated pores are
aligned in a specific direction within each grain, probably parallel to
the c axis of omphacite. Notably, some omphacite grains enclosed in
garnet lack such textures (Fig. 1c).

Garnet

Garnet occurs as porphyroblasts (typically 1-2.5 mm in size) with
dense microcracks (Fig. 1¢) filled by other minerals or healed by garnet
itself. The major-element compositional profile of the largest garnet
in the thin section (almsg_g prpis-—a 8rsis-20 SpPsz—s adro; Table S1)
shows a rimward increase in Mg# = 100 x Mg/(Mg + Fe?*) atomic ratio
(Fig. 2¢), which is consistent with previous reports of prograde garnet
zoning (e.g. Usui et al., 2006). However, X-ray maps of the garnet por-
phyroblast show that its major element compositions were modified
along microcracks (Fig. 3b, c). This modification, which shifted the
garnet compositions toward Mg-rich, and Ca- and Mn-poor direction,
appears to have obliterated most of the original prograde zoning tex-
tures (Fig. 3¢, d). The garnet compositions are thus grouped into two
distinct generations with a threshold of Xprp ~0.15: Grt-1 (Mg-poor)
and Grt-2 (Mg-rich) (Fig. 3d, e). In addition, the atoll-shaped feature
with a preferential replacement of garnet core by omphacite (Fig. 3a)
indicates post-metamorphic fluid infiltration and high-P metasoma-
tism (Cheng et al, 2007; Faryad et al, 2010), as described in previ-
ous studies of Navajo eclogites (e.g. Hernandez-Uribe & Palin, 2019;
Pohlner et al., 2025).

Lawsonite pseudomorphs

Lawsonite pseudomorphs are ubiquitously found in the xenolith
sample, mainly in the matrix and occasionally as inclusions in garnet
porphyroblasts (Fig. 3a). Pristine lawsonite, which was confirmed in
previous studies (e.g. Usui et al.,, 2006; Hernandez-Uribe & Palin, 2019),
was not found in our sample. Nonetheless, the polyhedral outline of
the aggregate indicates the original shape of the lawsonite crystal
(Fig. 1f). Some lawsonite pseudomorphs are accompanied by radial
cracks into surrounding matrix minerals (Fig. S3). X-ray maps of the
lawsonite pseudomorph reveal the presence of at least three phases
other than zoisite (Fig. 4a). The modal proportions are: zoisite =49.7%;
Si-rich phase (plagioclase) = 12.7%; Mg-rich phyllosilicate = 11.7%; and
Ca-poor, Al-rich phase (probably mica)=26.0% (Fig. S4). In addition,
omphacite enclosed in lawsonite pseudomorphs is selectively
surrounded by a halo with zoisite-free phase assemblages (Figs 1g
and 5a, b), composed of plagioclase and Mg-rich phase aggregates
(Fig. 5¢). Plagioclase tends to occur on the omphacite side (Fig. 5¢), but
it does not necessarily cover the whole surface of the omphacite grain
(Fig. 5b). Detailed descriptions of the mineral assemblages are given
in the later sections.

Amphibole and associated minerals

Sodic-calcic amphibole (magnesiotaramite) occurs along dissolved pits
and microcracks in matrix-forming omphacite, in contact with garnet
(Figs 1d, e and 3b, Table S5). In addition, arrays of sodic-calcic amphi-
bole (barroisite) are present as veinlets extending from lawsonite
pseudomorph, which crosscut matrix-forming omphacite (Fig. 1g, h,
Table S5). These amphibole arrays are surrounded by albite (~abgg
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Figure 2 Major-element compositions of omphacite and garnet. (a) Compositional variation of omphacite (measured with EPMA). The data labeled as
‘thin section’ were obtained by spot analyses of matrix-forming omphacite with random sampling on a single thin section. (b) Compositional variation
of omphacite (measured with STEM-EDS). The gray field indicates the range of EPMA data. Note that the light-blue circles represent the compositions
of Ca-rich omphacite found in CLRO3 (see details in Fig. 7). Nomenclature after Morimoto et al. (1988). (c) Core-to-rim line profile of the representative

garnet porphyroblast in Fig. 1b.

anjo. Table S6) and accompanied by Ca-rich omphacite (~quadyg
jdps aegy; Table S7) (Fig. 1h). The interface between the plagioclase
and matrix-forming omphacite is locally characterized by wavy mor-
phology. Chlorite also occurs along microcracks cutting garnet and
omphacite, locally together with amphibole (Fig. 3b).

Other minerals

Barite occurs both as thin veinlets in matrix-forming omphacite
(Fig. S5a) and inclusion in garnet (Fig. S5b). Fe-Ti oxide locally occurs
as a partial replacement of rutile.

Crystallographic features of omphacite

Cation ordering state in omphacite reflects thermal histories of eclog-
ite. Omphacite found in low-T eclogite (i.e. Group-C eclogite) usually
exhibits the P2/n space group (ordered structure) due to splitting of
each cation sites (M1 and M2) into two separated sites (M1, M11
and M2, M21) (Matsumoto et al., 1975), since their metamorphic peak
temperatures do not exceed the critical temperature (~865 °C; Car-
penter, 1982a) as long as the chemical composition is within a typical
range (e.g. Carpenter, 1980; Miuller et al., 2011; Fukushima et al., 2021,
2024). Annealed at higher temperature, cation disordering occurs to
exhibit the C2/c space group (e.g. Fleet et al, 1978; Boffa-Ballaran
etal., 1998).

Our X-ray diffraction measurements revealed that the diffracted
intensities from the ordered phase (P2/n) were systematically extinct
(below 3-sigma level) for all the three crystals. Therefore, the crystal
structures were refined in the C2/c space group (Table 1). Our TEM
observation of omphacites consistently demonstrated the absence
of antiphase boundaries and of electron diffraction peaks from the
ordered phase (i.e. 0kO (k=0dd)) in the SAED patterns acquired with
beam precessions for all the crystals (Fig. 6¢, Fig. S6). However, their
SAED patterns acquired with no beam precessions show significantly
weak and broad electron diffraction, or diffuse scattering, of OkO
(k=0dd) (Fig. 6a, b, Fig. S6). The difference in diffraction intensities
with and without beam precession is due to the extent of multiple
electron scattering (or ‘double diffraction’) in the specimens. Since the
extinction of 0kO (k = odd) diffraction peaks in omphacite is caused by

the Bravais lattice change with cation disordering, the investigated
omphacite would still retain slightly ordered structures, likely with
short-range order.

Additional features revealed by FIB-TEM analysis
Nanoscale compositional analysis of omphacite

The major element compositions of omphacite obtained from the
STEM-EDS analyses are presented in Tables S8 and S9. Based on
the Fe3* content estimation with Fe3* =Na — Al and endmember
calculations (e.g. Fukushima et al, 2024), the STEM-EDS data tend
to overestimate the jadeite component compared to the EPMA
results, whereas no systematic difference was found in the aegirine
component between STEM-EDS and EPMA (Fig. 2b). According to the
STEM-EDS results, CLRO1 and CLRO2 are more enriched in the
aegirine content than CLRO3 (Fig. 2b), but this trend is not clearly
observed in the EPMA data (Fig. 2a).

Amorphous phase in omphacite

In the course of TEM observation of separated omphacite crystals, we
unexpectedly found an array of micron-scale crystals and amorphous
phases with void in one of the omphacite specimens (CLRO3; Fig. 7a,
b). Their occurrence is characterized by a string-of-beads texture
locally connected to dislocations in the host omphacite (Fig. 7a, ).
The largest clot bounded by the dislocations (which we call ‘the
polyphase pocket’; Fig. 7c—e) is composed of amorphous phase with
trondhjemitic to granitic compositions (73-75 wt % SiOy, 18-19 wt
% Al,O3, <1 wt % Ca0, 3-5 wt % Na,0, and 3 wt % K,0; Table 2),
Ca-rich omphacite (quadgs_7s jd20-30 aego-s; Fig.2b), and minor
amounts of K-bearing phyllosilicates (Fig. 7e): muscovite (Si=3.2
a.p.fu. for 0=11) and wonesite (general formula: (Na, K)g5(Mg, Fe,
Al)s(Si, Al)4019(0OH),). Representative compositions of the minerals
are presented in Table S10.

The amorphous phase has a flat, smooth appearance in BF-TEM and
STEM-HAADF images (Fig. 7a, ¢, d). Its SAED pattern shows a diffuse
ring with a spacing of approximately 3—4 A (0.3-0.4 nm) (Fig. 7c). The
Ca-rich omphacite occurs preferentially at the edge of the amorphous
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Figure 3 Spatial distribution of minerals and compositional heterogeneity in garnet. (a) Thin-section scale phase map generated from X-ray intensity
maps. (b) Phase map around the representative garnet porphyroblast (same grain as shown in the lower part of Fig. 1b). (c) Quantitative compositional
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phase (Fig. 7a, d, e) with abundant stacking defects on the (010)
plane (Fig. 7¢).

Phase assemblage of lawsonite pseudomorphs

Our FIB-TEM analysis revealed the presence of micron-scale crys-
tals (zoisite, plagioclase, mica) and interstitial amorphous material
(IAM) in lawsonite pseudomorphs (Fig. 4c—f). We also found aspidolite
(~6 wt % Na,0) rimmed by phlogopite and the albite (~abgg anig)-

alkali feldspar (~orgg abyp) pair in the zoisite-free halo around an
omphacite grain enclosed in a lawsonite pseudomorph (Fig. 5d-f). In
addition, as submicron phases, fibrous Mg-rich phyllosilicates occur as
aggregates with abundant intercrystalline porosity (Figs 4d and 5d-g).
Representative mineral compositions measured with STEM-EDS are
presented in Table S11.

Euhedral tabular zoisite is the dominant phase in the pseudomorph.
The zoisite crystals have inner cores and overgrown Fe-rich rims
(Fig. 4d, e). The mica crystals are almost K-free and Ca-rich (~pgso
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Figure 4 Summary of micropetrography of lawsonite pseudomorphs. (a) Combined X-ray intensity maps (Ca, Si, Al, Mg, Na). (b) Enlarged BSE image.
(c) STEM-BF (bright field detector) image of a lawsonite pseudomorph (CLR_ZoPs_01). (d) STEM-HAADF (high-angle annular DF detector) image of the
lawsonite pseudomorph (CLR_ZoPs_01). (e) X-ray intensity map (Fe) of the same region as (d). Zoisite has overgrown with an Fe-rich rim (bounded by
the yellow dashed line). (f) BF-TEM image of IAM presented in (b) (CLR_ZoPs_03). The dashed squares 1 and 2 indicate the representative areas for the
compositional analysis with STEM-EDS (dark and bright area, respectively). As an inset, the SAED pattern is presented.

margsp) and occur as euhedral tabular crystals (Fig. 4c, d). By contrast,
plagioclase (~abys anps) occurs as anhedral to subhedral crystals
(Fig. 4c, d).

Apart from the minerals described above, we found IAM in the law-
sonite pseudomorph (Fig. 4b, f). BE-TEM imaging revealed its rough
and uneven texture, apparently consisting of nanoparticle aggregates
(10-30 nm in size) (Fig. 4f). A banding texture was found as a spatial
heterogeneity in the BF contrast (Fig. 4f). The IAM occurs together with
void and damaged area by Ga-ion beam (Fig. 4f). The spacing of the
diffuse ring in the SAED pattern is ~3—4 A. Its chemical composition
(normalized without H,0) is characterized by 57-60 wt % SiO,, 14—
16 wt % Al,03, and 7-8 wt % CaO, but it also contains an unusually

high amount of Fe (~8 wt % FeO), and Zn and S at the weight percent
level (Table 2).

Aspidolite rimmed by phlogopite and the albite-alkali feldspar pair,
which were found only in the zoisite-free halo, occur as euhedral
crystals in a matrix composed of Mg-rich phyllosilicate (Fig. 5d-).
The Mg-rich phyllosilicate laths are typically characterized by signif-
icantly small widths (<150 nm) compared to other pseudomorph-
forming euhedral minerals (zoisite and mica: 500-1000 nm), although
a few grains adjacent to phlogopite have thicker, tabular morphologies
(Fig. 5e, 1). Chemical compositions of the Mg-rich phyllosilicate can
be approximated by those of chlorite (enriched in Mg-Al-Si and total
cations ~10 with 0=14, Si=2.6-3.5 a.p.fu; Table S11 and Fig. S7),
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Figure 5 Zoisite-free halo found at the rim of omphacite enclosed in lawsonite pseudomorphs. (a) BSE image of omphacite enclosed in a lawsonite
pseudomorph. (b) Combined X-ray intensity maps (Ca, Mg, Fe, Na) of the same region as (a). (c) Enlarged BSE image of the zoisite-free halo. (d, ) STEM-
HAADF images of the zoisite-free halo (CLR_ZoPs_02). The white arrows in (e) indicate the thick-tabular type of Mg-rich phyllosilicate. (f) Combined X-ray
intensity maps (Na, Mg, K) of the same region as (e). (g) BF-TEM image of the representative grain of Mg-rich phyllosilicate. (h) SAED pattern of the
Mg-rich phyllosilicate (with 1.5° beam precession).

but its basal spacing is 6.9 A (Fig. 5h), showing the crystal structure
is different from that of typical chlorite with 14 A spacing.

Discussion

Eclogite-facies metasomatism recorded in garnet and
omphacite

The compositional modification along microcracks in garnet suggests
metasomatism after the garnet nucleation and growth (Fig. 3). The sig-
nificant increase in pyrope content from Grt-1 (~0.08) to Grt-2 (~0.18)
is consistent with previously described features of later-stage eclogite-
facies metasomatism, which was probably caused by serpentinite-
derived fluids (Hoover et al., 2020; Pohlner et al., 2025). The composi-
tional heterogeneity in matrix-forming omphacite (e.g. Fig. 1h) would
also reflect eclogite-facies metasomatism by Na—Si-rich fluids (Pohlner
et al, 2025). Although we did not attempt to characterize each com-
position in detail, our STEM-EDS measurements, which should have
captured such a micron-scale area without mixed analysis, revealed
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two distinct groups with different Na content (Na-rich cluster: CLRO1
and CLRO2; Na-poor cluster: CLRO3 and CLRTS_04; Fig. 2b). Since the
three separated grains (CLRO1, CLR02, CLRO3) are characterized by
similar compositions with our EPMA analysis (Fig. 2a), these clus-
ters may represent the submicron-scale compositional heterogeneity
rather than grain-to-grain variation. This compositional difference
is thus likely to reflect the metasomatic Na enrichment. A detailed
discussion on the metasomatism is out of the scope of this manuscript,
but at least we could argue that our xenolith sample experienced a
similar metamorphic-metasomatic history to other Navajo eclogite
samples.

Record of heating

Disordered omphacite

The omphacite specimens are almost disordered, even though the
critical temperature of the order—disorder transition in omphacite
is ~865 °C, which is far higher than the previously estimated peak
metamorphic T: ~620 °C (Hernandez-Uribe & Palin, 2019). The critical
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Table 1 Crystallographic data from single crystal structure refinements of omphacite.

CLRO1 CLRO2 CLRO3
Structural formula’ (Cap.39Nag 61 )MZ(M90,35 Feo,ngloAz)M1 Si;O¢
Space group C2/c C2/c C2/c
a, A 9.5742(3) 9.5798 (4) 9.5807 (4)
b, A 8.7456 (3) 8.7528 (3) 8.7550 (3)
c, A 5.25600 (17) 5.2569 (2) 5.2577 (2)
B,° 106.972 (3) 106.940 (4) 106.937 (4)
v, A3 420.93 (2) 421.67 (3) 421.88 (3)
Rint 0.0395 0.0402 0.0335
Ry (I>20(I) 0.0429 0.0356 0.0322
WR; (I>20 (D) 0.1023 0.0931 0.0850
R1 (all data) 0.0518 0.0388 0.0350
WR; (all data) 0.1089 0.0958 0.0882
goodness of fit 1.188 1.149 1.157
Mean bond length, A3
<M1-O> 2.0017 (4) 2.0038 (4) 2.0048 (4)
<M2-0> 2.4899 (3) 2.4917 (4) 2.4903 (3)

Figure 6 SAED patterns of the omphacite (Z=[001], sample CLR03). (a) Representative SAED pattern. (b) Same image but lightness inversion and
brightness-contrast adjustment were applied for emphasizing weak reflections. Diffuse scattering of 0k0 (k=o0dd) is observed. (c) SAED pattern with 3°
beam precession for the same area. The diffuse scattering almost disappears.

temperature generally decreases in Fe-rich omphacite, but omphacite
with a similar aegirine component as our samples (Xaeg ~0.15) from
the Nevado-Fildbride Complex (Spain; peak metamorphic 7: ~630
°C) was still characterized by long-range order (Camara et al., 1998).
Thus, the xenolith-forming omphacite should have retained long-
range order at the end of the subduction.

Previous experimental studies show that cation disordering in
omphacite is completed within a few weeks at >900 °C (Fleet
et al, 1978; Carpenter, 1982a ). As this timescale is far shorter
than the timescales of relevant geological processes, omphacite can
be disordered if the rock was rapidly heated up, even when the
mineral assemblage infers equilibrium at low-T conditions. Thus,
the absence of long-range order in our samples is best explained
by a later-stage thermal pulse. Although the critical temperature
of Fe-rich omphacite should be somewhat lower than that of Fe-
free omphacite, the disordering experiments by Camara et al. (1998)
reported the persistence of some ordering at 800 °C in the Nevado-
Fildbride omphacite, suggesting that the critical temperature is not
much affected by the Fe content. Therefore, we infer that omphacite
in our xenolith sample experienced rapid heating to >800 °C.

Amorphous phase in omphacite

The amorphous phase found in omphacite (Fig. 7a) is explained by
quenched silicate melt with a felsic composition, as the spacing in
the SAED pattern (3-4 A; Fig. 7c) is consistent with that observed in
felsic silicate glass interpreted as quenched melt (3.8 A; Masch et al,
1985). Another piece of evidence is the abundant dislocations in the
accompanying Ca-rich omphacite (Fig. 7¢); because dislocation-rich
omphacite is known to grow from melt probably under thermal stress
(Pollok et al., 2014), this Ca-rich omphacite would have grown from the
coexisting melt.

The submicron-scale morphology of the array might be comparable
to string-of-beads microstructure indicating the former presence of
melt (e.g. Holness & Sawyer, 2008). However, such melt-film pseu-
domorphs in previous literature are tens of micrometers wide, and
they mostly occur in the rock matrix rather than within single crystals
(Cesareetal., 2015), which does not agree with our observation (Fig. 7).
Although submicron-scale silicate-melt pockets have recently been
reported in a TEM-based study of peridotite xenoliths from Roma-
nia (Lange et al, 2023), they are even located along grain bound-
aries between different mineral phases without forming arrays. By
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Figure 7 Amorphous phase preserved in one of the separated omphacite grains (CLR03). (a) Stitched STEM-HAADF image of the array of the amorphous
phase, Ca-rich omphacite, and void. (b) Secondary electron image of the foil specimen (microphotograph taken in the FIB apparatus). The arrows
indicate the amorphous phase. (c) BF-TEM image of the polyphase pocket presented in (a). As insets, representative SAED patterns are also presented:
(1) diffuse ring (~3-4 A) demonstrated that the phase is amorphous; (2) SAED pattern of coexisting Ca-rich omphacite (Z =[0011]) shows streaks parallel
to the b« direction, reflecting the presence of stacking defects on the (010) plane; (3) spacing of d=9.6 A revealed the presence of wonesite (Wns). (d)
STEM-HAADF image of the same area. The dashed squares indicate the areas for the compositional analysis with STEM-EDS. (e) X-ray intensity maps

of the same area (K, Ca). (f) BF-TEM image of the dislocation presented in (a).

contrast, arrays of micron- to submicron-scale aqueous fluid inclu-
sions commonly occur within single crystals along their growth planes
(as a primary type) or along healed cracks (as a secondary type) (e.g.
Van den Kerkhof & Hein, 2001; Lange et al, 2023). If a given single
crystal encompassing such an array of aqueous fluid pockets is heated
up, flux melting may locally occur around the fluid pockets, possibly
forming a string of ‘melt beads’ as in our observation.

Although it remains possible that the observed glass-bearing
microstructure was formed by external melt infiltration, we here favor

the interpretation that localized flux melting of the host omphacite
occurred where the array of aqueous fluid inclusions or films was
already present. Indeed, Ca-rich omphacite in the array can be
readily interpreted as a peritectic phase of flux melting of omphacite-
dominated assemblages (Laurie & Stevens, 2012; Liu et al, 2023),
which preferentially nucleated at the omphacite-omphacite-melt
junctions. Based on the observed texture, the melting reaction could be
expressed as omphacite + solute-bearing aqueous fluid = felsic melt +
Ca-rich omphacite + phyllosilicates, although one cannot rule out that
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Table 2 Chemical compositions of amorphous materials/phases measured with STEM-EDS.

Normalized weight percent
(without H,0)

SiO, 59.68
TiO, 1.21
Al,O3 16.09
FeQ' 8.44
MnO 0.33
MgO 1.92 n.d.
CaO 7.99
Na,O 0.92 n.d
K,0 n.d. n.d.
ZnO 1.48
SO3! 1.93
Total 99.99

n.d., not determined.

Total Fe as Fe2t, and total S as S°+.
2Measured at GRC.

3Measured at BGL

other eclogite-forming phases (e.g. garnet, lawsonite) were involved in
the reaction. Since the host omphacite is a separated grain, it is unclear
whether these additional possible reactants were located sufficiently
close to the omphacite grain. At least, the occurrence of K-bearing
phyllosilicates and the selective K uptake into the amorphous phase
imply the involvement of some K source, but the most promising
candidate for the source is the aqueous fluid inclusions in any case,
because phengite is not found in our xenolith sample. The K-bearing
aqueous fluid might have derived from eclogite-facies metasomatism
before the heating event.

The P-T conditions for melting are a matter of interest, but it is not
straightforward to obtain the actual melt composition——the essential
information for further thermodynamic analysis. The void and daugh-
ter minerals in the amorphous phase suggest fluid exsolution and
crystallization from/of the melt, which may have modified its original
composition. In addition, potential Na loss during STEM-EDS mea-
surements of hydrous silicate glass might also hamper the accurate
compositional analysis (e.g. Morgan & London, 2005). It would be also
difficult to determine the P-T conditions based on phyllosilicates in
the amorphous phase. For example, wonesite was originally reported
from an amphibolite-facies metamorphic rock (Spear et al, 1981;
Spear, 1982), but a recent experimental study shows that wonesite can
be stable also with eclogite-facies mineral assemblages at T > 600 °C
and P=3 GPa (Lakey & Hermann, 2022). One also cannot completely
rule out that their crystallization occurred in a metastable manner in
such a small space (Ferrero & Angel, 2018; Ferrero et al., 2026). Conse-
quently, we are compelled to assume that the maximum temperature
for this xenolith would have exceeded the wet solidus of eclogite, or
700-800 °C depending on the pressure lower than 3.7 GPa (Schmidt
& Poli, 1998; Kessel et al,, 2005,), or the estimated peak metamorphic
pressure (Hernandez-Uribe & Palin, 2019).

Decomposed lawsonite with IAM

The IAM in the lawsonite pseudomorph (Fig. 4f) has distinctive fea-
tures that are unlikely to represent pristine quenched melt. Although
having similar spacing in the SAED pattern (3-4 A), the appearance
and chemical composition are different between the IAM (uneven

1 2
72.85 75.39
18.61 17.89
0.65 0.63
4.86 3.25
3.03 2.84
100.00 100.00

surface, incomparable composition to known phases) and the amor-
phous phase preserved along dislocations in omphacite (smooth sur-
face, felsic-melt-like composition). Notably, the banding texture con-
sisting of nanoparticle aggregates in the IAM resembles microscopic
features of corroded glass (Bunker, 1994; Salviulo et al.,, 2004; Schalm
& Anaf, 2016). We thus regard the IAM found in the lawsonite pseudo-
morph as corroded silicate glass.

Considering the confirmed series of rapid heating and quenching,
the silicate glass before corrosion is also naturally interpreted as a
quenched silicate melt. The presence of former silicate melt in the law-
sonite pseudomorph suggests that lawsonite breakdown was accom-
panied by partial melting, rather than proceeding entirely through
subsolidus replacement. Since lawsonite hosts large amount of H,0
(~11.5 wt %), the xenolith would have experienced dehydration melt-
ing of lawsonite. As lawsonite itself contains only trace amounts of
alkalis, a substantial amount of Na must have been added externally.
Such a gain of alkalis from surrounding minerals is common in
lawsonite pseudomorphism (e.g. Hamelin et al., 2018).

The morphology of the micron-scale crystals found in the pseudo-
morph constrains the crystallization sequence. Plagioclase is subhe-
dral to anhedral, whereas zoisite and mica are euhedral, suggesting
that plagioclase crystallized from the residual melt after most of the
zoisite and mica already crystallized. Plagioclase is able to grow in
melt with temperature increase if consuming zoisite (e.g. Schmidt &
Poli, 2004), but this reaction is not applicable because there is no
textural evidence confirming zoisite dissolution. The plagioclase crys-
tallization was thus driven by cooling in the zoisite stability field. Since
plagioclase is unlikely to grow stably at eclogite-facies conditions, its
crystallization must have occurred at significantly lower pressures.
The upper pressure limit of the plagioclase stability field could be
estimated by the following univariant reaction in the Na,0-CaO-
Al;03-S102-H, 0 system (Wayte et al., 1989):

Pl+ Hy0 =Zo+ Jd + Ky + Qz.

We calculated this reaction by using THERMOCALC (with a solu-
tion model for plagioclase in the igneous set: Holland et al, 2022).
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Figure 8 Results of multicomponent diffusion modeling in garnet. (a, b) Results for DP-1 at T=800 °C and 1100 °C, respectively. (c, d) Results for DP-2
at T=800°Cand 1100 °C, respectively. The pressure condition is fixed to P=3.7 GPa in all cases. Uncertainty of time (+10) is derived from curve fitting.

Speculating that the solidus temperature is around 600-800 °C, we
obtained the maximum possible pressure of 1.7-2.2 GPa when the
partially molten xenolith was cooled down.

The maximum heating temperature may be constrained from the
upper temperature limit of the zoisite stability field, but the estimation
is not straightforward. Even though zoisite lacks any obvious disso-
lution texture, it might have been possible that the temperature was
transiently above the zoisite stability field, if heating was sufficiently
rapid or zoisite dissolution rate was slow enough. If forced to say, how-
ever, the maximum possible temperature would have been roughly
1050-1200 °C at >2 GPa in the Ca0-Al,03-Si02—H,0 system (Schmidt
& Poli, 2004), assuming that it did not far exceed the zoisite stability
field under wet or dry conditions.

Timescale and mechanism of heating

Based on the discussion above, it is evident that our xenolith sample
experienced rapid heating to >800 °C. Here, we constrain the heating
timescale from diffusion modeling of garnet. Assuming that Grt-2 was

formed by metasomatic replacement of Grt-1 just before the heating
event, two diffusion profiles from Grt-1 to Grt-2 (Table S12) were
modeled with constant P-T conditions. The pressure was always fixed
to that of the peak metamorphic condition (3.7 GPa). Note, that the
obtained diffusion timescale in our modeling is a maximum possible
estimate because there may have been a significant temporal gap
between the timings of Grt-2 formation and subsequent heating. In
addition, a potential decompression from 3.7 GPa during heating is
not considered in our modeling, which leads to an underestimation of
cation diffusivity due to the positive activation volume.

First, we set the heating (annealing) temperature at 800 °C. As a
result, we obtained the best-fit timescales of 5700 4+ 2100/—1500 years
(DP-1; Fig. 8a) and 5100 + 1700/—1300 years (DP-2; Fig. 8c). We can
safely argue that heating must have been <10* years regardless of the
heating temperature, since the modeled temperature of 800 °C is the
minimum estimate.

Such rapid heating is only possible if magma is involved, prob-
ably beneath the subcontinental lithospheric mantle. However, if
the agent was a deep-sourced magma (i.e. those originated from
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asthenosphere), the magma temperature could have been far higher
than 800 °C. For example, the source of minette magmatism in the
Navajo Volcanic Field is thought to have formed by melting of metaso-
matized lithospheric mantle beneath the plateau (Carlson & Nowell,
2001), whose temperature must have exceeded 1100 °C based on
phase equilibria (Esperanca & Holloway, 1987; Smith et al, 2004). If
we set the modeled temperature at 1100 °C instead of 800 °C, we
obtained the best-fit timescales of 5.8 +2.1/—1.5 years (DP-1; Fig. 8b)
and 4.9 +1.9/—1.4 years (DP-2; Fig. 8d). These results suggest that the
heating timescale was far shorter than 10% years, probably <10 years,
if a deep-sourced magma directly interacted with the xenolith.

Considering all the observations, we conclude that our xenolith
sample was rapidly brought up by a deep-sourced magma to a shallow
level at least less than ~60 km (equivalent to ~2 GPa). This process
caused rapid heating, local flux melting of the xenolith, and dehy-
dration melting of lawsonite. Quenching to subsolidus temperatures
would have occurred after this magmatic transportation. The esti-
mated heating timescale (<10 years) is consistent with a physical
requirement of magma ascent rate for bringing up the ~20 cm-
sized xenolith; previous studies estimated the minimum ascent rate
required for transporting such xenoliths at ~10~1 m/s (Spera, 1980;
O’Reilly & Griffin, 2010), corresponding to ~60 km/week.

Interpretation of selected localized reactions

We observed several microstructures whose formation mechanisms
cannot be explained only by rapid heating. By focusing on several
records of localized reactions, we here elaborate on the comprehen-
sive history of the xenolith exhumation.

Occurrence of Mg-rich phyllosilicate

Although the Mg-rich phyllosilicate, found in lawsonite pseudo-
morphs (Figs4b, d and 5d-h), may be labeled as aluminous
serpentine by considering its structure, we call the phase “7 A-chlorite’
in accordance with convention. The stability of such phyllosilicate
with chlorite-like compositions (see the compositional range shown
in Fig. S6; Velde, 1973) but with 7 A basal spacing (traditionally
called either 7 A-chlorite or ‘septechlorite’) has been investigated
experimentally. Notably, 7 A-chlorite has been reported only as a
hydrothermal reaction product below ~500 °C (Yoder, 1952; Nelson
& Roy, 1958; Yamanaka & Bodine, 1971; Velde, 1973; Tamura, 1982),
which is below wet solidus of any rock type (unless abundant flux
elements are present as in pegmatite). A 7 A-chlorite is also known
to occur as a precursor phase of normal (or 14 A) chlorite (e.g. Cho &
Fawecett, 1986), but it is unclear whether a complete reversal from
14 A- to 7 A-chlorite is possible. Hence, it is highly questionable
whether the phase was directly crystallized from melt.

Constraints from an aspidolite-forming reaction
Another notable feature of the lawsonite pseudomorph is the occur-
rence of aspidolite. It forms zoisite-free halo together with 7 A-chlorite
and plagioclase (Fig. 5a—f). One straightforward interpretation of the
halo formation is as follows: lawsonite + omphacite were reacted to
produce zoisite 4+ aspidolite +7 A-chlorite + albite. To confirm if this
reaction is possible to occur, we first explored algebraically allowed
reactions in the relevant compositional space. We considered the
following phases in the Na, 0-CaO-Mg0-Al, 03-Si0,-H, 0 (NCMASH)
system: lawsonite, zoisite, aspidolite, albite, HyO (as end-member
compositions), chlorite (assumed by ~clcgy sudgg), and omphacite

(assumed by ~digg jdgg). As a result, we found only one possible
reaction under which lawsonite + omphacite are reactants and all the
other phases are involved:

Lws + Omp + Asp = Zo + Chl + Ab + H;0.

However, this reaction must consume aspidolite, which contradicts
our premise that aspidolite was a reaction product. It seems impossible
to balance MgO if both aspidolite and 7 A-chlorite were to form
simultaneously.

Instead, one may interpret that 7 A-chlorite is a secondary min-
eral that replaced preexisting melt-derived silicate glass, which is
generally vulnerable to hydrothermal alteration. This idea, although
somewhat speculative, is invoked by its small grain size («1 pm)
and unique fibrous morphology with abundant porosity and random
orientation—the common features of low-T altered silicate glass (e.g.
Ralston et al., 2023; Leroux et al., 2024). If the area filled by 7 A-chlorite
aggregates originally consisted of silicate melt, a reaction producing
aspidolite + zoisite + melt + albite from lawsonite 4+ omphacite is
expected. Alternatively, if plagioclase was a peritectic phase of a later
reaction of omphacite 4+ melt (as suggested by the proximity of 7 A-
chlorite to omphacite; Fig. 5d), the aspidolite-forming reaction may
have produced only aspidolite + zoisite + melt. In any case, however,
scarce information on the original melt composition hampers a simple
algebraic test.

To verify if these aspidolite- and melt-forming reactions can
occur, we performed thermodynamic modeling with THERMOCALC.
Because of the lack of the mixing model for Mg—Fe-aspidolite, we must
have ignored FeO from the system. We adopted the NCMASH system
with solution models for omphacite (metabasite set: Green et al., 2016),
plagioclase (igneous set: Holland et al.,, 2022), melt and aqueous fluid
(igneous set: Holland et al,, 2018; Green et al., 2025). Since this aqueous
fluid model considers silicate material dissolution at high-pressure
conditions, this model is the best choice to describe wet melting of
high-pressure metamorphic rocks. Lawsonite, zoisite and aspidolite
(maph’ in THERMOCALC) were considered as end-member phases. As
a result, we found the following univariant and divariant reactions:

Lws + Omp = Zo + Asp + Pl + H,O-saturated melt + solute-bearing
aqueous fluid, or
Lws + Omp = Zo + Asp + HyO-saturated melt + solute-bearing

aqueous fluid.

These reactions are visualized in the P-T space (Fig. S8). Our cal-
culation shows that these reactions were able to occur when the
xenolith was transported to a shallower level after the eclogite-facies
metamorphism.

Previous studies suggest that the occurrence of Na-rich magmatic
aspidolite (with ~6 wt % Na,0) is limited as mono- or poly-
mineralic inclusions in chromite (see compilation by Costa et al,
2001). Although thermodynamic requirements for the aspidolite
stability remains unclear, such a specific mineral-enclosed system
may stabilize an H,O-rich environment, thereby leading to the
aspidolite formation (Schiano et al,, 1997). In the case of our sample,
aspidolite is accompanied by omphacite grains enclosed in lawsonite
pseudomorphs, and the promising reactions suggested above are

920z 12903100 0¢ uo 1senb Aq /1€168/2606e69/01/29/0101e/ABOj0139d/WO09° dNO"dIWBpEIE WO} papeojuMoQ


https://academic.oup.com/petrology/article-lookup/doi/10.1093/petrology/egag092#supplementary-data
https://academic.oup.com/petrology/article-lookup/doi/10.1093/petrology/egag092#supplementary-data

Journal of Petrology, 2026, Volume 67, Issue 10 | 15

(@) +Qz, KCIMgCl, (ag) = 1,pH =67 (b) P ~0.07 GPa, T ~500°C
P, GPa |
0.25
Alkali
0.20 foldspar Phlogopite
(K-feldspar)
—
e
0.157 7 A-chlorite =
Phlogopite i<
0.10
005 Muscouite 7 A-chlorite
aolinite
T OC Pyrophyllite Si~25 [Si~3| Si~3.5
0 3

(c)

T T T T
200 300 400 500 600 700

log [Mg®"] ——>

Lws

Lws

Metamor. peak —»

Heating

—» Quenching —» K-metasom. —» Mg-metasom.

Figure 9 Stability and genesis of 7 A-chlorite, phlogopite, and alkali feldspar in the zoisite-free halo (Fig. 5). (a, b) Stability field of the relevant phases in
the KMASH system constrained by experiments (modified after Yamanaka & Bodine, 1971). The red lines indicate formal thresholds among penninite
(Si=3.5a.p.f.u.), clinochlore (Si=3.0 a.p.f.u.), and sheridanite (Si=2.5 a.p.f.u.). the thick gray arrow illustrates the shift in fluid composition that explains
our observation. (c) Schematic figure depicting the proposed formation process of the zoisite-free halo.

involved by aqueous fluid and H;O-saturated melt. This consistency
validates our interpretation of the textural formation history.

Our discussion so far corroborates that 7 A-chlorite is a secondary
mineral, which could have replaced melt-derived silicate glass. The
expected melt compositions are basically felsic, only with <10 wt %
MgO (Fig. S8), suggesting Mg gain for the replacement by 7 A-chlorite
(>25 wt % MgO; Table S11). Considering that Mg-rich phyllosilicate
laths are evenly distributed in lawsonite pseudomorphs, not only in
the zoisite-free halo (Fig. 4a, b, d), it is natural to infer that they are
also originally melt-derived glass suffering from a similar alteration
process. In our view, so far, two different processes operated for
the ‘lawsonite pseudomorphism’: lawsonite breakdown with partial
melting-quenching, and low-temperature alteration by Mg-rich fluid.

Minor K-metasomatism

Here, we further discuss the origin of K-rich phases in the zoisite-
free halo: phlogopite and alkali feldspar (K-feldspar). The formation
of phlogopite rims around aspidolite and alkali-feldspar attachment
to albite imply a metasomatic K enrichment (e.g. Banno et al., 2005),
but our xenolith sample does not have any other mineralogical evi-
dence of K-rich fluid infiltration such as secondary phengite forma-
tion. One may envisage that if K-rich fluid infiltrated into partially
molten rock, the incompatible K component will be partitioned into
the melt to suppress K-rich phase nucleation where partial melt is

absent. However, this idea contradicts to our observation that mica
and plagioclase found in lawsonite pseudomorphs have almost K-
free compositions. If these phases coexisted with melt and were to
have suffered from significant K-metasomatism, their compositions
would also have shifted. Alternatively, K-rich phases in the zoisite-
free halo may have crystallized after the glass formation as devitrified
crystals, but it remains uncertain whether this scenario explains such
a selective occurrence of K-rich phases.

A previous experimental study on the stability of 7 A-chlorite
and phlogopite provides a key to understanding this phenomenon.
Yamanaka & Bodine (1971) investigated their equilibrium relation
in the K;0-MgO-Al,03-Si0,-H;0 (KMASH) system with quartz
saturation by changing P-T conditions (P <0.25 GPa and T=300-
700 °C) and chemical compositions of the starting solid materials and
solutions (the ratio of KCl to MgCly). They confirmed that the transition
from 7 A-chlorite (stable at lower T) to phlogopite (stable at higher T)
occurs at T=450-550 °C with a wide range of fluid compositions
at ~0.07 GPa. In addition, Si-poor 7 A-chlorite (e.g. Si <3 a.p.fu. as
in the majority of our samples) is found to be stable with relatively
Mg-rich fluids, only at near the phlogopite stability field (T =450-550
°C), whereas those enriched in Si are stable at lower temperature
(Fig. 9a). They also showed that 7 A-chlorite of variable compositions,
phlogopite, and alkali feldspar are transformable to each other by
changing fluid compositions at constant P-T conditions (Fig. 9b).
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basalt solidus (e.g. Schmidt & Poli, 1998).

These experimental results might not be directly applicable to our
case because of the less constrained reaction pressure. Nevertheless,
if the effect of pressure variation is not significant (as suggested
in Fig. 9a), such a reaction relationship between 7 A-chlorite and
phlogopite will explain the morphological variation of 7 A-chlorite
found in the zoisite-free rim, or the reason why some grains adjacent
to phlogopite are thick tabular in shape (Fig. Se, f). Since phlogopite
can readily transform into 7 A-chlorite with Mg metasomatism and/or
cooling, the precursor of the 7 A-chlorite in the zoisite-free rim was
not necessarily restricted to the melt-derived glass; rather, some of
the preexisting phlogopite grains may have been also replaced by
7 A-chlorite, which succeeded their original crystal shapes. At the
same time, tiny 7 A-chlorite laths would have formed by replacing the
remaining glass, thereby forming the morphological contrast. If this
interpretation is correct, the overgrowth of phlogopite rim must have
preceded the 7 A-chlorite formation.

Taken together, we propose that two successive alteration events
by K- and Mg-rich fluids occurred after the glass formation (Fig. 9c).
The preceding K-metasomatism was not very significant as replacing
all parts of the glass, and subsequent Mg-metasomatism (and per-
haps cooling) obliterated some minor records of K-metasomatism.
Furthermore, there was likely spatial variation in the probability of
K-rich phase formation with such minor K-metasomatism, depending
on the local fluid composition, the resistance to alteration, and the
presence/absence of the potential nuclei such as magmatic aspidolite.

Unresolved localized reactions

One undiscussed feature is how Na and other components were
conveyed into decomposing lawsonite. The likely source of Na
is the matrix-forming omphacite, but there is no evidence of re-
equilibration of omphacite walls of polyhedral lawsonite pseudo-
morphs (Fig. 1f). The Na input might be balanced by a reaction
forming the veinlets (amphibole + plagioclase + Ca-rich omphacite)
that crosscut the matrix-forming omphacite (Fig. 1g, h). The mineral

assemblage and compositions of the veinlets resemble those of
retrograded eclogite that experienced fluid-assisted, open-system
breakdown of omphacite at relatively high-T conditions (O’Brien,
1993; Martin & Duchéne, 2015; Feng et al, 2021; Zertani et al,
2024). We thus envisage that the veinlets were synchronously
formed when lawsonite was partially molten, by replacing part
of matrix-forming omphacite along microcracks, thereby provid-
ing/extracting some elements into/from the adjacent lawsonite
pseudomorph. Nonetheless, scarce information on the original
melt composition in lawsonite pseudomorphs and the unquan-
tified reacting volume of the matrix-forming omphacite hamper
discussion of the detailed mass transfer during lawsonite melting.

Another unresolved feature is the occurrence of dissolved pores
and amphibole (other than those in the veinlets) in matrix-forming
omphacite (Fig. 1c-e). The absence of dissolved pores in some
omphacite grains enclosed in garnet may suggest dissolution of
omphacite after some extent of garnet formation. Considering that
the pore formation has not necessarily been accompanied by radial
cracks from lawsonite pseudomorphs (Fig. S3), the dissolution was
likely not coeval with lawsonite breakdown; their formation was
perhaps linked to eclogite-facies metasomatism or later alteration
processes. Additional petrological investigation will be required
to understand the dissolution mechanism as well as amphibole
precipitation processes.

Integrated scenario of the xenolith exhumation

Combining our discussions of heating-to-quenching records and sub-
sequent metasomatic fingerprints, we here suggest the whole picture
of the xenolith exhumation history. Along the integrated P-T path
summarized in Fig. 10, a series of key events can be described as
follows.

i) Farallon slab was subducted to eclogite-facies conditions,
accompanied by multiple metasomatic events. The Mg-
rich garnet (Grt-2) was formed at a certain stage during

920z 12903100 0¢ uo 1senb Aq /1€168/2606e69/01/29/0101e/ABOj0139d/WO09° dNO"dIWBpEIE WO} papeojuMoQ


https://academic.oup.com/petrology/article-lookup/doi/10.1093/petrology/egag092#supplementary-data

the metasomatism. The metamorphic peak conditions were
estimated at ~620 °C, 3.7 GPa.

ii) Part of eclogitized Farallon slab was entrained by a deep-
sourced magma, broken into small pieces, and rapidly heated
to >800 °C. Lawsonite was decomposed with dehydration
melting, whereas omphacite suffered from cation disordering.
The eclogitized slab fragments also locally experienced flux
melting where free aqueous fluid was available. At some point,
aspidolite was locally formed as a peritectic phase of the melt-
forming reaction of omphacite + lawsonite.

iii)  The eclogite fragment was transported to a shallower depth as
a xenolith by the deep-sourced magma. The maximum tem-
perature is not firmly constrained, but probably significantly
higher than 800 °C.

iv)  The eclogite xenolith started to cool down due to a diminish-
ing magma supply. This should have occurred at subsurface
conditions to explain the field observation (i.e. no magmatic
evidence on surface) and the sufficiently high-T condition
for the upcoming metasomatism forming Si-poor 7 A-chlorite
(~500 °C) consistently, but the depth must have been at least
shallower than ~60 km to ensure plagioclase stability. Note,
that this condition can be achievable at lower crust or near
the Moho, assuming a reasonable geotherm of ~13 °C/km
(Worthington et al,, 2024). The cooling rate was sufficiently fast
that some part of silicate melt was preserved as glass.

v) Hydrothermal alteration of hydrous silicate glass. The for-
mation of 7 A-chlorite should have occurred at ~500 °C or
marginally lower temperatures. This stage would have been
followed by, or proceeded synchronously with, the final explo-
sive exhumation to the surface.

As for the final explosion, our observations do not provide any
novel constraint. Nonetheless, our proposed scenario is consistent
with the final explosion of antigorite serpentinite matrix in terms of
the physical requirement of hydrofracturing (P < 2 GPa).

It should be noted that we cannot obtain the total lifespan of the sub-
surface alteration stage; this information would be necessary to know
the heat source of the final explosion. It remains unclear whether
there was a seamless transition from magmatic to non-magmatic
exhumation, which may have been possible if the heat source is
identical to the xenolith-transporting magma itself. By contrast, if there
was a significant time lag between the subsurface xenolith quenching
and final explosion, the heat source was perhaps different magma
from the xenolith-transporting one.

Implication

Based on crystallographic and micropetrological evidence, we have
shown that Navajo eclogite xenoliths were transported from the bot-
tom of the subcontinental lithospheric mantle by a deep-sourced
magma. Since many of the earlier studies did not explicitly consider
this process, the previously reported petrological, geochemical, and
geochronological data may need to be re-evaluated.

Our finding contributes to a more complete picture of the terminal
stage of Farallon slab subduction by providing a fundamental T-t
constraint on the eruption dynamics related to the flat slab collapse.
Nonetheless, the origin of the magma that transported slab frag-
ments has not been resolved yet. The magma may have either been
generated by asthenosphere invasion between the sinking slab and
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subcontinental lithospheric mantle (on the analogy of the proposed
formation mechanism of minette magma), or originated from deeper
asthenosphere beneath the slab (like kimberlite magmatism). It would
be difficult to solve this problem based only on a thermal history
recovered from the single eclogite xenolith. The key to understanding
this transient magmatic process will lie on the spatiotemporal relation-
ship among serpentinite dehydration in the Farallon slab, intraslab
fluid flow, thermal field changes due to slab foundering or potential
asthenospheric upwelling, and metasomatic agent at the subsurface
alteration stage.

Another open question is why slab fragments were not exhumed
to the surface with a single magmatic eruption. One simple inter-
pretation is that the magma supply rate was not sufficient for the
sampling magma to reach the surface (possibly sort of a ‘failed’ erup-
tion; Giuliani et al, 2016). Alternatively, a small amount of magma
could have reached the surface, but lagging of the xenolith arrival
potentially allowed its subsurface settlement (Russell & Jones, 2023).
The prevalence of this sort of incomplete eruption must be assessed
in future studies to understand the nature of magma-rock interaction
at mantle depths.

Furthermore, this study has the potential to enhance our knowl-
edge of microstructural formation in rapidly heated slab material.
As far as we know, this is the first-ever report of dehydration melt-
ing of lawsonite; our petrological and crystallographic description is
invaluable as an extreme example of hydrous phase breakdown and
pseudomorphism. More detailed investigation of the intra-xenolith
mass transfer during lawsonite pseudomorphism will facilitate discus-
sion about fluid-involved disequilibrium reaction processes in high-P
metamorphic rocks.
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Fig. S1. Microphotographs of the epoxy-mounted omphacite grains (CLRO1, CLR02, CLR03).
(a) Cross-polarized (XPL) images after the FIB-foil extraction. (b) Secondary electron (SE)
images before the FIB-foil extraction, which are indicated by the red arrows (microphotographs
taken in the FIB apparatus). (c) Back-scattered electron (BSE) images after the FIB-foil
extraction. The regions for the microprobe analyses (indicated by the yellow circles) are
approximate, based on rough sketches.
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Fig. S2. Thin-section scale phase map of the eclogite xenolith generated from X-ray intensity
maps. Measured area proportions of the phases are also presented. Omp = omphacite, Grt =
garnet, (Lws) = lawsonite pseudomorphs, Rt = rutile, Brt = barite.

Fig. S3. Plane-polarized (PPL) images of lawsonite pseudomorphs accompanied with radial
cracks (indicated by the yellow arrows). (a) An example of radial cracks which appear to extend
from lawsonite pseudomorphs. (b) Another example of the similar texture.



Fig. S4. Processed X-ray maps of the lawsonite pseudomorph. After image smoothing, color
thresholding in the L*a*b* color space was applied for calculating the area of each phase. (a)
Original X-ray map (same one as presented in Fig. 4a). (b) Mask for zoisite (L* = 96-255, a* ,b*
= (0-255; area = 10.594). (c) Mask for plagioclase (L* = 0-95, a*= 0-255, b* = 0-111; area =
2.703). (d) Mask for Mg-rich phyllosilicate (L* = 0-95, a*= 129-255, b* = 112-255; area =
2.494). (e) Mask for mica (L* = 0-95, a*= 0-128, b* = 112-255; area = 5.542).



Fig. S5. Occurrence of barite in the xenolith sample. (a) BSE image of a barite vein found in a
microcrack in matrix-forming omphacite. (b) BSE image of a barite grain included in garnet.



CLRTS_04

=[001]; CLRTS_04: Z =[101]). (a) Original SAED patterns. (b) Same images but lightness
inversion and brightness-contrast adjustment were applied for emphasizing weak reflections. (c)
SAED patterns with a beam precession for the same areas.



Qv

0,

.

u
/ClC'Chm"‘*-.S.

. = w
synthetic 7 A-chlorite
(Veide, 1973)

Ame

basal spacing
B ~14 A (chlorite)

W ~9 A (talc, pyrophyllite)
m ~7 A (serpentine,
kaolinite)

Mg + Fe

®

6o

So
70,
>

Y

6o
So
70,

Fig. S7. Compositions of Mg-rich phyllosilicate in lawsonite pseudomorphs. (a) Si<(Mg + Fe)—
Al plot. Compositions of several types of phyllosilicate (chlorite, talc, pyrophyllite, serpentine,
kaolinite) and the compositional range of synthetic Fe-free 7 A-chlorite (Velde, 1973) are also
presented. (b) Alpm—Fe-Mg plot, where Aljm) = Aliota — (4 — Si). Compositions of selected
chlorite endmembers (Clc = clinochlore, Chm = chamosite, Sud = sudoite) are also presented.
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Fig. S8. Aspidolite-forming reactions in the NaxO—CaO-MgO—-Al>0;-Si0,-H>0 (NCMASH)
system (red: plagioclase-free, divariant; blue: with plagioclase, univariant). For the plagioclase-
free reaction, the omphacite composition was fixed to disgjdeo to reduce the degree of freedom.
Representative phase compositions are also presented at 550°C. L = hydrous melt, F = solute-
bearing aqueous fluid, Zo = zoisite, Asp = aspidolite, P1 = plagioclase.
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