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Abstract

Translating burial and exhumation histories from the petrological and geochronological record of high-pressure assemblages
in subduction channels is key to understanding subduction channel processes. Convective return flow, either serpentinite or
sediment hosted, has been suggested as a potential mechanism to retrieve rocks from significant depths and exhume them.
Numerical modelling predicts that during convective flow, subducted material can be cycled within a serpentinite-filled sub-
duction channel. Geochronological and petrological evidences for such cycling during subduction are preserved in lawsonite
eclogite from serpentinite melange in the Southern New England Orogen, eastern Australia. Ar—Ar, Rb—Sr phengite and U-Pb
titanite geochronology, supported by phase equilibrium forward modelling and mineral zoning, suggest Cambro—Ordovician
eclogite underwent two stages of burial separated by a stage of partial exhumation. The initial subduction of the eclogite at
ca. 490 Ma formed porphyroblastic prograde-zoned garnet and lawsonite at approximate P—T conditions of at least 2.9 GPa
and 600 °C. Partial exhumation to at least 2.0 GPa and 500 °C is recorded by garnet dissolution. Reburial of the eclogite
resulted in growth of new Mg-rich garnet rims, growth of new prograde-zoned phengite and recrystallization of titanite at
P-T conditions of approximately 2.7 GPa and 590 °C. U-Pb titanite, and Ar—Ar and Rb—Sr phengite ages constrain the tim-
ing of reburial to ca. 450 Ma. This was followed by a second exhumation event at approximately 1.9 GPa and 520 °C. These
conditions fall along a cold approximate geotherm of 230 °C/GPa. The inferred changes in pressure suggest the lawsonite
eclogite underwent depth cycling within the subduction channel. Geochronological data indicate that partial exhumation
and reburial occurred over ca. 50 M y., providing some estimation on the timescales of material convective cycling in the
subduction channel.
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Introduction

Communicated by Steven Reddy. Metamorphism along cool geothermal gradients in subduc-
tion zones produces eclogite-facies mineral assemblages.
These assemblages often preserve an abundance of prograde,
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The application of sophisticated petrological techniques
to eclogite and blueschist assemblages has highlighted the
potential for complex P-T—t histories. This is particularly
apparent in serpentinite melanges. Mixing, accumulation,
long-lived residence and intrachannel circulation of high-
pressure lithologies have started to emerge as common
phenomena within subduction channels (e.g. Krebs et al.
2008; Lazaro et al. 2009). Numerical modelling has sought
to explain the dynamics of material within subduction chan-
nels, and has demonstrated that complex P—7—-¢ histories are
possible, arising from cycling and corner flow within the
channel (Gerya et al. 2002; Stockhert and Gerya 2005; Roda
et al. 2019). Examples of high-pressure rocks that have seen
two or more cycles of burial have been recognised through
geochronological and mineralogical evidence, for example,
dating zones within metamorphic zircon (e.g. Liati et al.
2016). However, in lieu of such useful petrochronologi-
cal methods, recognising multiple burial cycles can prove
difficult.

Lawsonite eclogite is globally rare, despite the range
of bulk compositions that support the formation of law-
sonite—garnet—omphacite (Wei and Clarke 2011). Therefore,
their occurrence probably reflects unusually good preser-
vation of deeply buried, cold subducted material. Conse-
quently, lawsonite eclogites potentially preserve compre-
hensive records of the physical conditions of subduction
channels. This study presents detailed petrological results
from eclogite in the Southern New England Orogen (SNEO)
that supports partial exhumation and reburial of a single
block of lawsonite eclogite during ongoing subduction.
Phase diagrams constrain the approximate pressure—tem-
perature (P—T) conditions of partial exhumation and reburial
within the subduction channel, which is supported by U-Pb
titanite, and Rb—Sr and Ar—Ar phengite geochronologi-
cal data. The cycle of exhumation and reburial records an
approximate total pressure and temperature fluctuation of at
least 1.6 GPa and 190 °C and is constrained to have occurred
over ca. 50 M y. If the pressure fluctuations recorded by
high-pressure mineral assemblages reflect oscillations in
burial depths, such records support the notion of convective
flow within the subduction channel.

Geological setting
The Southern New England Orogen

The Southern New England Orogen (SNEO) in eastern
Australia is the youngest and most outboard orogen of the
Tasmanides (Fig. 1a; Kemp et al. 2009; Glen 2013; Phillips
et al. 2015). The Tasmanides are interpreted to have formed
as a result of long-lived subduction on the East Gondwanan
margin during the Cambrian—Triassic, which resulted in a
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series of eastward-younging orogens. The oldest and most
westerly of these is the Delamerian Orogen, which formed
at ca. 515-490 Ma on the margin of cratonic Australia, and
was post-dated by the Lachlan—-Thompson Orogen at ca.
484-340 Ma (Fig. 1a). The SNEO formed between the upper
Devonian—Triassic, and consists of a volcanic arc, forearc
basin and accretionary complex (Fig. 1b; Jenkins et al. 2002;
Jessop et al. 2019). The Devonian—Carboniferous volcanic
arc outcrops, but is generally obscured under the younger
Permian-Triassic Sydney—Gunnedah basin (Jenkins et al.
2002). The Tamworth Belt contains a forearc basin, consist-
ing of felsic volcanic rocks and volcaniclastics (Roberts and
James 2010). The Tablelands Complex consists of deformed
sediments and oceanic basalt that accumulated within an
accretionary complex. These are separated by the serpen-
tinite-bearing Peel-Manning Fault System (Fig. 1b). The
SNEO also contains numerous felsic magmatic rocks of the
Permian—Triassic New England Batholith, which intrude the
Tablelands Complex and the Early Permian basins (Leitch
1975; Shaw and Flood 1981; Phillips et al. 2011). These
are interpreted to have formed as the orogen evolved from
an accretionary system to a back-arc position (Jenkins et al.
2002; Phillips et al. 2011).

Tectonic framework of the high-pressure rocks
and the Tasmanides

There has been significant debate surrounding the evolution
of the Tasmanides, including the tectonic significance of the
high-pressure rocks. Notably, all the geochronology reported
from serpentinite-hosted high-pressure exotic blocks in the
SNEO is significantly older than the enclosing geology
(Fig. 1b; e.g. Fukui et al. 1995, Sano et al. 2004; Phillips
et al. 2015; Manton et al. 2017; Tamblyn et al. 2019a). The
most coherent views about the evolution of the Tasmanides
involve eastward retreat of a subduction system that formed
close to the cratonic margin during the mid-late Cambrian
(e.g. Collins 2002; Phillips and Offler 2011; Moresi et al.
2014; Phillips et al. 2015). The general consensus is the
high-pressure rocks found in the SNEO were formed in a
subduction channel on the cratonic margin of Australia dur-
ing the Delamerian Orogen in the Cambrian—Ordovician.
Subsequent cooling and transport of the high-pressure rocks
occurred during eastward-directed slab rollback, until the
high-pressure rocks were exhumed in their current location
in the Permian—Triassic SNEO (Phillips and Offler 2011;
Phillips et al. 2015; Tamblyn et al. 2019a). During this roll-
back, the Lachlan/Thompson Orogens developed in a back-
arc setting on the upper plate (e.g. Collins 2002; Kemp et al.
2009; Moresi et al. 2014). Eastward younging arcs track the
rollback of the subduction zone, accompanied by volumi-
nous I and S-type magmatism formed from arc and back-arc
rifting processes (Collins 2002; Collins and Richards 2008).
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Fig.1 a Simplified map of eastern Australia (east of the Tasman
line) showing the main eastward-younging orogens. The SNEO is
indicated in the black box. b Geological map of the SNEO, show-
ing other high-pressure rock localities and indicating the location of

This eastward migration is also revealed in &y, isotopes of
magmatic rocks, which demonstrate an increasingly juvenile
signature as the subduction zone migrated away from the
cratonic margin (Kemp et al. 2009).

High-pressure metamorphism and melange
formation in the SNEO

High-pressure metamorphic rocks hosted in serpentinite
occur throughout the SNEO at Attunga, Gleneden, Glen-
rock, Pigna Barney and Port Macquarie (Fig. 1b; Phillips
et al. 2015). The Port Macquarie melange contains by far the
largest lithological variety of high-pressure rocks, which are
described in detail by Och et al. (2003, 2007) and Tamblyn
et al. (2019a). The melange consists of exotic high-pressure
blocks encased in chlorite—actinolite schist, which is in turn
encased within serpentinite (Fig. 1c). These exotic blocks
consist of variably metamorphosed omphacitite, low-grade
basaltic rocks, sedimentary rocks, marble, blueschist facies
rocks, retrogressed eclogite and lawsonite-bearing eclogite.
In situ U-Pb geochronology on microzircon from the law-
sonite eclogite returned a range of ages from ca. 560-440 Ma
(Tamblyn et al. 2019a). The zircons occur as inclusions in
garnet and also occur in the surrounding matrix. Lu-Hf

. Forearc basin (Tamworth Belt) (365-300 Ma)

— — Fault (inferred)

@ High-pressure metamorphic block

Port Macquarie in the black box. PMFS peel-manning fault system.
¢ Geological map of Rocky Beach at Port Macquarie, showing the
high-pressure melange encased in serpentinite, modified from Och
et al. (2003)

geochronology on lawsonite porphyroblasts gives an age of
506+ 15 Ma, and a Lu—Hf garnet whole-rock isochron gives
an age of 489.7+5 Ma. These ages are interpreted to date
prograde metamorphism, as garnet cores are enriched in Lu
compared to rims, biasing the age to early garnet growth.
Pressure—temperature conditions obtained from phase equi-
librium modelling are approximately 2.7 GPa and 590 °C
for the lawsonite eclogite, and 2.0 GPa and 550 °C for a
garnet—omphacite-bearing blueschist block within the same
melange. Lu-Hf, Sm—Nd, K—Ar and Ar—Ar ages from adja-
cent blueschist blocks and fuchsite in serpentinite give ages
between ca. 472 and 420 Ma (Fukui et al. 1995; Och et al.
2010; Tamblyn et al. 2019a). This geochronology, along
with the presence of low-grade sedimentary blocks, con-
firms the accumulation of rocks with different P-T histories
in the mélange.

Petrography

Mineralogy of the lawsonite eclogite block (sample RB11)
has been described in detail by Tamblyn et al. (2019a) and
Och et al. (2003, 2007). The eclogite contains porphyro-
blastic garnet, lawsonite and omphacite, in a well-foliated
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matrix dominated by phengite and containing minor titan-
ite (Fig. 2). However, it is clear from optical petrography
and elemental mapping that there are two distinct mineral
assemblages recorded in the sample, summarized in Supple-
mentary Table 1, which are referred to as stage 1 and stage
2. Garnet is euhedral and forms crystals up to 7 mm in diam-
eter, which have red-coloured cores and paler rims, referred
to as garnet 1 and garnet 2, respectively (Fig. 2a—d). The
inclusion relationships in garnet are summarised in Supple-
mentary Fig. 1. Garnet 1 has inclusion-rich cores which con-
tain lawsonite, titanite, omphacite, phengite, glaucophane,
chlorite, epidote, stilpnomelane, quartz and zircon (Supp.
Fig. 1). Very rarely, quartz inclusions in the outermost
part of garnet 1 are surrounded by prominent radial frac-
tures, suggesting the possibility that they were once coesite

Fig.2 Mineral textural relation-
ships in the Port Macquarie
eclogite. a Eclogite in outcrop,
showing coarse-grained garnet,
phengite and lawsonite with
patches of omphacite, which is
partially retrogressed by glau-
cophane. b Photomicrograph
showing the porphyroblastic
nature of garnet, lawsonite and
omphacite, in a finer-grained
phengite and titanite matrix. ¢
Stage 2 retrograde features of
the eclogite, showing chlorite
replacement of garnet and
glaucophane replacement of
omphacite. d Garnet 2 enclos-
ing a pre-existing garnet 1 por-
phyroblast. Boundary between
the stage 1 garnet and stage

2 garnet is shown by a white
dashed line. The boundary
between the two garnet domains
contains entrapped chlorite and
omphacite inclusions. e Radial
fractures surrounding a quartz
inclusion in the outermost part
garnet 1. f Large lawsonite por-
phyroblast, with an inclusion-
rich euhedral crystal (lawsonite
1) which is overgrown by a
rim (lawsonite 2). The new
lawsonite growth contains
inclusions of garnet 2 that
developed on the margin of the
older lawsonite, as well as stage
2 glaucophane and titanite. O
omphacite, Law lawsonite, Phe
phengite, Ttn titanate, G garnet,
Chl chlorite, Gl glaucophane,
Stlp stilpnomelane, Q quartz
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(Fig. 2e). Garnet 2 forms as ~400 um wide rims on garnet 1
that contain chlorite, glaucophane, titanite, omphacite, law-
sonite, quartz and zircon (Fig. 2d), and in some instances
overgrow matrix phengite. Enclosed inclusions of chlorite,
phengite, omphacite, quartz, titanite and pyrite occur at the
boundary between garnet 1 and 2 (Supp. Fig. 1). Sigmoi-
dal inclusion trails of titanite are also commonly truncated
at the boundary between garnet 1 and garnet 2, with the
trails forming at a high angle to the matrix foliation (Supp.
Fig. 1). Titanite included in garnet 2 is coarser-grained than
in garnet 1. Lawsonite forms euhedral crystals up to 3 mm
(Fig. 2b, ). It has darker sections containing abundant fine-
grained inclusions and clearer sections with coarser-grained
inclusions. The inclusions are predominately titanite, epi-
dote, glaucophane and phengite. In places, the lawsonite

2 pm
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grain boundaries are mantled by small garnet grains, which
have been overgrown by a second generation of lawsonite. In
other places, the clearer lawsonite occurs as an overgrowth
on darker lawsonite crystals (Fig. 2f). The darker, older
lawsonite is referred to as lawsonite 1 and the clearer over-
growths are referred to as lawsonite 2. The foliated matrix
is part of the stage 2 mineral assemblage, and is defined by
coarse phengite (up to 1 mm but commonly ~300 pm) and
pervasive but modally minor titanite (< 100 um; Fig. 2b, d).
The latter is associated with fine-grained allanite and zircon
(<20 pm). Titanite and phengite are coarser in the matrix
relative to the inclusions in garnet cores, and in places
titanite forms aggregates of grains that rim phengite grains.
Omphacite forms monominerallic patches up to 10 mm
which are partially replaced by glaucophane and chlorite,
as well as relic fractured porphyroblasts up to~500 um in
size (Fig. 2a, b). Omphacite is partially replaced by chlorite
and glaucophane. Garnet is partially replaced by chlorite
along its grain boundaries or along fractures which cross-cut
the garnet (Fig. 2c; Supp. Fig. 1). Where retrograde chlorite
occurs with lawsonite, lawsonite is euhedral and unretro-
gressed, suggesting it was stable during the retrogression of
the eclogite. In the matrix, glaucophane also forms foliated
euhedral crystals (Fig. 2c). These crystals, as well as coarse
titanite crystals, are overgrown by stage 2 lawsonite rims.
These petrological observations denote two distinct stages of
peak metamorphism in the eclogite, separated by a period of
retrogression. A schematic representation of the petrologic
observations made from optical petrography, phase mapping
and elemental mapping can be found in Fig. 3.

a) Prograde-peak 1

W1 Gamet (zoned garnet 1/rim gamet 2)

Lawsonite (lawsonite 1/lawsonite 2)

Phengite (prograde zoned)

~ =~ =~ Titanite trail (+ zircon)
Omphacite

@ Chlorite

<@>  Glaucophane (retrograde zoned)
Epidote

Quartz

Fig.3 Schematic interpretation of the petrologic evolution of the law-
sonite eclogite. a Prograde-peak stage 1 burial: garnet cores nucleate
and as garnet 1 grows it entraps prograde mineralogy and inclusion
trails. Lawsonite porphyroblasts grow and entrap prograde miner-
als. b Retrograde 1: garnet is partially consumed by chlorite, and
glaucophane forms at the expense of omphacite. ¢ Prograde peak

b) Retrograde 1

Methods
Electron probe micro analyses and mapping

Spot analyses on minerals were obtained using a Cameca
SX-5 microprobe at Adelaide microscopy, using an acceler-
ating voltage of 15 kV and a beam current of 20 nA. Element
maps used an accelerating voltage of 15 kV and a 200 nA
beam current, Ca, Fe, Mn and Mg were mapped using wave-
length dispersive spectrometers (WDS), whereas Al, Si, Ti,
K and Na were mapped using energy dispersive spectrom-
etry (EDS). Maps were colour scaled in ImagelJ.

Phase equilibrium forward modelling

Full phase equilibrium modelling methods are in Supple-
mentary File 1. The rock composition was calculated for
the lawsonite eclogite by combining modal proportions of
each mineral with its measured chemical composition (Supp.
Tables 2, 3). Thin sections were mapped with a Quanta600
scanning electron microscope (SEM) with mineral liberation
analysis (MLA) software to calculate modal proportions of
minerals.

The phase equilibrium models were calculated using
THERMOCALC (TC340i) using the internally consistent
thermodynamic dataset ‘ds5’ (filename tc-ds55.txt; Novem-
ber 2003 updated version of the Holland and Powell 1998
data set) and activity—composition (a—x) models (Supp.
Table 4; Holland and Powell 1988, 2003, 2011; White et al.
2007; Green et al. 2007; Diener et al. 2012) in the chemical
system NCKFMASHO. A model for the local rock compo-
sition was calculated with water in excess, and a model for
the local rock composition was calculated with a set water
content, derived from the abundance of hydrous minerals
(Supp. Tables 2, 3).

c) Prograde-peak 2 d) Retrograde 2

2: garnet forms new rims (garnet 2). In rare instances, stage 2 gar-
net overgrows stage 1 lawsonite. Phengite recrystallises in the matrix
with coarse-grained titanite during deformation. d Stage 2 retrograde:
garnet is partially replaced by chlorite and omphacite is partially
replaced by glaucophane. There is minor growth of lawsonite
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U-Pb titanite geochronology

Titanite grains were analysed in situ for U-Pb isotopes
using an ASI m50 LA-ICP with an attached 7700 MS at
Adelaide Microscopy. Grains were ablated using a spot size
of 51 um, a frequency of 5 Hz, and a surface energy den-
sity of 3.5 Jem™2, with an acquisition time of 80 s for each
analysis including 30 s of background measurement and
50 s of ablation. The primary reference titanite MKED-1
was used to correct for elemental fractionation, mass bias
and instrument drift over the courses of analyses (Spandler
et al. 2016), and a titanite grain from Mt Painter with an age
of 442.6 + 1.8 Ma (Elburg et al. 2003) was used as the sec-
ondary standard. Corrections were done using the software
Iolite (Paton et al. 2011) and age calculations were done
using IsoplotR (Vermeesch 2018). The secondary standard
from Mt Painter returned a weighted mean 2°°Pb/?*8U age of
440.3+2.5 Ma MSWD = 1.5, n=22) throughout the course
of the analyses.

Ar-Ar phengite geochronology

Phengite “’Ar/*°Ar isotope analyses utilized conventional
furnace step-heating techniques at the University of Mel-
bourne, after the analytical procedures of Phillips et al.
(2007). Phengite grains were selected from mineral sepa-
rates. Due to the possibility of contamination by excess
argon in high-pressure rocks (Kelley 2002), a two-increment
step-heating laser approach was employed on single grains
of phengite. The laser analyses were conducted at The Uni-
versity of Melbourne, employing the analytical procedures
described by Phillips and Harris (2008). This approach was
used to screen for any significant intrasample inconsistency
in argon content that could be an artefact of (i) multiple
generations of phengite growth or (ii) varied amounts of
isotopic resetting or excess argon contamination within sin-
gle grains. Using the single-grain laser approach, spurious
isotopic results from a single-grain analysis can be removed
from the mean age calculations, using Isoplot software (Lud-
wig 2003).

Rb-Sr phengite geochronology

Phengite was analysed in situ for Rb and Sr isotopes and
major and trace elements using an ESI 213 NWR (TwoVol2)
laser ablation system with an attached Agilent 8800QQQ
ICP-MS/MS in the Microgeochemistry Laboratory at the
University of Gothenburg, Sweden, following the methods
of Zack and Hogmalm (2016) and Hogmalm et al. (2017).
Full methods are in Supplementary File 1. Laser parameters
were a fluence of ~6 Jem™ and a frequency of 10 Hz. Phen-
gite was analysed with a spot size of 40 pm, both perpen-
dicular and parallel to cleavage. Titanite was also analysed

@ Springer

to obtain initial 8’Sr/*®Sr ratios, with a spot size of 50 um.
The primary standard for 8’Rb/®Sr calibration was a pressed
nanopowder MicaMg (!’Rb/*Sr ratio of 154.6; Hogmalm
et al. 2017). Other primary standards for ’Sr/*°Sr ratios
were the synthetic glass NIST610 (3”Sr/%6Sr ratio: 0.709699;
Woodhead and Hergt 2001) and the natural basaltic glass
BCR2G (¥S1/%6Sr ratio: 0.705003; Elburg et al. 2005).
Secondary standards included La Posta biotite grains, with
Rb-Sr isochron age of 91.6+ 1.2 Ma and an initial ¥’Sr/%6Sr
ratio of 0.7049 +5 (Zack and Hogmalm 2016), and MDC
biotite grains with an isochron age of 519.4 +6.5 Ma and
an initial 8’Sr/%Sr ratio of 0.72 +0.002 (unpublished data).
Over the course of the analyses, La Posta grains returned an
isochron age of 90.5 +4.2 Ma, and MDC grains returned an
isochron age of 501.2 +7.2 Ma.

LA-ICP-QQQ mapping

Phengite was mapped in situ for Rb and Sr using an ASI m50
LA-ICP-MS with attached Agilent 8800 triple quadropole
MS at Adelaide Microscopy, Australia. The reaction gas
used was O,, with laser parameters of a fluence of 7 Jem™2
and a frequency of 10 Hz. The primary standard used was
a pressed nanopowder MicaMg, and NIST610 was used as
a secondary glass standard. The maps were processed in
Iolite (Paton et al. 2011). Results of the mapping are semi-
quantitative, and are presented in counts per second (CPS).

Results
Electron probe micro analyses and mapping

Mineral compositions and end member proportions are
reported in Supplementary Table 2 and Tamblyn et al.
(2019a), additional phengite, chlorite, omphacite and glau-
cophane compositional data is in Supplementary Table 5.
EPMA traverses and mapping of whole garnet grains
(Figs. 4, 5; Supp. Fig. 2) show complex zoning in the major
elements. In garnet 1, cores show a bell-shaped Mn enrich-
ment, consistent with prograde zoning (Figs. 4a, 5a). In the
outer part of garnet 1 and prominently in garnet 2, there
is a series of thin concentric Mn-rich rings or oscillations
(Fig. 5b—c). These narrow Mn-rich zones are often regular,
forming hexagonal garnet crystal shapes (Fig. 5c), but can
also be highly irregular, appearing to form on embayments
in the garnet crystal (Fig. 5b). There is an overall average
increase in Mn content from the outer part of garnet 1 to the
garnet 2 rim (Fig. 4b). The grossular content of the entire
garnet increases slightly from core to rim, from 0.23 to 0.3,
and also shows slight enrichments in thin concentric rings in
the outer garnet that are correlated with the patterns exhib-
ited by Mn (Fig. 5). Garnet 1 has almandine-poor cores
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Fig.4 Representative EPMA traverse of garnet, showing the propor-
tions of end members and X, a Traverse across entire garnet por-
phyroblast, showing a prograde bell-shaped zoning profile. b Traverse
across stage 1 garnet to stage 2 garnet, showing a step decrease in X,
and increase in spessartine content

(0.45) increasing to higher almandine content in the outer
garnet (0.65; Fig. 4a), with the exception of slight alman-
dine-poor concentric rings which correlate with the Mn-rich
rings. Garnet 2 is slightly depleted in almandine (Fig. 4b).
Pyrope contents are low in garnet 1,~0.03, with the inner-
most core showing a very slight depletion compared to the
rest of the garnet (Fig. 5a). Garnet 2 shows distinct step
increase in pyrope (0.06) that defines an outer rim ~ 200 um
in width (Fig. 4b).

High-resolution EPMA maps (Fig. Sb—c) reveal that gar-
net 2 forms on a regular to irregular-shaped original surface
of the garnet, as indicated by the white dashed line. The
growth of garnet 2 is marked by a sharp increase in Mn,
followed by several variations in Mn, and a final Mn-poor
rim which has been partially replaced by chlorite. Notably,
these Mn zoning patterns only correspond to slight changes

in MnO (< 0.5 wt%). Fe is slightly depleted in garnet 2. This
outer rim transition is also marked by a sharp increase in
Mg. The oscillations in Mn commonly correlate with slight
increases in Ca.

EPMA X-ray maps were also obtained from phengite
grains in the matrix and in garnet (Fig. 6; Supp. Fig. 3).
Matrix phengites display cores that are depleted in Fe,
enriched in Al and slightly enriched in Na, surrounded by
a rim enriched in Si, with enriched Fe and slight enrich-
ment in Mg (Fig. 6). Phengite grains in garnet show phen-
gite included in garnet 1 is enriched in Si, Mg and Fe, and
depleted in Al and Na (Fig. 6). Phengite included in garnet
2 is enriched in Al and Na, and depleted in Si and Fe with
a slight depletion in Mg, similar to cores of phengite grains
in the matrix (Fig. 6). Compositional zoning in the phengite
is sharp and well defined. Overall, the phengite zoning is
defined by an increase in celadonite proportion from core
(40%) to outer rim (45%), accompanied by a decrease in Xy,
(0.71-0.63) and an increase in Si (3.43-3.56 p.f.u.; Fig. 7).

Omphacite occurs as inclusions in garnet 1 and garnet 2,
and as coarser grains in the matrix, which show subtle differ-
ences in composition (Fig. 7). Omphacite in the matrix and
as inclusions in garnet 1 is generally 0.37-0.44 proportion
jadeite, 0.36-0.43 proportion diopside, 0.08—0.19 propor-
tion hedenbergite with a minor acmite component. Ompha-
cite as inclusions in garnet 2 is similar in composition, with
the exception of occasional diopsodic grains, which are
0.15-0.23 proportion jadeite, 0.47—0.50 proportion diopside,
and 0.19-0.26 proportion hedenbergite. Coarse grains in the
matrix and as inclusions in garnet 2 are subtly zoned in X,
from ~0.27 in the core to~0.23 in the rim (Supp. Fig. 4).
Inclusions in garnet 1 have an average X, of 0.28, and inclu-
sions in garnet 2 have an average X, of 0.3.

Chlorite forms grains in the matrix that break down gar-
net and omphacite, along fractures which cross-cut garnet,
and as inclusions at the boundary between garnet 1 and gar-
net 2 (Supp. Fig. 1). Chlorite as inclusions between garnet
1 and garnet 2 has an average Xy, of 0.46 (Supp. Table 5).
It shows elevated MnO contents compared to the adjacent
garnet (0.54-0.73 wt%). Chlorite throughout the matrix has
an average Xy, of 0.38. EPMA X-ray maps show that chlo-
rite is often zoned or patchy in composition (Supp. Fig. 5).

Retrograde amphibole is ferro-glaucophane in com-
position after the nomenclature of Leake et al. (1997),
and also shows sharply defined compositional zonation
(Supp. Fig. 6). Xy, increases from core to rim, accompa-
nied by a slight decrease in Al (1.72-1.39 p.f.u.). There is
a slight enrichment of Ca in the cores of the glaucophane
(0.17 p.f.u.); however, the grains are dominantly sodic. Some
grains have thin outer rims with slight enrichment in MnO
(0.14-0.27 wt%, Supp. Fig. 6).

Titanite differs slightly from ideal formula, with incorpo-
ration of Al,O, (up to 2.27 wt%), FeO (up to 0.66 wt%) and
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Fig.5 EPMA element maps of garnet, the white dashed line shows
the interpreted boundary between garnet 1 and garnet 2. a Garnet
porphyroblasts with prograde zoning in Mn, along with several oscil-
latory rings in the stage 2 rim. Zoning in Fe and Mg show garnet 2 as
a marked outer ring with elevated Xmg- Subset maps are marked in
grey boxes. b Compositional oscillations in the garnet 2 which define

F (up to 0.6 wt%) into its crystal structure (Supp. Table 5).
Al,05, FeO and F contents show positive correlations
(Fig. 7).

Phase equilibrium forward modelling

The results of the phase equilibrium forward modelling and
corresponding mineral modal and compositional isopleths
are shown in Figs. 8, 9 and 10. Figure 8 shows the phase
equilibrium model for the total bulk rock composition after
Tamblyn et al. (2019a). Figure 9 shows the phase equilib-
rium model for the local rock composition with water in
excess, and garnet 1 and lawsonite 1 removed. This was done
to simulate the effective local composition for the stage 2
mineral assemblage, as garnet 1 and lawsonite 1 were chemi-
cally isolated from the reactive rock composition (e.g. Spear
1988; Marmo et al. 2002; Evans 2004; Gaides et al. 2008;
Konrad-Schmolke et al. 2011; Lanari and Engi 2017). Fig-
ure 10 shows the phase equilibrium model with garnet 1 and
lawsonite 1 removed, but with a set water content, calculated
from the modes of hydrous minerals (H,0=4.65 wt%). This
was done as the current water content in the rock is most
likely a measure of the minimum amount of water avail-
able in the local rock composition. Figures 11 and 12 can
only be used for the mineral relations during the secondary
assemblage formation after garnet 1 and lawsonite 1 have
been formed. It is likely that the local rock composition had
a water content between that which is measured in the rock
currently, and water in excess. Therefore, the P-T points
during retrograde 1, prograde 2 and peak 2 have been inter-
preted from both of the models. A summary of the phase
equilibrium models used for each stage of the metamorphic
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Increasing relative concentration

smaller hexagonal garnet crystals that nucleated on the older garnet
1 rim. ¢ Complex Mn zoning patterns and a marked X increase in
the outer garnet rim. Embayments and subsequent overgrowths are
highlighted in the Mn oscillations, with correlate with Ca oscilla-
tions. Late chlorite replaces garnet. The boundary between garnet 1
and garnet 2 contains Mn-rich chlorite inclusions

evolution is in Supplementary Table 6. The interpreted
stages of the P-T path are indicated as grey arrows.

Stage 1

The prograde path and peak conditions for the formation of
the first mineral assemblage are shown on Fig. 8b, after Tam-
blyn et al. (2019a). Garnet 1 nucleated at the ‘garnet cores
in’ line at~0.8—1.1 GPa and approximately 350 °C, based
on the core inclusion assemblage of phengite + omphac-
ite +lawsonite + quartz + chlorite + epidote. The path is then
interpreted to track up-pressure into the + glaucophane field
to satisfy the inclusion relationship of glaucophane in law-
sonite and in the core domains of garnet 1 porphyroblasts.
The peak conditions of stage 1 metamorphism are deter-
mined from inclusions in the outer part of garnet 1 crys-
tals. We acknowledge that the record of peak 1 has been
obliterated by subsequent mineral growth, and as such the
interpreted P-T conditions are tentative. We interpret that
the lawsonite eclogite reached the phengite + garnet + law-
sonite + omphacite + coesite field (based on radial fractures
around quartz inclusions), at around 2.9 GPa and 600 °C.
This field is bound up-pressure by the conversion of ompha-
cite to jadeite, bound up-temperature by the destabilization
of lawsonite, and is bound down-temperature and down-
pressure by the loss of coesite or the conversion of coesite
to quartz. No inclusions of jadeite were detected, supporting
that clinopyroxene remained omphacitic during the meta-
morphic evolution. Lawsonite is interpreted to have been
stable during stage 1 burial as lawsonite preserves ages syn-
chronous with garnet growth (ca. 500 Ma; Tamblyn et al.
2019a), and is ubiquitously found as inclusions in garnet 1.
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Fig.6 EPMA maps across transition from garnet 1 to garnet 2 and
into matrix phengite. White/black dashed line indicates the bounda-
ries of garnet 1 and garnet 2. Solid white/black line indicates the
boundaries of phengite included in garnet

Rare examples of radial fractures around quartz in the outer
parts of garnet 1 (Fig. 2e) could indicate the former presence
of coesite, further supporting these inferred P—T conditions.

These interpreted peak conditions are supported by the
modal proportion of garnet 1. The interface between garnet
1 and 2 is marked by a step increase in X, and a promi-
nent increase in Xy, (Figs. 4, 6), together with truncation
of core-hosted inclusion trails. The microstructural rela-
tionships and change in Xy, and X, between the core and
the rim strongly imply there was a hiatus in garnet growth.

The overall average MnO of the garnet rim is higher than
the MnO content of the outer garnet core (Fig. 4), suggest-
ing that there was a period of garnet 1 breakdown prior to
the formation of garnet 2. Making the assumption that gar-
net growth effectively sequesters all available MnO in the
rock, particularly at high P-T conditions when chlorite is
no longer stable, the higher average MnO concentrations
in garnet 2 compared to the outer part of garnet 1 suggests
that it originally occupied a larger modal proportion of the
rock (Fig. 3a). The original size of the garnets during stage
1 can be calculated using the amount of MnO stored in the
MnO dissolution rings in garnet 2. If the outer part of the
garnet that formed during stage 1 is assumed to have had a
flat MnO profile whose MnO is now incorporated into garnet
2, stage 1 garnet at one point occupied ~ 1.05 times its cur-
rent modal volume, equivalent to approximately 25 mol%
(1-oxide-normalised; Fig. 4a). This is a minimum estimate,
as the Mn-rich garnet 2 has been partially broken down and
replaced by stage 2 Mn-rich chlorite. The calculated modal
proportion of stage 1 garnet porphyroblasts plots at P-T con-
ditions of ~2.9 GPa and 600 °C (Fig. 8c), within lawsonite
stability. The modal proportion of garnet at this stage of the
rock’s evolution may be overestimated in the phase equilib-
rium model, by perhaps up to 5 vol% (e.g. Lanari and Engi
2017), as garnet growth fractionates major elements. This
uncertainty in the garnet mode estimate is presented on the
phase equilibrium model (Fig. 8b). The calculated modal
proportion of garnet passes through the phengite + law-
sonite + omphacite 4+ coesite field. The P-T path linking the
interpreted prograde assemblages with the peak P—T point
passes through talc-bearing P-T space; however, the cal-
culated modal proportion of talc is low (< 1 vol%), and as
such it is unlikely that talc would have been preserved in
the eclogite.

The retrograde conditions following peak 1 must be
interpreted from the phase equilibrium models calculated
from the local bulk rock composition, where garnet 1 and
lawsonite 1 cores are not part of the chemical system.
However, the P-T conditions are difficult to assess, as
the water content in the rock at this stage in the law-
sonite eclogite’s evolution is unknown. Figure 9 shows
the phase equilibrium model for the local rock composi-
tion with water set to excess (i.e. water saturation), and
Fig. 10 shows the same composition but with a water con-
tent defined by the current mineralogy in the rock. The
amount of water currently in the rock is relevant to the
assemblages formed during stage 2 retrogression; how-
ever, its relation to the assemblages formed during stage 1
retrogression is unknown. Water content affects the stable
mineral assemblages at lower pressures and temperatures,
particularly the stability of garnet. The primary mineral-
ogical evidence for stage 1 retrogression is the addition
of chlorite + glaucophane to the mineral assemblage (as
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Fig.7 Mineral compositions of omphacite, phengite, chlorite and »

titanite measured by EPMA. a Omphacite analyses from inclusions in
garnet and omphacite porphyroblasts in the matrix. b Phengite analy-
ses showing increasing Si, Fe and Mg component from core to rim,
and decreasing Na content. ¢ Chlorite analyses from stage 1 chlorite,
from the boundary between garnet 1 and garnet 2, and stage 2 chlo-
rite, from the matrix. d Titanite analyses showing elevated Al,O;,
FeO and F contents with a positive correlation, suggesting increasing
pressure during crystallization (e.g. Castelli and Rubatto 2002)

found as inclusions in garnet and lawsonite rims), and
the consumption of garnet 1 rims. As such, the ‘garnet-
in’ line is an important indicator of stage 1 retrograde
P-T conditions, as it represents the modal volume of
garnet in the rock before new stage 2 rims formed. In
Fig. 9, the garnet-in line occurs in the retrograde assem-
blage at~1.8-2.1 GPa and 490-500 °C. However, it is
unknown if the mineral assemblage was water saturated
during retrogression. If the water content was below satu-
ration, we would expect the garnet-in line to move fur-
ther down pressure and temperature. This can be seen in
Fig. 10. The difference in position of the garnet-in line is
due to water content limiting the formation of chlorite at
the expense of garnet. Essentially, this means the garnet-
in line in Fig. 9 represents the maximum pressures and
temperatures the rock could have reached during stage 1
retrogression. As water saturation during retrogression
seems unlikely, it appears the lawsonite eclogite may have
been exhumed to lower pressures and temperatures than
can be constrained. In Fig. 9, the amount of water in the
local bulk composition necessary to destabilize garnet is
approximately 6 wt%, 1.35 wt% more than is currently
held in hydrous minerals in the rock.

Stage 2

Renewed burial leading to the growth of the new garnet rims
(garnet 2) is interpreted to start at the ‘garnet rims in’ line
(Fig. 9). This is notably only an estimate of the maximum
P-T conditions for the start of the prograde path for stage
2, as the water content in the eclogite was unknown as this
time, and it may have been exhumed to shallower condi-
tions within the subduction channel but failed to record it.
The early stages of the prograde path can be determined
using compositions of the cores of stage 2 minerals. Useful
compositional parameters are x(g), z(g) and y(phe), where
x(g) is the Xp, in garnet, z(g) is the grossular component of
garnet, and y(phe) is the proportion of Al on the M2 site in
phengite (i.e. dioctahedral Al), a pressure-sensitive param-
eter. In the P-T model with water in excess, the x(g) and
7(g) parameters from the interior of garnet 2 plot at approxi-
mately 1.9 GPa and 500-510 °C within the prograde field.
Notably, the x(phe) and y(phe) parameters from the cores
of phengite intersect at approximately 2.2 GPa and 540 °C,
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Fig.8 a Phase equilibrium model calculated with THERMOCALC,
modified from Tamblyn et al. (2019a), calculated with garnet 1 and
lawsonite 2 included in the bulk rock chemistry. Dashed thin grey
lines indicate the position of solvi. Colour changes indicate changes
in variance across fields. b Model a showing the prograde assem-
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blage and estimated garnet mode at stage 1 peak. Thick grey arrow
indicates the interpreted P—T path of stage 1 prograde peak. Act acti-
nolite, Bi biotite, Chl chlorite, Coe coesite, Ep epidote, G garnet, Gl
glaucophane, Hb hornblende, Jd jadeite, Law lawsonite, O ompha-
cite, Pa paragonite, Phe phengite, Pl plagioclase, Q quartz, Ta talc
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Fig.9 a Phase equilibrium model calculated with THERMOCALC
for the local rock composition with garnet 1 and lawsonite 1 removed,
and water in excess. Dashed thin grey lines indicate the position of
solvi. Colour changes indicate changes in variance across fields. Note
the scale change from Fig. 8. b Model a showing the interpreted peak
conditions of stage 1 peak from Fig. 8b, and the interpreted stage 1
retrograde path in the thick grey arrow. Note these retrograde P-T

possibly indicating the initiation of recrystallisation of phen-
gite at this P-T point. The x(o) parameter from cores of
omphacite grains, which reflects the Xp,, also plots close to
these conditions, however, as the textural timing of ompha-
cite growth in this sample is not well known, it is not clear
if its compositions reflect stage 1 burial or stage 2 burial. In
the P-T model with set water content, these same composi-
tional parameters plot over a larger range of P-T conditions;

550
Temperature (°C)

650 500 550 600 650

conditions are considered the maximum possible pressures and tem-
peratures obtained during retrogression. ¢) Model a showing the
interpreted stage 2 prograde and peak assemblages, and mineral
compositional isopleths. Thick grey arrow indicates the interpreted
P-T path during stage 2 prograde to peak. Abbreviations are listed
in Fig. 8

however, converge towards 1.95 GPa and 450 °C. The x(phe)
and y(phe) parameters from the cores of phengite intersect
at the same point as Fig. 9: 2.2 GPa and 540 °C. As such,
an alternative prograde 2 P-T path may have begun at lower
pressures and temperatures and tracked up towards ~2.2 GPa
and 540 °C.

The peak assemblage during stage 2 is interpreted to have
been phengite + garnet + omphacite + lawsonite + quartz,
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Fig. 10 a Phase equilibrium model calculated with THERMOCALC
for the local rock composition with garnet 1 and lawsonite 1 removed,
and set water content. Dashed thin grey lines indicate the position of
solvi. Colour changes indicate changes in variance across fields. Note
the scale change from Fig. 8. b Model a showing a possible alterna-
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Fig. 11 Results of LA-ICP-MS U-Pb titanite geochronology and
representative BSE images of analysed titanite grains. a Terra—Was-
serburg plot. b Coarse-grained titanite in the rim of a stage 2 law-
sonite crystal (outlined in white dotted line) displaying a well-formed
mesh-like intergrowth of exsolved zircon. ¢ Coarse titanite trails out-

Fig. 12 Step-heating Ar-Ar RB11 - Aliquot 1

tive path for stage 2 prograde, based on compositional isopleths from
garnet 1, omphacite and phengite cores. Peak conditions remain the
same. ¢ Model a showing the final stage 2 retrograde conditions
reached, based on modal proportion isopleths. Abbreviations are
listed in Fig. 8
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which is modelled to occur at conditions of ~2.7 GPa and
590 °C. This field exists identically on both Figs. 9 and
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coesite and/or omphacite to jadeite.
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Stage 2 retrograde P—T conditions are constrained from
Fig. 10. It is characterised by the growth of chlorite and
retrograde-zoned glaucophane at the expense of garnet and
omphacite. It also includes a modal proportion increase in
lawsonite (lawsonite 2), which overgrows garnet 2 (Fig. 2f).
The current modal proportions of all stage 2 minerals—
minus the garnet 1 and lawsonite 1 cores which are not
included in the modelling—intersect in the phengite + gar-
net + lawsonite + omphacite + quartz + chlorite + glau-
cophane + H,O field (Fig. 10c). The modelled isopleths track
parallel to each other down temperature in the H,O absent
field, spanning between 1.8 and 2.1 GPa (Fig. 10c). Final
recorded retrogression is, therefore, interpreted to occur
down to~2.0 GPa and 520 °C.

U-Pb titanite geochronology

In situ U-Pb isotopic analyses of titanite in the matrix and
in the garnet 2 rims define a common lead trend with a
lower intercept of 455.1+9.6 Ma MSWD=3.3, n=163,
Fig. 11a). The upper intercept has a 2°°Pb/**’Pb ratio of
0.8166 +0.0096. During data processing, 16 analyses were
discarded due to low or no signal, and a further 23 analyses
were discarded due to contamination from detectable or vis-
ible microzircons. Incidental ablation of these zircons was
visible in the signals as large Zr spikes. U-Pb geochrono-
logical data can be found in Supplementary Table 7.

Ar-Ar phengite geochronology

Step-heating results of two aliquots of phengite from the
lawsonite eclogite taken from ~50 cm apart are shown in
Fig. 12. The mineral grains come from the rock matrix.
Ar—Ar data can be found in Supplementary Table 8. For ali-
quot 1, an age of 458.4 +3.7 Ma was obtained from 72.4% of
released *°Ar. Aliquot 2 shows a rise in age with increasing
temperature steps. An age of 462.6 + 3.6 Ma was calculated
from 61.9% of released **Ar.

Rb-Sr phengite geochronology

In situ LA-ICP-MS Rb-Sr analyses of phengite cores and
rims produce almost identical isochrons (Fig. 13). Phengite
rims have a wide range of 8’Rb/%0Sr ratios and produce an
age of 448+ 13 Ma MSWD=0.61, n=18, Fig. 13a), in
many cases with favourably high ¥’Rb/*®Sr ratios (up to
2000). Phengite cores generally have lower 8’Rb/*®Sr ratios
and produce an age of 437 +37 Ma (MSWD =0.84, n=16,
Fig. 13b). When combined, all phengite data give an isoch-
ron age of 449 +19 Ma (MSWD =0.55, n=34, Fig. 13c¢).
Based on textural evidence that titanite occurs as inclu-
sions in phengite, as matrix grains and locally as grains
rimming phengite (Fig. 11), it was assumed to have grown

synchronously with matrix phengite. Therefore, titanite was
analysed to obtain an initial 8’Sr/%®Sr ratio to anchor the
isochron, producing an average 3’Sr/%Sr ratio of 0.70986
(n=6, Fig. 13d). The rims are interpreted to form during
peak metamorphism and thus were used in the final age cal-
culations. When the phengite rims are anchored with the
titanite analyses, the isochron age produced is 450 + 11 Ma
(MSWD =1.09, n=26, Fig. 13e). Rb-Sr geochronological
data can be found in Supplementary Table 9.

LA-ICP-QQQ isotope mapping

Phengite was mapped for 3°Rb and ®’Sr (Fig. 14). The quali-
tative results reveal the phengites that are zoned, showing
enrichments in St in the cores of the grains with slight Rb
depletion, and Rb enrichments in the rims which correlates
to comparatively low levels of Sr. The boundary between
these cores and rims is sharp, and in larger grains is aligned
along cleavage (Fig. 14). This zoning correlates to zoning
seen in the major elements; Sr-enriched cores correspond to
low-Si/high-Al cores, and Rb-enriched rims correspond to
high-Si/low-Al rims. High-Sr grains are titanite. The outline
of phengite grains is shown in white.

Discussion

Petrological evidence for reburial of the lawsonite
eclogite

Petrographical observations from the block of lawsonite
eclogite in the Port Macquarie serpentinite melange denote
at least two interpretable burial events, summarized in Sup-
plementary Table 1 and schematically outlined in Fig. 3.

Evidence for stage 1 prograde (or burial 1) is preserved
in the cores of garnet porphyroblasts, which are prograde
zoned, showing bell-shaped Mn profiles. Lawsonite por-
phyroblasts grew in equilibrium with garnet, as evidenced
by their ca. 500 Ma age, synchronous with garnet growth
(Tamblyn et al. 2019a). Stage 1 burial is also recorded by
phengite inclusions in the outer part of garnet 1, which are
high in Si and low in Al, consistent with crystallization at
high pressure. It is possible that rare coesite was formed and
captured in the outer parts of garnet 1, interpreted from the
presence of radial fractures around quartz.

The petrologic evidence for a second burial event after
partial exhumation is recorded as inclusions within gar-
net rims, lawsonite rims, and the compositions of matrix
minerals. The step increase in Xy, and a Mn oscillation
marks the boundary of new garnet 2 growth, and the general
increased Mn throughout the new garnet rim suggests that it
was formed from the breakdown of previously larger garnet
porphyroblasts. The presence of chlorite on the boundary

@ Springer



74 Page 14 0of 22

Contributions to Mineralogy and Petrology (2020) 175:74

Fig. 13 In situ LA-ICP-MS
Rb-Sr geochronological results.
a Isochron constructed from
analyses of phengite rims. b
Isochron constructed from
analyses of phengite cores. ¢
Isochron using both phengite
cores and rims. The isochrons
produce similar ages within the
uncertainties. d Isotopic analy-
ses of texturally intergrown
titanite, which records the initial
87Sr/8%Sr isotopic ratio. e Isoch-
ron constructed from phengite
rims and anchored with titanite
analyses

between garnet 1 and garnet 2 is key evidence that lower
temperatures and pressures were reached before the growth
of garnet 2. Omphacite grains in the matrix are prograde
zoned (Supp. Fig. 4), and possibly grew from the breakdown
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of glaucophane during the second burial event, however,
may also be relic from stage 1. Phengite and titanite (which
make up the strongly foliated rock matrix) underwent recrys-
tallization during prograde 2 deformation (e.g. Spencer et al.



Contributions to Mineralogy and Petrology (2020) 175:74

Page150f22 74

Fig. 14 LA-ICP-MS Rb and
Sr maps of phengite from the
lawsonite eclogite. Maps are
semi-quantitative. Phengites
show Sr enrichments of all
isotopes in their cores, and
sometimes a slight Rb enrich-
ment in their rims. These
enrichments follow along cleav-
age planes of the phengite. The
boundaries between these rims
and cores are extremely sharp
and well defined. The Sr-rich
mineral is titanite. The outline
of phengite grains is shown in
white. Rb-rich material without
obvious grain boundaries traced
is fine-grained phengite

2013; de Meyer 2014; Itaya and Tsujimori 2015). This inter-
pretation is supported by petrological observation that the
pervasive foliation in the matrix is at an oblique angle to the
foliation preserved as inclusion trails in garnet 1 (Fig. 3c).
The prograde zoning in the phengite is consistent with
recrystallization with increasing pressure and temperature;
however, the sharp boundary between zones could either be
interpreted as (i) progressive prograde zoning during total
recrystallization of the phengite grains or (ii) partial recrys-
tallization of the phengite rims at higher pressure, preserving
an older low-pressure core. Phengite with low Si/high Al,
identical to the cores of phengite in the matrix, is preserved
in the garnet 2 rims (Fig. 6), providing further evidence that
garnet 2 rims grew at lower P—T conditions than the outer
parts of garnet 1. Evidence for stage 2 retrograde includes
partial replacement of garnet by chlorite, and partial replace-
ment of omphacite by glaucophane and chlorite (Fig. 3d).
Retrograde zoning in glaucophane (Supp. Fig. 6) supports
that it grew during decreasing pressure and temperature.
New lawsonite growth on existing crystals captured coarse
titanite, garnet and glaucophane, suggesting that lawsonite
increased its modal proportion during retrograde 2 (Fig. 3d).

The origin of oscillatory garnet zoning
and the possible role of fluids

Garnets from the lawsonite eclogite show oscillatory zoning
in Ca, Mn, Fe and Mg (Fig. 5; Supp. Fig. 2), which is subtle
in the outer parts of stage 1 garnet but marked throughout
the stage 2 garnet rims. Narrow annuli enriched in Mn and
Ca are depleted in Fe and Mg, and vice versa. The oscilla-
tions are sharp; they occasionally form epitaxial hexagonal
crystal shapes on pre-existing garnet (Fig. 5¢), or form on
irregular-shaped embayed surfaces of pre-existing garnet
(Fig. 5b). These features suggest that garnet was resorbed
and regrown several times during the metamorphic history

of the lawsonite eclogite (aside from the major garnet
resorption event between burial 1 and burial 2).

Garnet resorption and regrowth have been suggested to
occur via changes in pressure and temperature which influ-
ence garnet stability (e.g. Garcia-Casco et al. 2002; Kohn
2004). This mechanism has been interpreted as the cause of
oscillatory garnet zoning from high-pressure rocks in sub-
duction systems, where seismic instability and/or serpent-
inite hosted channel circulation cause cyclic P-T changes
(Garcia-Casco et al. 2002; Li et al. 2016; Viete et al. 2018).
However, garnet resorption has also been suggested to be
a result of external fluid influx, which dissolves and repre-
cipitates garnet in equilibrium with the fluid (Angiboust
et al. 2011; Hyppolito et al. 2019). Additionally, the influx
of fluids may enrich or deplete cations incorporated into the
garnet during its growth (e.g. Martin et al. 2011; Angiboust
et al. 2014; Park et al. 2017). Such fluid influxes may not be
easy to trace; however, the lack of oscillatory zoning in the
major elements of other minerals (e.g. phengite, omphacite)
suggests that fluid influxes did not occur on a major scale,
or at least were only recorded in garnet. As there is no pet-
rologic evidence supporting either case, the major element
oscillatory zoning in garnet is interpreted to have formed by
subtle fluctuations in P-T and/or influxes of fluid.

P-T conditions of reburial

The record of the P-T conditions during the first burial event
is contained as inclusions in lawsonite and garnet, while
the record of the second burial event is found in garnet and
lawsonite rims and the matrix mineralogy. The P-T path pro-
posed is summarised in Fig. 15, the interpreted conditions
are summarised in Supplementary Table 6. The proposed
P-T path is tentative, due to the difficulty in reconstructing
the mineralogical evolution of the sample.
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Fig. 15 Summary of the P-T7—¢ path of the lawsonite eclogite. Lu-Hf
geochronology from lawsonite and garnet dates an earlier event dur-
ing burial 1. Ar—-Ar and Rb-Sr data from phengite, and U-Pb data
from titanite, date a younger recrystallization event associated with
reburial of the lawsonite eclogite within the subduction channel. This
results in two hairpin P-T loops. While the exact timing of exhuma-
tion and P-T conditions reached between these two burial events is
unknown, it must have occurred between approximately 485-465 Ma

The P-T path during stage 1 burial is recorded from 0.8
to 1.1 GPa at approximately 350 °C, and then tracks up to
peak conditions of at least 2.9 GPa and 600 °C based on
lawsonite stability, inclusion assemblages in lawsonite and
garnet and the estimated modal proportion of garnet (Fig. 8).
The potential former presence of coesite, now recorded by
radial fractures around quartz inclusions in the outer parts
of garnet 1, supports these peak conditions. High-Si/low-
Al phengite inclusions in the outer parts of garnet 1 also
support that high pressures were reached during this stage
(Fig. 6). Subsequent retrogression to maximum conditions
of ~2.0 GPa and 500 °C is recorded by the consumption of
garnet, and growth of chlorite and glaucophane (Figs. 9, 10).
It is likely the lawsonite eclogite reached lower pressures and
temperatures than this during retrogression; however, this
part of its evolution is difficult to reconstruct.

Stage 2 reburial began at maximum conditions
of ~2.0 GPa and 500 °C. Growth of new garnet rims with
elevated Mn and Xy, captured the stage 1 chlorite and
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glaucophane. Stage 2 peak conditions of 2.7 GPa and
590 °C were reached, based on the preserved peak mineral
assemblage. Retrogression to approximately 1.9 GPa and
520 °C is based on the current modal mineralogy of the rock
(Fig. 10c), and is supported by the formation of retrograde-
zoned glaucophane and the partial break down of garnet to
form chlorite.

If these tentative estimates are taken at face value, the
earliest stages of the prograde evolution of the rock occurred
on a geothermal gradient of approximately 370 °C/GPa,
while the peak and retrograde stages of both stage 1 and 2
occurred on a cooler geothermal gradient of approximately
210-265 °C/GPa. These gradients are in line with a sub-
duction channel which is cooling over time, potentially in
response to the refrigeration effects of ongoing subduction
(Gerya 2002; Agard et al. 2018). If this is correct, it suggests
the eclogite records the transition from subduction initiation
(e.g. Tamblyn et al. 2019a) to subduction maturity. These
inferred geothermal estimates are comparable to the geo-
thermal gradient experienced by garnet blueschist from the
same mélange that hosts the lawsonite eclogite at Port Mac-
quarie (~275 °C/GPa; Tamblyn et al. 2019a). The complete
P-T path suggested in Fig. 15 is two hairpin loops, which
are constrained by the presence of lawsonite throughout the
recorded history. Such P-T evolutions have been previously
suggested for high-pressure rocks in oceanic subduction sys-
tems (e.g. Gerya et al. 2002; Krebs et al. 2011; Pourteau
et al. 2019).

Timing of reburial

Tamblyn et al. (2019a) obtained Lu—Hf ages of 489.7+5 Ma
for garnet whole rock and 505 + 15 Ma for lawsonite whole
rock from the eclogite. The cores of stage 1 garnet are highly
enriched in Lu compared to the stage 2 garnet, indicating
the garnet Lu—Hf age is essentially the age of stage 1 garnet
growth. The lawsonite Lu—Hf age is less precise but within
uncertainty of the garnet age, suggesting that stage 1 garnet
and stage 1 lawsonite grew within a single isotopic reservoir
at ca. 500-490 Ma. The lawsonite grains contain patches
that are enriched in Lu (Tamblyn et al. 2019a), and in places
are overgrown by volumetrically minor second generation
lawsonite (Fig. 2f). The Lu-rich domains in stage 1 lawsonite
formed prior to garnet nucleation. The P-T path during the
stage 1 burial tracks up to tentative peak conditions of at
least 2.9 GPa and 600 °C (“P-T conditions of reburial”).
This occurred at ca. 505-490 Ma as dated by garnet and
lawsonite Lu—Hf (Tamblyn et al. 2019a; Fig. 15).

Matrix phengite that encloses garnet, lawsonite and
omphacite porphyroblasts shows an increasing Si and
celadonite content from core to rim (Fig. 6; Carswell et al.
2000). This compositional component is consistent with
increasing pressure, which in the absence of information
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about changes in non-lithostatic stress, equates to increasing
burial depth. The plateau ages obtained from Ar—Ar geo-
chronology from phengite from the rock matrix give ages of
ca. 458 and ca. 462 Ma. The suggested closure temperature
of argon diffusion in phengite is variable (e.g. Warren et al.
2011; Fornash et al. 2016), and is dependent on grain size
and fluid availability (e.g. Glodny et al. 2002). Numerical
diffusion modelling suggests that phengite grown at blues-
chist to eclogite facies (up to 550 °C) can retain argon from
its prograde history (Warren et al. 2011). This has been sup-
ported by step-heating experiments which suggest phengite
can be highly retentive of argon (Forster and Lister 2014).
These findings are in line with samples from high-pressure
terranes where Ar—Ar ages are similar to peak metamorphic
ages obtained from zircon or garnet geochronology (Fornash
et al. 2016), or can be texturally related to mineral growth
during sequential phases of deformation (Putlitz et al. 2005).

In situ LA-ICP-MS Rb-Sr dating of mica is still in its
infancy as a geochronological technique. However, it has
the potential to rapidly constrain ages of metamorphism
and deformation in metamorphic rocks. Rb—Sr analyses of
phengite rims, coupled with an initial 8’Sr/*Sr value from
texturally intergrown titanite, give an isochron age of ca.
450 Ma. The rims of phengite were selected for the final age
calculation, as they are interpreted to grow at peak condi-
tions of stage 2.

Rb and Sr maps also support that the geochronologic
results are growth ages (Fig. 14); the zoning is sharply
defined, suggesting minimal post-growth diffusion within
the grains (e.g. Konrad-Schmolke et al. 2011). Rb—Sr maps
show Sr enrichments in the low-Si cores of phengite, and
Rb enrichments in the high-Si rims, a pattern that has been
noted in high-pressure rocks (Di Vincenzo et al. 2006). The
incorporation of Sr into phengite may, therefore, be related
to the breakdown of another Sr-bearing mineral in the sys-
tem at lower pressures, or, a preference for Sr in low-Si less-
phengitic white mica, which declines with increasing phen-
gitic component up-pressure. The Rb—Sr age of the phengite
rims is within uncertainty of the age obtained from phengite
Ar—Ar analyses and titanite U-Pb age of ca. 455 Ma (below).
This interpretation is in line with similar high-pressure ter-
ranes, where Rb—Sr dates record crystallization of phengite
on the prograde-peak path during metamorphism (e.g. Het-
zel and Romer 2000; Glodny et al. 2002; Bosse et al. 2005;
Di Vincenzo et al. 2006). In some of these examples, Rb—Sr
phengite growth ages are synchronous with Ar—Ar phen-
gite ages (Anczkiewicz et al. 2000; Hetzel and Romer 2000;
Glodny et al. 2002; Rodriguez et al. 2003). Rb—Sr has also
been shown to date continuous recrystallization of white
mica during retrograde deformation in polymetamorphic ter-
ranes, at peak temperatures of ~500-550 °C (Brocker et al.
2013), demonstrating the ability for the Rb—Sr white mica
ages to record recrystallization events.

The U-Pb data from titanite in the matrix and as inclu-
sions in the stage 2 garnet gives an age of ca. 455 Ma.
Although there is some dispersion in the data, it is evi-
dent the matrix titanites are significantly younger than the
ca. 490 Ma age for stage 1 lawsonite and garnet. Phase
equilibrium modelling suggests the rock experienced
P-T conditions below the closure temperature of titanite
(~600-800 °C; Hartnady et al. 2019). Additionally, there is
no evidence of a rutile-bearing assemblage in the lawsonite
eclogite. Therefore, it is unlikely the titanite formed from
breakdown of rutile on the retrograde path. Consequently,
we interpret the titanite U-Pb data to reflect the timing of
titanite recrystallisation.

Titanite occurs throughout the matrix and forms around
the edges of prograde-zoned phengite (Fig. 11b—d). It occurs
as fine-grained inclusion trails in garnet cores and lawsonite,
and as coarse-grained inclusions in stage 2 garnet and law-
sonite rims (Fig. 11b—c). These textural relationships indi-
cate that titanite was stable during the entire metamorphic
evolution of the eclogite, first growing during the stage 1
burial event, and recrystallizing during the prograde evolu-
tion of the stage 2 burial event to form coarser-grained titan-
ite. This recrystallization was possibly tracked by increasing
F, Al,O5 and FeO content in the titanite (Fig. 7).

The inclusions in titanite are limited to fine-grained apa-
tite, phengite and zircon (< 10 um). Zircon is either euhedral
and 5-10 um in size, or occurs as fine-grained clusters or
web-like intergrowths which are 2 pm or less (Fig. 11b, c).
The 5-10 pum sized apatite, phengite and zircon inclusions
are interpreted to predate the crystallization of titanite, and
were avoided during analyses. However, the extremely fine-
grained web-like microzircon was difficult to avoid, and was
possibly incorporated into analyses. This is suggested by Zr
concentrations in the titanite analyses of up to~ 18,800 ppm
(Supp. Table 7). Texturally, these extremely fine-grained zir-
con dustings only occur in sections of titanite grains, and are
absent in phengite, garnet, lawsonite and omphacite. This
suggests they are probably exsolution of Zr from the titanite,
rather than inclusions (Fig. 11b, c). Titanite can substitute
Zr** for Ti*" in its crystal lattice, as evidenced by develop-
ment of the Zr-in-titanite thermobarometer (Hayden et al.
2008). However, in quartz-absent rocks, titanite can take in
significant amounts of ZrO, (up to 15 wt%; Della Ventura
et al. 1999; Seifert and Kramer 2003; Seifert 2005; Vuo-
rinen and Halenius 2005; Liferovich and Mitchell 2005;
Chakhmouradian 2004). While these studies are from igne-
ous rocks, they demonstrate the ability for significant Zr to
substitute into titanite.

The phase equilibrium modelling of the stage 2 effective
bulk composition suggests the prograde-peak path taken by
the lawsonite eclogite during reburial was quartz free until
absolute peak conditions were obtained (590 °C, 2.7 GPa).
Zircon exsolution from titanite has not been directly reported
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before, but in lieu of other explanations, we suggest these
fine-grained clusters of zircon within titanite represent high-
Zr titanite which formed in a quartz-absent matrix assem-
blage, which then exsolved zircon after crystallization of
the parent mineral. As such, while we tried to avoid areas of
obvious web-like zircon in titanite, we suggest that if small
amounts of fine-grained zircon exsolution were incorporated
into the titanite U-Pb analyses, we are dating U-Pb isotopic
ratios related to titanite recrystallization at ca. 455 Ma.

The above interpretations suggest recrystallization of
phengite and titanite at ca. 450 Ma dates the timing of bur-
ial 2, which reached peak P-T conditions of 2.7 GPa and
590 °C. The two burial events were separated by a period
of exhumation to maximum conditions of approximately
2.0 GPa and 500 °C, however the lawsonite eclogite may
have been exhumed further up the subduction channel.
The two stages of metamorphism and burial in the law-
sonite eclogite occurred over a period of at least ca. 50 M y
(Fig. 15). The timing of final exhumation after burial 2 is
unknown, but had occurred by the Permian, based on ser-
pentinite detritus in nearby early Permian basins in the
SNEO (Aitchison et al. 1994).

Examples of other burial cycles

The suggestion that the block of lawsonite eclogite at Port
Macquarie underwent two stages of burial, each marked
by garnet growth and separated by a stage of garnet break-
down, is similar to P-T histories proposed from other stud-
ies on subducted rocks in oceanic settings, and is supported
by results of numerical modelling (e.g. Gerya et al. 2002).
Despite the difficulties in recognizing and constraining mul-
tiple cycles of burial and exhumation within single high-
pressure samples, workers have had success using various
geochronological and mineralogical tools. Dating zones
within metamorphic zircon, combined with REE chemistry
and inclusion assemblages, have allowed two or more sub-
duction cycles to be identified in Rhodope, Greece (Liati
et al. 2016) and the Italian Alps (Rubatto et al. 2011); how-
ever, the latter was within a continental subduction system.
Three burial cycles in the Sambagawa belt in Japan have
been identified from mineral assemblages and mineral
chemistry of garnet and amphibole in eclogite by Kabir and
Takasu (2010). Two burial cycles are recorded in eclogite
from the Akeyazi terrane in Tianshan, China, interpreted
from petrological and mineral zoning evidence, with P-T
paths constrained from psuedosections (Li et al. 2016).
Garcia-Casco et al. (2002) modelled oscillatory zoning in
garnet and amphibole chemistry from serpentinite mélange
in Cuba, concluding that they formed in near equilibrium
and record fluctuations in P-T conditions during subduction.
Blanco-Quintero et al. (2011) also reported reburial during
interpreted large-scale convective flow from this mélange,
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interpreted from garnet zoning and P-T pseudosection mod-
elling. Geochronological constraints on the development of
the mineral assemblages in the Port Macquarie eclogite
point to a long history of high-pressure metamorphism, with
a significant age difference between the formation of stage 1
and stage 2 assemblages (Fig. 15). Based on time scales of
material movement in subduction systems from numerical
modelling (Gerya et al. 2002), the geochronological data
from the eclogite support the likelihood that multiple burial
and partial exhumation paths may have occurred.

Subduction channel dynamics

A corner or return flow model of material within the sub-
duction channel (e.g. Shreve and Cloos 1986, Gerya et al.
2002; Agard et al. 2009; Roda et al. 2019), is suggested for
repeated burial and exhumation of the lawsonite eclogite at
Port Macquarie. Numerical modelling predicts that during
oceanic subduction, hydration of the mantle wedge creates
a buoyant low viscosity serpentinite-filled subduction chan-
nel which can pluck high-pressure rocks from the subduct-
ing slab and circulate them within the channel (e.g. Gerya
et al. 2002). In these models, the high-pressure fragments
can become deeply subducted, but can also experience par-
tial exhumation and reburial, resulting in P-T loops (Gerya
et al. 2002). Rocks with different P—T—¢ histories can also
accumulate within the channel and be exhumed together to
form mélanges that contain a variety of subducted products
(e.g. Krebs et al. 2008). At Port Macquarie, this behaviour is
confirmed by the presence of garnet blueschist, which is ca.
470 Ma in age, and has a different P-T path to the eclogite,
yet is found as a tectonic block less than 10 m away from the
lawsonite eclogite (Och et al. 2003; Tamblyn et al. 2019a).

The geochronological data presented above also supports
the notion of long-lived residence of high-pressure materials
within oceanic subduction channels. The minimum duration
spent in the subduction channel by the lawsonite eclogite
at Port Macquarie is ca. 50 M y (Fig. 15). Analogous dura-
tions of high-pressure metamorphism and accumulation
have been reported from oceanic subduction systems. Exotic
high-pressure rocks hosted in serpentinite, which have been
interpreted to have been buried and exhumed by convec-
tive flow processes, span an age range of ca. 55 M y. in
Cuba (Lazaro et al. 2009), and ca. 40 M y. in the Dominican
Republic (Krebs et al. 2008). High-pressure rocks exhumed
in Turkey with different P-7—¢ histories span an age range
of ca. 20 M y. (Pourteau et al. 2019), supported by in situ
Ar-Ar data (Fornash et al. 2016). In the Mariana subdution
system, the residence time for blueschist within the subduc-
tion channel is ca. 48 M y (Tamblyn et al. 2019b).

With the caveat that the P-T conditions suggested from
the phase equilibrium modelling of the eclogite at Port
Macquarie are taken as approximations, a P-7—¢ path can
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be constructed for the lawsonite eclogite, and the rate of
exhumation to reburial estimated. If the maximum possible
P-T conditions of stage 1 exhumation are taken as 2.0 GPa
and 500 °C, the total pressure and temperature change from
peak stage 1 to peak stage 2 equates to~ 1.6 GPa and 190 °C.
If an average lithostatic pressure of 3.2 km/kbar with no
non-lithostatic loads is assumed, this pressure change is
equivalent to approximately 50 km of vertical depth change.
Depending on subduction angle, the total travel distance of
the lawsonite eclogite within the channel may have been
more than 100 km during the looping P-T history.

Conclusions

Lawsonite eclogite in serpentinite melange at Port Mac-
quarie in the Southern New England Orogen records
P-T conditions of ~2.9 GPa and 600 °C, attained at ca.
500-490 Ma. The mineral assemblages that define these
P-T conditions were overprinted by a second high-pres-
sure assemblage that formed at ca. 450 Ma. Compositional
zoning in phengite, and growth of a second generation
of garnet, indicate the overprinting mineral assemblage
formed during up-pressure metamorphism to~2.7 GPa and
590 °C. Between these two stages of burial, partial exhu-
mation occurred to at least 2.0 GPa, but probably to lower
P-T conditions. The P-T evolution defines hairpin looping
P-T paths that developed along a similar geothermal gradi-
ent, suggesting the lawsonite eclogite was cycled within a
serpentinite-filled subduction channel during return flow of
subducted material. This cycling occurred over a minimum
timeframe of ca 50 M y., implying long-lived residence of
the eclogite within the subduction system. A number of stud-
ies are beginning to discover that subducted material may
undergo complex P—7—¢ evolutions that record multiple epi-
sodes of burial and exhumation during prolonged residence
within subduction systems. These cyclic P-T evolutions
support predictions from numerical models which suggest
material can follow convective flow paths within evolving
serpentinite-filled subduction channels.
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