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A B S T R A C T

The rheological properties of the interface between the down-going and overriding plates in subduction zones
provides insight into how plate convergence is accommodated and the controls on seismic and aseismic slip. This
interface is known as the subduction channel and exhumed examples provide the only direct information on
deformation mechanisms and the impact of metamorphism on rheology. The Rocky Beach Metamorphic Mélange
in eastern Australia is one such exhumed subduction channel, composed of eclogite, blueschist and greenschist
facies blocks within a mélange matrix. Previous phase equilibria modelling indicates that high pressure blocks
were subducted to ca. 100 km depth and then retrogressed during return flow and exhumation. We found that
the rheology of blocks is modified by metasomatism, consistent with studies on other subduction channels.
However, through comparison of blocks from different metamorphic grades we found that the effect of meta-
somatism on rheology varied depending on the pressure and temperature conditions of metasomatism. While
unmetasomatised eclogites behaved as rigid objects in the mélange matrix, rocks with mineral assemblages that
equilibrated during eclogite facies metasomatism accumulated significant strain, forming isoclinal folds and
refolded folds. Deformation of these blocks began at eclogite facies and continued during return flow and
retrogression to blueschist facies. At blueschist facies, metasomatised blocks developed mm-scale isoclinal folds
with shearing parallel to fold limbs forming rootless isoclinal folds. At the transition between blueschist and
greenschist facies, pressure solution became important, preferentially focusing along layers of lawsonite, dis-
solving it from the rock. At greenschist facies, dissolution-precipitation processes caused significant mass loss,
producing mm-spacing between pressure solution seams and cuspate folds, analogous to dewatering structures in
sediments. In the Rocky Beach Metamorphic Mélange eclogite facies metasomatism reduces the competence of
rigid blocks, reducing overall subduction channel heterogeneity during return flow. We suggest that subduction
channels that experience widespread eclogite facies metasomatism may be less likely to generate seismic slip
during return flow, since the proportion of rigid blocks and block strength are both reduced.

1. Introduction

Subduction channels form at the interface between the down-going
slab and the overriding plate and are zones of intense deformation
hundreds to thousands of metres thick (Agard et al., 2018; Cloos and
Shreve, 1988a). Exhumed examples at blueschist to eclogite facies are
either continuous slices or mélanges with a block-in-matrix structure,
where rigid blocks are high pressure, low temperature metamorphic

rocks with a peridotite, basaltic or sedimentary protolith. A low vis-
cosity, highly-strained mélange matrix surrounds these blocks and is a
hybrid of the three block types, generated through physical and chem-
ical mixing (Cloos, 1982; Festa et al., 2010). Subduction channels
accommodate most of the deformation during active subduction (Cloos
and Shreve, 1988b) and their rheology controls seismic and aseismic slip
(e.g., Fagereng and Sibson, 2010; Penniston-Dorland and Harvey, 2023;
Platt et al., 2018; Tichelaar and Ruff, 1993).
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Previous work on the rheology of subduction channel melanges has
determined that high viscosity contrasts between the weak mélange
matrix and rigid blocks causes strong strain localisation. This typically
leaves the blocks only weakly deformed, to the extent that many
exhumed examples preserve magmatic textures of the protolith (e.g.,
Gao and Klemd, 2003; Stöckhert, 2002; Stöckhert and Renner, 1998). In
these settings blocks behave rigidly and the primary control on sub-
duction channel rheology is the mélange matrix and interactions be-
tween blocks (Beall et al., 2019a; Grigull et al., 2012). Conversely, some
subduction channels contain deformed high P blocks (McNamara et al.,
2024), which are inferred to have accumulated strain during discrete
episodes along the P-T path where a transient set of conditions caused
temporary strain localisation to the block (Wassmann and Stöckhert,
2013).

Block rheology can change as subduction progresses due to
metamorphism-induced mineralogical changes (e.g., Behr and Platt,
2013) including metasomatism, where metamorphism occurs in the
presence of a chemically-reactive fluid that causes alteration to the
parent rock involving simultaneous reactions and changes in bulk rock
composition (Goncalves et al., 2013). Mineralogical changes during
prograde metamorphism can strengthen the subduction channel shear
zone if newly formed minerals are stiffer than their precursors, such as
when amphibolite facies minerals (e.g., amphibole and pyroxene)
replace the weaker sheet silicates stable at lower metamorphic grade
(Gyomlai et al., 2021; Penniston-Dorland et al., 2018). Conversely,
metamorphism may lead to the replacement of stronger minerals by
weaker ones, as is the case when metasomatism of ultramafic blocks
produces talc or serpentine, which are common constituents of sub-
duction channels (Peacock and Hyndman, 1999). Physical and chemical
mixing in subduction systems makes rheological changes harder to
predict because these processes produce rocks that are not seen in any
other tectonic setting, including jadeitites, omphacitites, and ‘black-
walls’, which are chemical hybrids between serpentinite mélange matrix
and mafic blocks (Marschall and Schumacher, 2012). The only way to
understand how these peculiar rock assemblages form, interact and
affect rheology to is study exhumed examples.

To understand rheological changes during metasomatism we focus
here on the Rocky Beach Metamorphic Mélange (RBMM), which is a
subduction channel that preserves blocks with unusual bulk composi-
tions including omphacitites, lawsonite-blueschist ‘conglomerates’ and
eclogite-facies rocks dominated by phengite and titanite (Och et al.,
2003; Tamblyn et al., 2020a; Tamblyn et al., 2020b), as well as some of
the highest pressure lawsonite-bearing rocks known worldwide
(Whitney et al., 2020). The RBMM also includes mafic blocks that have
been metasomatized at greenschist, blueschist or eclogite facies,
affording the opportunity to examine how metasomatism changes
rheology and deformation style from high to low pressure, which is the
focus of this study.

2. Geologic setting

The Rocky Beach Metamorphic Mélange occurs within the Port
Macquarie Serpentinite Mélange, which is part of the New England
Orogen (NEO) in Eastern Australia (Fig. 1). The NEO is the youngest
section of the Tasmanides, which are a series of orogens that progres-
sively grew the eastern margin of Gondwana from the Cambrian to the
Triassic (Leitch, 1974; Phillips and Offler, 2011). This sequence started
with the Delamerian Orogen at 515–490 Ma and the Lachlan-Thompson
Orogen at 484–375 Ma (Glen, 2005; Jessop et al., 2019; Kemp et al.,
2009). The transition from the Lachlan-Thompson orogen to the NEO
occurred at ca. 375 Ma and was followed by a number of cycles of
extension and compression, with the final extensional period ending at
ca. 200 Ma (Jessop et al., 2019). The NEO contains arc, forearc and
accretionary complex rocks (Jessop et al., 2019). To the south, the
forearc (Tamworth Belt) and accretionary complex (Tablelands com-
plex) rocks are separated by the Peel-Manning Fault System, which is a

serpentinite belt that contains a number of high P/low T blocks that are
Cambrian to Ordovician in age (Fig. 1; Leitch, 1974). These are thought
to have formed in a subduction zone and were exhumed during
eastward-directed slab rollback during the Permian to Triassic,
emplacing them within the southern NEO (Allan and Leitch, 1992;
Leitch, 1974; Manton et al., 2017; Phillips et al., 2015; Phillips and
Offler, 2011). Although the Port Macquarie Serpentinite Mélange is not
contiguous with the Peel-Manning Fault System (Fig. 1), it encases
similar rocks of the same age, indicating they were sourced from the
same Delamerian subduction channel.

The Port Macquarie Serpentinite Mélange consists of eight outcrops
of serpentinite that occur along the coast near the town of Port Mac-
quarie (Och et al., 2007). The mélange contains a serpentinite matrix
that hosts an assortment of blocks with subduction affinities, including
accretionary complex, island-arc, and high P/low T metamorphic rocks
(Barron et al., 1976; Buckman et al., 2015; Och et al., 2003). The blocks
are Cambrian to Devonian in age, whereas the final stages of movement
in the encapsulating serpentinite have been dated to the Triassic at
prehnite-pumpellyite facies (247 ± 20 Ma; Buckman et al., 2015; Och
et al., 2003; Tamblyn et al., 2020a). One of the block types within the
serpentinite is the Watonga Formation, which includes basalt, chert and
volcaniclastic rocks that originally formed in a deep marine setting that
were subsequently off-scraped during subduction and incorporated into
the accretionary complex of the southern NEO, where rocks that span
ages of 455 to<330Mawere juxtaposed (Buckman et al., 2015). A block
of Watonga Formation is included within the Rocky Beach Metamorphic
Mélange at the northern end of Rocky Beach which in turn is encased in
the Port Macquarie Serpentinite Mélange.

The RBMM outcrops along a 150 m stretch of coast line (Figs. 1, 2)
and consists of high P/low T blocks within a mélange matrix that varies
in composition from mafic to ultramafic (Barron et al., 1976; Och et al.,
2003). Most high P/low T blocks are blueschist-eclogite facies mafic
rocks that have been variably affected by metasomatism, described in
Sections 4 and 5. Blocks with other protoliths include marble, perido-
tites, pyroxenites and chert, and are not the focus of this study (Fig. 2).

Dating of the mafic blocks indicates that peak metamorphism

Fig. 1. Regional map showing major lithologies, high pressure rock localities
on the Peel Manning Fault System and the location of Port Macquarie. The
South New England Orogen includes the arc, forearc (Tamworth Belt) and
accretionary complex (Tablelands Complex) of the 375–200 Ma orogenic event.
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occurred during the Late Cambrian to Early Ordovician (Och et al.,
2003; Tamblyn et al., 2020a; Tamblyn et al., 2020b). Tamblyn et al.
(2020a) dated garnet and lawsonite using Lu–Hf and Sm–Nd in a
garnet blueschist and an eclogite facies rock from the RBMM. They
found that the eclogite had a whole rock-garnet-lawsonite isochron age
of 487 ± 11 Ma and the blueschist had a garnet – whole rock age of 472
± 2 Ma. They interpreted that the difference in Lu–Hf ages was a result
of later subduction of younger block, and subsequent juxtaposition of
the two blocks in the mélange. This juxtaposition is thought to be due to
‘return flow’, where subducted material migrates into the serpentinised
section of the overlying mantle wedge and flows up-dip along the sub-
duction interface (Cloos, 1982; Cloos and Shreve, 1988a, 1988b). This
process creates a mélange with an array of exotic blocks, sampled from
different metamorphic grades and depths within the subduction zone (e.

g., Krebs et al., 2008; Penniston-Dorland et al., 2018; Tamblyn et al.,
2020b). In this model, subducting (down-going) rocks close to the
interface with the upflowing section of the subduction channel are
incorporated into the latter and transported upwards (Wassmann and
Stöckhert, 2013). Thus, simply imagined, eclogites sampled deep in the
system may be juxtaposed with blueschists and greenschists as the
subduction channel shear zone incorporates new blocks at the same time
as transporting blocks from deeper levels upwards.

Subsequent work by Tamblyn et al. (2020b) found that there were
two generations of garnet in the eclogite facies rocks, which they
attributed to two periods of prograde garnet growth due to cycling
within the subduction channel as interpreted from geochronology,
mineral zoning and phase equilibria modelling. In their model, rocks
were first subducted to P/T of 29 kbar and 600 ◦C, after which they were

Fig. 2. Geological map of the Rocky Beach Metamorphic Mélange. Inset: Stereographic projection of C planes, stretching lineations and fold axes. Blocks in the
southern section are ex situ on the beach in the intertidal zone.
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incorporated into the upgoing section of the subduction channel and
partially exhumed during return flow, as indicated by dissolution tex-
tures in garnet and phase equilibria modelling. After this, rocks were
purported to have been reincorporated into the down-going section of
the subduction channel and reburied to a second peak at 27 kbar and
590 ◦C, before final exhumation before the Permian. They suggested that
the Lu–Hf garnet dates (487 ± 11 Ma and 472 ± 2 Ma) represent the
timing of the first stage of burial and garnet growth, since garnet cores
are rich in Lu. They also dated titanite (U–Pb) and phengite (Ar–Ar and
Rb–Sr) interpreted to have grown during reburial due to textural re-
lationships including prograde zoning in phengite, which gave a reburial
age of ca. 450 Ma.

We define the northern and southern limits of the RBMM as the
contact between the Port Macquarie serpentinite and blueschists
(northern contact), and between serpentinite and layered eclogite facies
blocks (southern contact; Fig. 2). The contact to the west is covered by
vegetation but we approximate its location from sparse outcrops
revealed in eroded channels in the cliff face. The contact to the east is
observable (discontinuously) on the beach at low tide. As previously
mentioned, within the RBMM there is a block of Watonga Formation,
indicating that deeply subducted rocks were juxtaposed against the
accretionary prism prior to incorporation into the Port Macquarie ser-
pentinite mélange.

3. Method

3.1. Microscopy techniques

Samples of the RBMMwere studied and imaged using a petrographic
microscope and further explored using a scanning electron microscope
(JEOL 7001F FEG-SEM) at the Monash Centre for Electron Microscopy.
Major and minor element mineral compositions were measured by mi-
croprobes at two laboratories (due to access limitations during the
pandemic). At the Central Science Laboratory (University of Tasmania) a
JEOL JXA-8530F Plus field emission electron microprobe was used. This
microprobe was used for all quantitative mineral analyses except for
those on Mac29 and Mac30a (Table S1). At the Advanced Characteri-
sation Facility at the Commonwealth Scientific and Industrial Research
Organisation (CSIRO) a JEOL 8530F was used. This microprobe was
used to create all probe element maps and for quantitative mineral
analysis of samples Mac29 and Mac30a (Table S1). Detail on the method
is included in the supplementary methods.

To determine textural relationships of mineral phases, key thin sec-
tions were mounted on pure silica glass for analysis at the Australian
Synchrotron (ANSTO, Clayton, Australia). The X-ray Fluorescence
Beamline was used and element maps were collected with the Maia
detector (Ryan et al., 2010). Detail on the method is included in the
supplementary methods.

3.2. Phase equilibria modelling

Two bulk rock compositions were modelled for phase equilibria. The
major element composition of a blueschist (PMRB1B) was determined
from a crushed whole rock powder that was analysed by X-ray fluores-
cence (XRF) at ALS Global in Queensland, Australia. The major element
bulk composition of a garnet-phengite schist was calculated by
combining modal proportions of each mineral with its measured
chemical composition (Fig. S1, Table 1). Thin sections were mapped at
the Australian Synchrotron and element maps analysed using ImageJ to
determine modal proportions. Mineral compositions were determined
by microprobe, as detailed in the previous section.

Phase equilibria modelling was performed using THERMOCALC
(Powell & Holland, 1988) in the NCKFMASHTO chemical system
(Na2O–CaO–K2O–FeO–MgO–Al2O3–SiO2–H2O–TiO2–O) using version
3.50 (Powell & Holland, 1988) and the internally consistent thermo-
dynamic dataset 6.2 (updated 6th February 2012: Holland & Powell,

2011). Redox conditions were fixed at Fe3+/[Fe3++Fe2+] = 0.15 to
match common ratios observed in MORB (Kelley& Cottrell, 2009) and a
H2O-H fluid (H2O activity = 0.99) fluid was modelled as in excess. Mn
was not considered due to restricted partitioning in the activi-
ty–composition models, its absence should mostly influence the stability
of garnet and chlorite (~50 ◦C; Chapman and Clarke, 2021). Biotite
stability is overestimated in the models due to excess K and effectively
low Al. The main phases that incorporate substantial K are muscovite
and (less so) clinoamphibole. Additional phase equilibria calculations
were completed with metastable biotite (e.g., White et al., 2004) to
assess uncertainties on PT determinations. The absence of biotite results
in a larger stability field of chlorite and narrower lawsonite–garnet
transition to effectively accommodate Fe-Mg-Al exchange. The variance
of individual isopleths between biotite-present and absent equilibria for
garnet and omphacite is in the range of 2–50 ◦C and 1–2 kbar and for
silica-in-phengite it is 10–50 ◦C and 2–3 kbar (Fig. S3). The variability is
within predicted uncertainties of the method for determined PT
estimates.

Mineral activity–composition models and abbreviations for phase
equilibria modelling include: glaucophane (gl), actinolite (act), horn-
blende (hb), omphacite/diopside (o/dio: Green et al., 2016), feldspars
(abc, pl: Holland et al., 2022), garnet (g), paragonite (pa), biotite (bi),
muscovite (mu), chlorite (chl), chloritoid (ctd: White et al., 2014),
epidote (ep), talc (ta: Holland & Powell, 2011). Phases treated as pure
include lawsonite (law), rutile (ru), titanite (sph), quartz (q), coesite
(coe), kyanite (ky) and H2O-H (fluid). In the modelling the H2O fluid
retains activities of >0.99.

4. Lithologies and structures

Although the RBMM consists of a range of lithologies including
blocks of partially serpentinised peridotite, carbonate and silicified
rocks (Fig. 2), the focus here is on metamorphic rocks that formed from
mafic protoliths because these are more ammenable to petrological
analysis and exert a strong influence on bulk composition and rheology
of subduction systems globally. These are classified as eclogites, blues-
chists or greenschists based on their mineralogy, which reflects the bulk
composition and the pressure and temperature of formation or re-
equilibration. Three sections within the RBMM can be differentiated
on the basis of mineralogy and structures within mafic blocks, as well as
the composition of the mélange matrix: (1) the southern section, which
contains layered eclogite-blueschist facies blocks, (2) the central section,
which contains massive eclogites and blueschists, and (3) the northern
section, which contains Lws-blueschists variably retrogressed to
greenschist (Fig. 2). The mélange matrix consists of Tlc + Chl + Tr
(mineral abbreviations after Whitney and Evans, 2010) with variable
amounts of carbonate and serpentine.

Preliminary investigation of the Watonga Formation block encased
in the RBMM revealed it consists of blocks of volcanogenic sandstone
(Chl + Ab+San + Py) in a mélange matrix that consists mostly of
chlorite, carbonate, chert and actinolite. Since the focus here is the

Table 1
Major element bulk rock compositions for the phase equilibria modelling in
Fig. 9.

Bulk Blueschist g–ph schist

SiO2 44.25 44.33
Al2O3 5.79 10.58
CaO 4.68 5.60
MgO 10.25 6.16
FeO 8.08 6.37
K2O 0.92 4.35
Na2O 4.33 0.75
TiO2 0.98 1.37
O 1.05 0.84
H2O 19.65 19.66
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evolution of blocks with a mafic protolith, we do not discuss the
Watonga Formation block in detail.

We describe the RBMM sections from south to north. Data from
synchrotron element mapping and electron microprobe analysis of
mineral compositions is incorporated in these descriptions and mineral
compositions and end-member proportions are reported in Table S1.

4.1. Southern section

4.1.1. Southern section lithologies
The southern section comprises blocks of layered eclogite-blueschist

facies rock that have rounded to lens shapes up to 5 m in length (Fig. 3).
Most of the blocks in this section are not in situ but found in the inter-
tidal zone on the beach, eroded out of the densely vegetated cliff west of
the beach. Although we found similar examples in situ, which occur in a
matrix of Tlc + Chl + Tr, we focus on the ex situ examples as they
provide an opportunity to understand the blocks in 3D. These ex situ
blocks have been the focus of most of the previous work on the RBMM
including Tamblyn et al. (2020a, 2020b) and Och et al. (2003).

Blocks in the southern section contain layers of (1) Omp + Grt ± Lws
(eclogites), (2) Omp + Ttn ± Grt ± Ph ± Py (omphacitites), (3) Omp +

Lws ± Ph ± Ttn (Lws-omphacitites), (4) Ph + Grt + Ttn + Lws + Py ±

Omp (Grt-Ph schists), (5) Gln + Ph + Grt ± Ttn ± Ap (blueschists;
Figs. 3, 4, 5, S1, S2). Some blocks show all layers with layer thicknesses
from a few millimetres to tens of centimetres whereas other, smaller
blocks are pure blueschist. Contacts between block layers are typically
sharp, except for graditional contacts between omphacitite and blues-
chist layers in some blocks (e.g., Fig. 3d). In the layers of blueschist and
Grt-Ph schist there is a foliation defined by the long axis of Gl and Ph
respectively (Figs. 4, 5, S1, S2).

4.1.2. Southern section structures
The large ex situ blocks (up to 5 m in diameter) commonly contain

metre-scale fold hinges. Since these blocks are ex situ, the original
orientation of structures cannot be determined, but they provide a rare
opportunity for 3D observation and we see similar structures in nearby
in situ blueschists in the southern and central sections (e.g., Fig. 6d). We
focus here on two blocks at the northern end of Rocky Beach (Fig. 3a).

The first block we refer to as RB5; it is 4 m wide and consists of layers
of Grt-blueschist, omphacitite, and Lws-omphacitite (Figs. 3a, 4c, 5c,e).
These layers have been folded multiple times, with an isoclinal fold
refolded by an isoclinal fold with a hinge perpendicular to the first
generation, overprinted by ‘upright’ folding (relative geometry, block is
not in situ). The overall shape of the block is sigmoidal (Fig. 3a), sug-
gesting the block may have been a σ-type object within the mélange
matrix when in situ, as seen with central section blocks described in the
next section (e.g., Fig. 6d). In the limbs of the fold, layers of omphacitite
have undergone brittle fracture and boudinage and glaucophane has
filled the boudin necks (e.g., Figs. 4c, S2a). Some glaucophane-filled
fractures are parallel to the axial plane of the ‘upright’ folding event
(Fig. S1b).

The second block, RB1, consists of interlayered eclogite and Grt-
blueschist. Layers are isoclinally folded and the block has a sigmoidal
shape, similar to RB5. RB1 is variably retrogressed, with omphacitite
fold limbs showing a gradual transition into blueschist (Fig. 3d). Garnet-
phengite veins in the blueschist do not continue into the omphacite
layer, but there are Grt+ Ph veins filling fractures in the omphacite layer
and along fold limbs. Below the isoclinally folded layer of omphacitite
there are veins of pyrite that are folded and also appear as fine cross
cutting veins that fan across the fold, perpendicular to the folded pyrite
veins (Figs. 3b, S2b). These veins do not appear in the omphacitite layer,
so presumably relate to fluid ingress during folding that affected only

Fig. 3. Ex situ blocks on the intertidal zone at Rocky Beach in the Southern Section. (a) Ex situ blocks eroded out of the cliff face. (b) Folded pyrite veins in block RB1
with pyrite veins perpendicular to layering and fanning across the fold (see inset in Fig. S2). (c) Folded interlayered blueschist and omphacitite-rich layer. (d) Relict
omphacite-rich layers in fold hinges, interlayered with blueschist. White dashed lines highlight folds.

M.A. Finch et al. LITHOS 488–489 (2024) 107797 

5 



part of the block.

4.1.3. Microstructures and mineral chemistry
In the description of the major minerals below, the mineral features

that the layers have in common are described before any unique attri-
butes that appear only in one layer are noted. Layering is cross cut by
carbonate veins (Figs. 3c, 4c) that contain rare phengite, glaucophane
and titanite. Tamblyn et al. (2020a) determined that the carbonate in
these veins is aragonite.

In thin section, omphacite is bright green in PPL and up to 3 mm in
length with sweeping undulose extinction, poorly-formed kink bands
and chlorite-filled pressure solution seams. In some samples omphacite
shows crystal faces or forms tight folds on the sub-mm scale (Fig. 4a). In
Lws-omphacitites, omphacite forms anhedral interlocking crystals
around euhedral lawsonite (Fig. S2c,d). One sample, RB1C, contains a
different appearance of omphacite, which is brown, anhedral and
partially to completely replaced by chlorite. In this sample, omphacite
contains inclusions of Ttn+ Ph and phengite contains inclusions of Omp
+ Ttn. Microprobe analyses indicate that omphacite has proportions of
diopside between 0.48 and 0.62, jadeite between 0.16 and 0.51, and
aegirine between 0 and 0.31 (Table S1). One sample of Lws-omphacitite
contained jadeite (0.91–0.96) in addition to omphacite (Table S1).

Garnet forms euhedral to subhedral porphyroblasts up to 5 mm
diameter that contain inclusions of Ttn, Ap, Gln, Omp, Zrn, Qz, Stp, and
Chl. Tamblyn et al. (2020a) also reported inclusions of Lws, Ph and Ep in

garnet from similar samples. Inclusion trails of titanite and zircon in
garnet are aligned with the external foliation and Ttn-rich layers also
wrap around garnets (Fig. 4b). In Grt-Ph schists, garnet shows complex
Mn and Y zoning, with oscillatory zoning and irregular Mn and Y
zonation on garnet embayments (Fig. 5a). Similar zoning was previously
described by Tamblyn et al. (2020b). This complex zoning is only in
layers of Grt-Ph schist; it is absent from garnets in the other layers in
southern section rocks, and from garnet in other sections. Garnets are
partially retrogressed to chlorite, and in some blueschists they are
pseudomorphed by chlorite. Microprobe analyses indicate garnet is
Alm38-69Spss01-35Grs23-37Py0–11 with higher Spss and lower Alm and Py
values in cores and zones with high Mn (Table S1).

Lawsonite forms euhedral crystals up to 5 mm long (Figs. 5b, S2c,d)
and in Lws-Omphacitite layers, shows faint hourglass zoning in Sr, as
well as more pronounced, irregular Sr zoning on porphyroblast rims
(Fig. 5b). Rim zoning is discontinuous, typically appearing on just one or
two sides of Lws grains and at the margins of Lws fractures and em-
bayments (Fig. 5b). Lawsonite contains minor proportions of TiO2 (up to
1 wt%) and FeO (up to 0.7 wt%; Table S1).

Phengite forms elongate grains up to 1 mm length parallel to the
foliation (Figs. 4c, 5e, S2a) and also occurs as fine-grained aggregates in
Lws-blueschists. At the margins between omphacitite/eclogite and Grt-
Ph schist layers, phengite occasionally forms elongate blocky crystals
that are oriented perpendicular to the contact (Fig. 5c,d). In some cases
this texture is observed between two sections of an omphacitite or

Fig. 4. Examples of mineral relationships from the southern section of the RBMM. (a) Microfolds in omphacite from an omphacitite (XPL). (b) Element map of
manganese (red), titanium (green) and aluminium (blue) in a Grt-Ph schist. Titanite is included in Grt and is in the Grt-Ph matrix that wraps around Grt. (c) Layers of
omphacitite, Grt-Ph schist and blueschist. Blueschist and Grt-Ph schist include pieces of omphacitite layer (yellow arrows) (PPL). (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Textures interpreted to indicate fluid-mediated growth of Grt-Ph schist layers. (a) Element map of Mn concentration showing oscillatory Mn zoning in garnet.
The zones are truncated (arrows labelled 1), irregular (arrow labelled 2) and occur in embayments (arrow 3). The small black spots in the Ph-Ttn matrix are pores
(labelled). (b) Element map of strontium (red), iron (green) and calcium (blue) of Lws-omphacitite. Lawsonite shows faint hourglass Sr zoning (white box with inset
zoom) and more pronounced discontinuous Sr zoning on rims and in microfractures and embayments. (c) Photomicrograph of layers of Grt-Ph schist and omphacitite.
The omphacitite layer has been fractured and a vein of Ph + Ttn has infilled the fracture. The area boxed in red is shown in (d) (PPL). (d) Photomicrograph of the wall
of a Ph + Ttn vein with Ph oriented perpendicular to the vein wall (XPL). (e) Photomicrograph of layers of omphacitite and Grt-Ph schist. Pieces of the omphacitite
layer have been fractured from the larger layers and incorporated in the Grt-Ph schist (PPL). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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Fig. 6. Lithologies and structures in the central section. (a) Map of most of the eclogite blocks within the central section showing their jigsaw fit. The letters b-e note
the position of features highlighted in figures b-e. (b) Veins of Gl + Ph cross-cutting an eclogite block. (c) An in situ eclogite block with left inset showing mineralogy
and right inset showing the major features of the photograph. (d) A folded blueschist σ-type object in mélange matrix. (e) Edge of an eclogite block that shows a
fractured rind that has peeled away from the block and preserved part way through the process of progressively physically mixing into the mélange matrix.
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eclogite layer that show appear to have once been continuous, but are
now separated by a vein of Grt-Ph schist (Fig. 5c,d). Phengite contains
3.42–3.68 Si p.f.u. and XMg of 0.6–0.77 (Table S1). Glaucophane occurs
as euhedral to anhedral crystals in layers and in boudin necks that
separate Omp-rich layers (Figs. 4c, 5e, S2a). Glaucophane is occasion-
ally zoned with Mg-rich cores and Fe-rich rims with XMg varying be-
tween 0.38 and 0.46 (Table S1). Oriented glaucophane defines the
foliation and contains parallel layers of titanite. Rutile occurs in veins
that crosscut the foliation in omphacites and blueschists and is partially
to completely replaced by titanite. Titanite is tens of microns in diam-
eter, occurs in discontinuous layers, and appears in highest concentra-
tion in Grt-Ph schists (Fig. 4b, c) and blueschists. Titanite contains up to
2.69 wt% Al2O3 and up to 1.63 wt% FeO (Table S1). Pyrite is up to 1 mm
length and euhedral to anhedral (Figs. 4c, S2a opaque mineral).

Overprinting relationships between the different layers indicate their
relative timing (Figs. 4c, 5c,e). At contacts with Grt-Ph schists or
blueschists, omphacitites are fractured and included in the Ph + Ttn or
glaucophane matrix, indicating the Grt-Ph schist and blueschist layers
formed after the omphacitites (yellow arrows in Figs. 4c, 5e, S2e). This
relative timing is also demonstrated in layers where glaucophane has
partially replaced omphacite at the boundary between the two layers.
Glaucophane also appears in veins that crosscut Grt-Ph schists, eclogites
and omphacitites, indicating these blueschist veins also formed after
Grt-Ph schists (Figs. 5e, S1b). Layers of Lws-omphacitite occasionally
grade into omphacitites, with no crosscutting relationships evident
(Fig. S2f).

4.2. Central section

The central section is distinguished from the southern section by lack
of layering and folding in former eclogite facies blocks.

4.2.1. Central section lithologies
Blocks in the central section are round to elongate, up to 8 m in

length, and contained in a mélange matrix that consists of talc, chlorite,
tremolite and carbonate in regions close to mafic blocks and serpentine,
titanite and carbonate close to peridotite blocks. The mafic blocks in this
section consist of partially retrogressed eclogites and Ph-omphacitites.
Eclogites are defined as rocks where omphacite and garnet show equi-
librium textures and are referred to as former eclogites because they
have been partially to completely retrogressed to Chl+ Ph+ Ttn± Pmp.
Retrogression is more pervasive on the edges of blocks adjacent to
mélange matrix. Within the central section, former eclogites are
confined to a 20 m-long section (Figs. 2, 6a) and are massive and
unfoliated (Fig. 6b, c). The jigsaw fit of most of the individual blocks
suggests they once formed a continous, lens-shaped block approximately
20 m long and 10 m wide (Fig. 6a). In outcrop former eclogite blocks
appear as green (omphacite and/or chlorite) blocks with red garnets up
to 5 mm diameter (Fig. 6c). Blocks are dissected by carbonate veins that
show no preferred orientation within blocks, but parallel the foliation in
the matrix outside blocks (Fig. 6c).

4.2.2. Central section structures
Minerals in former eclogite blocks do not show any alignment that

suggests a foliation, although the extensive retrogression may mask pre-
existing structures. The edges of some former eclogite blocks show in-
ternal fractures that calve off a wedge-shaped outer layer of the block
(Fig. 6e). These wedges are either adjacent to the block or partially to
completely separated from the block by mélange matrix. In one case,
multiple wedge layers are evident, which lie at increasing angles from
the block margin, separated by mélange matrix (Fig. 6e). Inside the
wedge-shaped layer there is a set of parallel fractures that are approxi-
mately perpendicular to the long edge of the layer, and the external
foliation.

Rare blueschist blocks are isoclinally folded with blocks a few cm in
diameter preserved as isolated fold hinges and larger blocks folded and

sheared into σ-type objects that show shear sense consistent with the
mélange matrix foliation (Fig. 6d).

4.2.3. Central section microstructures and mineral chemistry
A peak eclogite-facies mineral assemblage is recognised as garnet

porphyroblasts that contain omphacite and rutile inclusions (Figs. 7a,
S2g). Porphyroblasts are in a matrix of phengite, chlorite and titanite,
which is interpreted to have formed during retrogression indicated by
partial replacement of garnet by chlorite (Figs. 7a, S2g). Garnet is highly
fractured and has euhedral to anhedral shapes. In PPL, garnet is inclu-
sion rich, with decreasing inclusion abundance towards the rims and
also contains anomalous inclusion-free patches. In addition to ompha-
cite and rutile, garnet also has primary inclusions of Ph, Chl, Ap, and Qz,
and secondary inclusions of Ttn, which partially replaces Rt (Fig. S2g).
Rutile inclusions are up to 2 mm long and garnet fractures are infilled by
coexisting Kfs + Qz or chlorite. Synchrotron element mapping revealed
element zoning with garnet cores rich in Mn and depleted in Fe and a
gradual decrease in Mn and increase in Fe towards the rim. Garnet is also
zoned in Y with a depleted inner core (in the zone where Mn is
enriched), surrounded by a zone of Y enrichment that encapsulates the
Mn rich core, surrounded by a depleted edge (Fig. 7a). Microprobe an-
alyses indicate garnet is Alm36-69Spss0-30Grs23-54Py0–06 with higher Spss
and lower Alm and Py values in cores (Table S1).

In the matrix surrounding garnet porphyroblasts, titanite pseudo-
morphs former rutile and also appears as euhedral to anhedral crystals
up to 0.5 mm long in the matrix with inclusions of zircon (Fig. S2g).
Titanite contains up to 2.26 wt% Al2O3 and up to 0.91 wt% FeO
(Table S1). Apart from titanite (about 5 % of the matrix), the matrix also
contains phengite (60 %), chlorite (30 %) as well as minor zircon and
apatite. Two types of chlorite are evident in PPL and BSE: a brown

Fig. 7. Thin section images from rocks of the central section. (a) Synchrotron
element maps of ytrium (red), manganese (green) and calcium (blue) showing
garnet porphyroblasts with Mn and Y zoning. The lighter blue patches in garnet
are rutile inclusions (see Fig. S2 for photomicrograph of this thin section). (b)
Backscattered electron (BSE) image showing garnet porphyroblast with in-
clusions of augite, included within a pumpellyite porphyroblast. In the lower
right corner, the matrix is evident, consisting of chlorite and titanite. (c) BSE
image of the edge of a garnet porphyroblast with inclusions of augite. Garnet
contains fractures filled with augite and/or quartz. Note that some augite-
garnet interfaces contain discontinous rims of quartz. (d) BSE image of the
edge of a chlorite vein (left hand side) in omphacitite. Omphacite is partially
overprinted by an alteration assemblage of chlorite, phengite and titanite.
Omphacite has euhedral crystal faces projecting into the chlorite vein, indi-
cating that omphacite recrystallised during vein formation. (e) BSE image of the
mélange matrix, which consists of talc, tremolite and chlorite in the central
section. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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anhedral, porous variety in the matrix that is high in Mg and low in Fe
(Chl1; Fig. S2g), and a green, fibrous variety high in Fe and low in Mg
(Chl2) that overprints the Chl1 + Ph matrix, does not show marked
porosity in BSE and tends to occur in garnet fractures and adjacent to
carbonate veins. Chl1 partially replaces garnet and occasionally pseu-
domorphs it (Fig. S2g). Chlorite has XMg between 0.39 and 0.68 and
phengite contains 3.39–3.7 Si p.f.u. and XMg of 0.56–0.68 (Table S1).

At the western contact between eclogite blocks and mélange matrix,
a different textural association of clinopyroxene and garnet is evident,
which also shows different chemistry. Here, clinopyroxene is augite
(Fig. 7c) with 21 wt% CaO, 11 wt% MgO and 4–5 wt% Al2O3, dis-
tinguishing it from the omphacitic clinopyroxene elsewhere in the
central section. Garnet is also different here, forming anhedral por-
phyroblasts up to 5 mm in diameter, notably lacking rutile inclusions,
although inclusions of chlorite, titanite, and augite are present (Fig. 7c).
Here, garnet has similar zoning in Mn and Fe to that in other central
section eclogites, except that cores are larger and less distinct, and Y
zoning is confined to garnet cores rather than showing enrichment in a
ring around Mn-rich cores (Fig. S2h). Garnet also contains fractures that
are filled with augite with incomplete rims of quartz on the fracture
walls (Fig. 7c). Garnet has a similar composition to garnet in other parts
of the central section with Alm36-66Spss0-17Grs24-54Py0–03 (Table S1).
Augite porphyroblasts are anhedral, up to 5 mm long and contain in-
clusions of quartz, carbonate and chlorite oriented parallel to the
dominant augite cleavage plane, as well as unoriented garnet inclusions
and veins. Many inclusions of garnet in augite are partially rimmed by
quartz (Fig. 7c). Augite and garnet sit in a matrix of chlorite (70 %),
pumpellyite (20 %) and titanite (5 %) with minor phengite. Chlorite
forms anhedral patches that partially replace augite and has XMg be-
tween 0.45 and 0.73. Elongate prisms of pumpellyite up to 8 mm long
are seen in this rock, and they include garnet, augite, and titanite
(Fig. 7b).

In the central section, Ph-omphacitites have the same appearance in
outcrop as the eclogites, with the notable absence of garnet. In thin
section, they consist of omphacite (up to 200 μm), phengite (up to 200
μm), chlorite (very fine and anhedral), and veins of carbonate.
Omphacite is anhedral and contains inclusions of titanite, quartz and
zircon (Fig. 7d). It is partially retrogressed to fibrous brown chlorite in
an alteration assemblage that also includes titanite and phengite
(Fig. 7d). Phengite occurs as patches of unoriented laths up to 1 mm
length. Omphacite, phengite, titanite and chlorite in Ph-omphacitites
have the same composition as in other central section rocks (e.g.,
Mac3a analyses in Table S1).

One Ph-omphacitite block (Mac 3b) contains a vein of recrystallised,
euhedral Omp+ Chl+ Cb+ Ph (Fig. 7d) with titanite fringing part of the
edge of the vein and appearing as layers and disseminations within the
vein. Omphacite in the vein is up to 1mm in length and forms light green
to white euhedral crystals. Chlorite forms equidimensional flakes with
sutured grain boundaries. Carbonate and titanite form anhedral crystals
occasionally with small dihedral angles. On the edges of the vein,
omphacite from the host rock shows euhedral crystal faces at contacts
with carbonate or chlorite (Fig. 7d). This euhedral omphacite shows the
same partial replacement by chlorite as the rest of the thin section, but
vein omphacite is not retrogressed.

Blocks of blueschists in the central section form discontinuous layers
up to 30 cm in length and consist of glaucophane and phengite with
minor titanite (Fig. 6d). Blueschist veins composed of Gl ± Cb ± Py
crosscut eclogites at the eastern side of the outcrop (Fig. 6a, b).

The mélange matrix to the mafic blocks in the central section consists
of chlorite, tremolite and talc (Figs. 6, 7e). Chlorite in the matrix forms
equidimensional to elongate crystals up to 200 μm long with cleavage
parallel to the folded foliation (Fig. 7e). Chlorite contains 3–7 wt%
Cr2O3 and XMg of 0.80 (Table S1). Tremolite forms euhedral prisms up
to 0.5 mm long with long axes parallel to the foliation. Talc is anhedral
and porous (Fig. 7e).

4.3. Northern section

The northern section is distinguished from the southern and central
sections by the presence of intensely folded Lws-blueschists that show
partial to complete retrogression to greenschists. The matrix here is
similar to that in the central section, but with more carbonate, which
increases in proportion close to a large carbonate block.

4.3.1. Northern section lithologies
The northern section contains in situ blocks that are elongate to

equant and up to 10 m in length, although in some places blueschist
blocks are separated by narrow layers of matrix and show a jigsaw fit,
indicating they once formed coherent blocks at least 20 m long (Fig. 2).
Blueschists consist of Gl± Lws+ Ph+ Ttn±Omp± Chl and many show
a fine-grained matrix of Gl ± Ph that hosts mm-scale, discontinuous or
boudinaged layers of Lws + Ph ± Ttn with rarer layers of coarse Gl +
Lws (Fig. 8). Layers of Lws + Ph ± Ttn vary in the relative proportion of
Lws and Ph, with some layers consisting of 90 % Lws, others 90 % Ph,
and the rest with compositions between these end-members (Fig. 8).
Titanite is present in most of these layers and in higher concentration in
strain shadows of boudins (Fig. 8b).

4.3.2. Northern section structures
In the northern section, small blocks of blueschist (< 30 cm) form

isoclinal folds with axial planes approximately parallel to the foliation
and fold axes parallel to the mineral stretching lineation defined by
glaucophane in the block and chlorite in the matrix (Fig. 8a-c). Some
folded blueschists have also been sheared into σ-type objects, as also
seen in the central section (Fig. 6d). As highlighted in the previous
section, Lws-blueschists contain layers with different relative pro-
portions of Lws, Gl, and Ph. In thin section, it is evident that the layers
are isoclinally folded and that fold limbs have been sheared apart from
hinges, producing rootless fold hinges (Fig. 8a-c). Fold limbs are sheared
into boudinaged layers, and some layers are completely sheared apart to
form σ- or θ-type objects with Ph in pressure shadows (Fig. 8a-c) that
show conflicting shear senses, suggesting pure or general shear. Sur-
rounding competent folded layers is a matrix of very fine Gl that con-
tains discontinuous patches of very fine Ph (Fig. 8a,b). The foliation and
folded layering are overprinted by tension gashes filled with Ph + Cb
(Fig. 8e).

Lws-blueschists that are partially retrogressed to greenschist typi-
cally form smaller blocks than unaffected Lws-blueschists. In thin sec-
tion, thin, dark seams rich in titanite abruptly truncate the foliation,
mineral grains, and veins of carbonate (Fig. 8f,g). In some cases, it is
evident that there is ‘missing material’; that is, part of a vein has been
dissolved offsetting it on either side of the seam (Fig. 8e-g). Thus, these
seams are interpreted to have formed during pressure solution. Inter-
estingly, some rocks show evidence for several orientations of pressure
solution seams, with early-formed seams parallel to the foliation trun-
cated by later seams at high angle to the foliation (Fig. 8d, e, g). Some
early-formed seams are also folded. We interpret this feature to be due to
rotation of the block within the mélange matrix, causing a change in the
orientation of maximum stress relative to the foliation and therefore the
angle between foliation and pressure solution seams.

Lws-Chl schists (greenschists) show the same microstructure as Lws-
blueschists, but contain more pressure solution seams, which have
partially to completely dissolved Lws-Ph layers (Fig. 8g). Greenschists
lacking lawsonite perhaps demonstrate the end result of this process,
where only the pressure solution seam remains, with no preservation of
the pre-existing compositional layering (Fig. 8f). In greenschists that
show pressure solution, cuspate folds lined with titanite are evident
(Fig. 8f).

4.3.3. Northern section microstructures and mineralogy
Glaucophane is generally 5–10 μm long and forms euhedral – sub-

hedral prisms with long axes mostly parallel to the foliation and layering
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Fig. 8. Examples of lithologies from the northern section. (a) Lws-blueschist with folded centimetre-scale layering where boudinaged fold limbs form σ-type objects.
(b) Synchotron element map of titanium (red), potassium (green) and calcium (blue) of a Lws-blueschist. Note the mm-scale folding and boudinage of layers. Area in
dashed box is part of (c). (c) Photomicrograph of mm-scale fold in Lws-Ttn layer with boudinaged limbs (PPL). (d) Photomicrograph of blueschist with pressure
solution seams (thin black layers). Red box denotes area shown in (e) (PPL). (e) Zoom in of (d) showing pressure solution seams parallel (red arrows) and
perpendicular (yellow arrows) to the folation. Note the missing material in the calcite vein, dissolved by pressure solution. (f) Cuspate folds in greenschist (arrows;
PPL). (g) Photomicrograph of pressure solution seams in greenschist (e.g., red arrows), marked by a high concentration of Ttn (black) and occasional crystals of Lws
(yellow arrows). Note that where the main layer is perpendicular to the shortening direction (left of centre), Lws grains are preserved (PPL). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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(Fig. 8c-e). Phengite occurs in isolated patches in the glaucophane-rich
matrix and forms laths up to 100 μm long with long axes that define the
foliation. Phengite contains 3.40–3.81 Si p.f.u. and has XMg of
0.61–0.78 (Table S1). Glaucophane also appears in rare layers of
randomly oriented Ph + Gl ± Omp where it is up to 40 μm long. Both
forms of glaucophane show patchy zoning in Fe and Mg in BSE images
with XMg of 0.46–0.58 and minor incorporation of MnO (up to 0.62 wt
%), CaO (up to 2 wt%) and TiO2 (up to 0.69 wt%). Lawsonite forms
euhedral porphyroblasts up to 200 μm in a matrix of Ph ± Ttn and
contains inclusions of quartz, titanite and pyrite. It contains up to 1.95
wt% TiO2 and up to 0.85 wt% FeO. Omphacite (up to 0.5 mm) forms rare
blocky porphyroblasts that are pale green in PPL and partly retrogressed
to chlorite. Microprobe analyses indicate that they have the same
composition as omphacite in eclogites from the southern and central
sections in major elements as well as the incorporation of small pro-
portions of TiO2 (up to 0.12 wt%) and MnO (up to 0.48 wt%) (Table S1).
Veins of quartz and carbonate are approximately perpendicular to the
foliation and occasionally terminate abruptly in titanite-rich layers
(Fig. 8d,e).

Some blueschists and Lws-blueschists show partial replacement of
glaucophane by chlorite, and are interpreted as transitional to greens-
chist facies. These blocks contain less Lws than Lws-blueschists and Lws
is partly retrogressed to pseudomorphs of fine, white mica (Fig. 8g),
requiring the presence of a K-rich fluid (Hamelin et al., 2018). Lawsonite
is concentrated in layers, as in the non-retrogressed blueschists, but
these layers lens into dark, irregular, discontinuous pressure solution
seams, described further in Section 4.3.2 (Fig. 8g). In some blocks,
retrogression to greenschist facies is complete and the matrix of Chl +
Ttn alternates with darker Ttn-rich layers (Fig. 8f, g).

4.3.4. Watonga formation contact with northern section
The contacts between the Watonga Formation block and the blues-

chists of the RBMM are not exposed. North of the northern contact there
is a 3-m wide lens of RBMM blueschist blocks in chlorite-tremolite
matrix, south of the contact with the Port Macquarie serpentinite
(Fig. 2). The contact between the RBMM and the Port Macquarie Ser-
pentinite is presumed to be a brittle fault (Fig. 2), marked by a break in
the outcrop with a change in the foliation strike on either side of the
contact (Fig. 2). Outcrop of Port Macquarie Serpentinite adjacent to the
presumed fault shows normal shearing on sharp shear planes over-
printing ductile thrusting (Fig. 2). The sharp normal shear planes are
approximately parallel to the orientation of the presumed fault, sug-
gesting that the fault may have been of the same generation and had
normal offset. Within a metre of the northern contact with the RBMM,
the Port Macquarie Serpentinite contains rounded blocks of blueschist.
Beyond (north of) this, the serpentinite encases lenses of peridotite
exclusively.

4.4. RBMM mélange matrix structures

The mélange matrix has a variable orientation as it wraps around
rigid blocks, but generally has a NE-SW trend, dipping moderately to the
NW (Fig. 2 stereonet inset). The stretching lineation is defined by
chlorite and glaucophane and generally plunges moderately to the NE or
SW (Fig. 2 inset). In the central section, the matrix shows disharmonic,
isoclinal folding with non-cylindrical fold axes and fold wavelengths up
to 5 cm. Fold axes are highly variable, but show the same range of
plunge orientations as the stretching lineation (Fig. 2 inset). Although in
thin section the folds are complexly refolded (Fig. 9b), a larger scale
orientation and asymmetry is evident in outcrop, indicating top-to-E
thrust shearing. There are also rare σ-type objects in smaller blueschist
blocks that also show top-to-E thrust shearing (Fig. 6d).

In the northern section, where there are fewer blocks and the matrix
contains more carbonate, the matrix structures are similar to those in the
other sections with the same NW trend, with foliation transposed into
parallelism with the edges of competent blocks when in close proximity

to them. However, there are two notable differences between the matrix
structures in the northern and central sections: (1) isoclinal folds are
ubiquitous in the central section, but absent from the northern section,
and (2) in the northern section, there is evidence of thrust shearing (D1)
overprinted by normal shearing (D2; Fig. 9a). The orientation of D1 and
D2 structures means that this relationship can only be observed in rare
E-W trending gullies eroded into the cliff face. In these regions, S1 C
planes dip moderately W and, together with S planes that dip steeply N
and a down dip stretching lineation, indicate top-to-E thrust shearing,
consistent with observations in the central section. S1 C planes are
locally sheared by moderately-steeply N-dipping shear planes that show
a top-to-N, normal shear sense (Fig. 9a). Normal shear sense is also
interpreted for brittle faults throughout the area (Fig. 2). These faults dip
steeply in a range of orientations that vary from SW to NE dipping and
they mostly crosscut blocks at high angles to their long axes.

5. Evidence for high pressure metasomatism

Mafic blocks in the RBMM are partially to completely retrogressed at
least in two hydration stages in the blueschist and greenschist facies. We
suggest that there is also evidence for metasomatism at eclogite facies in
the rocks of the southern section. As described in section 4.1.1, these
rocks contain alternating layers of eclogite, omphacitite and Grt-Ph
schist and there are two possible origins for these layers: (1) layers of
different composition reflect primary compositional differences in the

Fig. 9. Mélange matrix structures. (a) Thrust shearing overprinted by normal
shearing in the serpentinite-dominated matrix. (b) Photomicrograph of folded
Talc-Tre-Chl mélange matrix (PPL).
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protolith or (2) layers of omphacitite and Grt-Ph schist formed due to
metasomatic alteration of eclogite. We believe the latter option more
likely because there is evidence for the presence of a fluid during the
formation of layers of Grt-Ph schist and Lws-omphacitite. Textures that
have been identified in the literature as unequivocally indicative of mass
transfer during fluid-rock interaction include crack-seal veins, incom-
plete reaction rims at the interface between two minerals, porosity in
metamorphic minerals, crystals that grew into the fluid with crystal
faces against the former fluid phase, and irregular mineral zoning fea-
tures such as oscillatory zoning, embayments and truncated zoning
patterns (e.g., Ague and Axler, 2016; Goncalves et al., 2013; Putnis,
2009; Putnis and Austrheim, 2010; Rubatto et al., 2020). We see several
of these textures in the Grt-Ph schist and omphacitite layers, which are
summarised here and in Fig. 5. One key texture indicative of formation
of Grt-Ph schist layers during metasomatism is the growth of phengite
perpendicular to fractures in omphacitite layers (Fig. 5c, d), which in-
dicates vein formation and evidence of the presence of a fluid during
formation of Grt-Ph layers (Bons et al., 2012). Another key texture in
Grt-Ph schist layers is the presence of porosity in the Ph-Ttn matrix
(Fig. 5a), which indicates the presence of a fluid phase during mineral
growth. Another key texture we see in southern section eclogite facies
rocks is irregular zoning patterns in garnet in the Grt-Ph schist and in
lawsonite in the Lws-omphacitites. As described in Section 4.1.3, garnet
in Grt-Ph schist layers exhibits oscillatory zoning in Mn (and to a lesser
extent, Y) as well as zoning in embayments and truncated zoning pat-
terns (Fig. 5a). These features form when pre-existing garnet grains
interact with a fluid that was not in chemical equilibrium with the
garnet, causing dissolution of the rim of the garnet into the fluid and
precipitation of a new garnet zone with a different composition (Rubatto
et al., 2020). The higher concentration of Mn and Y is due to the
incorporation of these elements into the fluid during garnet dissolution,
and their precipitation in higher concentrations when the new zone
forms. Truncated zoning and zoning in embayments is particularly
convincing evidence of fluid-rock interaction. While mineral zones can
form during prograde metamorphism in the absence of fluids, mineral
zones will be complete, since the entire mineral is undergoing meta-
morphism at the same time (Putnis, 2009). Incomplete zoning occurs
when a fluid interacts with just one part of the garnet crystal, with the
new zone growing where the fluid-grain interaction has taken place
(Putnis, 2009). Oscillatory, irregular Mn zoning in garnet in Ph-Grt
schists has been found in eclogites in other subduction channels and
has also been interpreted as indicative of dissolution-precipitation in
those regions (e.g., Angiboust et al., 2014; Erambert and Austrheim,
1993; Giuntoli et al., 2018; Hyppolito et al., 2019; Lanari et al., 2017;
Vho et al., 2020; Zack et al., 2002).

In the Grt-Ph schists matrix lawsonite, phengite, omphacite and
chlorite are in apparent textural equilibrium with the metasomatic
garnet, or at least their rims (Figs. 4c, S1). We also see that matrix Ttn is
included in garnet cores and oscillatory zones and embayments and that
the alignment of Ttn inside garnet porphyroblasts (internal foliation) is
continuous with the Ttn-bearing foliation (external foliation) and the
foliation wraps around the Grt porphyroblasts (4b,c), suggesting that the
oscillatory zoned garnet grew at the same time as the Ttn + Ph. This
suggests that the Ph-Ttn matrix (re)crystallised during the metasomatic
event/s that formed the oscillatory zoning in garnet, suggesting local
equilibrium between the minerals in the Ph-Ttn matrix and the oscilla-
tory zoned garnet.

Mineral zoning is also seen in lawsonite in Lws-omphacitites as
incomplete Sr zones and Sr zoning in embayments, similar to that
observed in garnet in the Grt-Ph schists. We also note that garnet-free
omphacitites are not the typical rock expected of MORB at eclogite
facies (Chapman et al., 2019; Tian and Wei, 2014). Nevertheless,
omphacitites are reported as eclogite facies rocks from subduction
channels in Greece, Guatemala, Myanmar, Italy and Japan (e.g., Brocker
and Enders, 1999; Giuntoli et al., 2024; Harlow et al., 2016; Nishiyama
et al., 2017). They may be a result of a prograde decarbonation reaction

that takes the general form of glaucophane + quartz + calcite =

omphacite + CO2 + H2O (Bröcker and Enders, 2001; Dixon and Ridley,
1987), or precipitation from a subduction fluid (Harlow et al., 2016), or
may form from a pyroxenite by the metasomatic jadeitisation of py-
roxene (Ng et al., 2016). These mechanisms all require involvement of a
fluid at the high pressures of Lws + Omp stability.

Another distinctive texture in layered eclogite facies rocks of the
southern section is the inclusion of brecciated pieces of adjacent eclo-
gites and omphacitites into layers of Grt-Ph schist (Figs. 5e, S2e). The
brecciated pieces have straight edges and a jigsaw fit with each other
and with the adjacent layers that they were sourced from (Figs. 5e, S2e).
One explanation for this texture might be that the Grt-Ph schist is a shear
zone that entrained pieces of the competent omphacitite into it during
shearing. However, in some regions within the Grt-Ph schist phengite
does not show a preferred orientation and appears randomly oriented,
suggesting the schist did not accumulate much strain and that this is not
a viable explanation for this texture. An alternative explanation is that
pieces of the omphacitite were fractured during the infiltration of high-
pressure fluids during the metasomatism that formed the Grt-Ph schist
layers.

Comparison of the omphacitite and Grt-Ph schist layers to standard
MORB (Sun and McDonough, 1989) reveals that omphacitites contain
more MgO and TiO2 than MORB whereas Grt-Ph schist contains more
K2O, TiO2 and Al2O3 (Table 3). Enrichment in MgO, TiO2, Al2O3 and
K2O is also reported in metasomatized eclogites from other exhumed
subduction channels (Angiboust et al., 2014; Sorensen et al., 1997) and
can be related to high solubilities of these elements or, particularly in the
case of TiO2, high enthalpy of dissolution and a low barrier for nucle-
ation (Audétat and Keppler, 2005).

As mentioned earlier, an alternative hypothesis for layers of different
mineralogy in these rocks is that there were pre-existing compositional
differences between the different layers prior to metamorphism that
controlled the metamorphic assemblage that formed at high pressure.
Such a model cannot explain (1) the appearance of ‘ripped up’ clasts of
omphacitite in the Grt-Ph schist (Figs. 5e, S2e,f), (2) the fluid-mediated
growth of garnet in Grt-Ph schists and lawsonite in Lws-omphacitites, as
indicated by the mineral zoning textures (Fig. 5a,b), (3) elongate blocky
fringes of phengite on fractures within omphacitite and eclogite layers
(Fig. 5c,d), (4) layers of omphacitite, which have compositions incon-
sistent with any known protolith and are attributed to fluid-mediated
processes in other subduction channels worldwide (e.g., Brocker and
Enders, 1999; Giuntoli et al., 2024; Harlow et al., 2016; Nishiyama et al.,
2017). As such, we interpret the layers of Grt-Ph schist and Lws-
omphacitite to have formed during high pressure metasomatism in
subduction channels.

To understand the PT conditions of this high pressure metasomatism
we employed thermodynamic modelling, as described in the next sec-
tion. New minerals that form during metasomatism have a composition
that is in equilibrium with the composition of the fluid, the local equi-
librium bulk rock, and the prevailing pressure and temperature condi-
tions (e.g., Goncalves et al., 2013). The mobility of elements in the
minerals and fluid controls the adjustment in bulk composition and the
extent of change (Evans et al., 2013; Korzhinskii, 1959; Thompson,
1955). Therefore, minerals that grew during or were adjusted by
metasomatism can provide information on the metamorphic grade at the
time of fluid-rock interaction (e.g., Angiboust et al., 2014; Goncalves
et al., 2013).

5.1. Phase equilibria modelling

5.1.1. Pristine metabasalt
The PT conditions were assessed based on predictions of stable as-

semblages from phase equilibria modelling. Ideally an equilibrium
assemblage from the central section would have been employed for
pseudosection modelling to determine conditions of peak meta-
morphism, but this area was pervasively retrogressed. Accordingly, a
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pristine blueschist sample from the northern section was used as the
basis for pseudosection modelling and the determination of the condi-
tions of metamorphism using mineral modes and compositional data.

Fig. 10 shows the results of pseudosection modelling for the selected
mafic bulk rock composition. The preservation of lawsonite in the
metabasalt restricts stability of prograde, peak and retrograde meta-
morphism to temperatures less than 540 ◦C and pressure greater than 10
kbar (e.g., Chapman and Clarke, 2021; Clarke et al., 2006). Late stage
greenschist retrogression involved the destabilisation of lawsonite for
chlorite–muscovite–actinolite assemblages. Peak conditions for the
metabasalt can be inferred based on lawsonite coexisting with garnet,
phengite, glaucophane, omphacite and rutile. Omphacite is variably
preserved in the metabasaltic blocks, though is often armoured as in-
clusions in the mantle or rims of garnet porphyroblasts. This peak
assemblage is best matched by the trivariant field at pressures of 22–28
kbar and temperatures of ~505–530 ◦C (Fig. 10a; Table 2). The rela-
tively low Ca and Al, and high Mg of the selected bulk composition re-
stricts lawsonite stability to higher temperatures and enables the
persistence of high modes of glaucophane, consistent with that observed
in blueschist blocks at Port Macquarie. The abundance of glaucophane
and lower proportion of omphacite and garnet make the rock appear as a
lawsonite blueschist that in fact is straddling eclogite facies PT condi-
tions (cf. Wei and Clarke, 2011). A common MORB composition is
predicted to have less glaucophane and more omphacite stable at these
conditions (Chapman et al., 2019; Clarke et al., 2006; Tian and Wei,
2014; Wei and Clarke, 2011). Metastable predictions of biotite-absent
equilibria additionally support the stabilisation of chlorite to higher-P
that is more consistent with the observed mineral assemblages at Port
Macquarie (Fig. S3). Isopleths of the jadeite component in omphacite (j
(o)), excess silica in phengite (XSiT1(mu)), and the grossular (z(g)) and
almandine (x(g)) components of garnet overlap in the identified triva-
lent or quadravariant peak fields, but provide limited clear pressure

estimates. Cases of glaucophane-rich rocks that contain garnet but lack
lawsonite could be accounted for by metamorphism to slightly higher-T,
consistent with the spread in isopleth uncertainties.

Constraining aspects of the prograde metamorphic history is diffi-
cult, although the occurrence of phengite with titanite in some Lws-
blueschist blocks that lack garnet suggests that the prograde PT path
went through pressures of ~18 kbar and temperatures in the range of
400–450 ◦C. The preservation of lawsonite in many mafic lithologies
requires the hairpin style PT path involving an initial retrograde event in
blueschist facies at P of 15–18 kbar and T of 400–450 ◦C (e.g., Clarke
et al., 2006). A subsequent greenschist overprint is consistent with final
decompression at low-T (<400 ◦C). These conditions and the PT path are
consistent with those suggested by Tamblyn et al. (2020b).

Fig. 10. Thermodynamic modelling of bulk compositions relevant to the RBMM. (a) P–T pseudosection for blueschist in the NCKFMASHTO system with fluid in
excess. Different shading of the fields represents changes in variance of the phase assemblage. Mineral isopleths for garnet, omphacite and phengite are shown.
Location of inferred prograde, peak, and retrograde metamorphic conditions are marked. (b) P–X pseudosection for the compositional change from blueschist (mole
% = H2O: 19.65; SiO2: 44.26; Al2O3: 5.78; CaO: 4.68; MgO: 10.25; FeO: 8.08; K2O: 0.92; Na2O: 4.33; TiO2: 0.98; O: 1.05) to Grt-Ph schist (mole % = H2O: 19.66;
SiO2: 44.33; Al2O3: 10.58; CaO: 5.60; MgO: 6.16; FeO: 6.37; K2O: 4.35; Na2O: 0.75; TiO2: 1.37; O: 0.84) in the NCKFMASHTO system with fluid in excess. Mineral
isopleths for garnet, omphacite and phengite are shown. Location of inferred peak and metasomatism conditions are marked.

Table 2
The modal proportions of mineral phases for the field in Fig. 10 that correspond
to the metamorphic events described in the text. P is in kbar and T in ◦C. Ab-
breviations are as defined for phase equilibria modelling in Section 3.2.

PT 25–505 25–515 25–515 24–515 17–425 17–450

Event Peak Peak Metasomatism Prograde Retrograde

Minerals bi-
absent

bi-
present

gl 0.32 0.39 0.37 0.36
o 0.28 0.22 0.15 0.19 0.24 0.25
g 0.03 0.05 0.05 0.07
mu 0.13 0.08 0.48 0.46 0.13 0.14
chl 0.07 0.01 0.09 0.10
ru 0.01 0.01 0.01 0.01
law 0.01 0.06 0.16 0.10 0.02 0.00
sph 0.03 0.03
bi 0.06 0.09 0.06 0.01
fluid 0.13 0.14 0.07 0.09 0.12 0.13
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5.1.2. Garnet-phengite schist
Inherently, metasomatism presents complications to the simple

application of equilibrium thermodynamics (Evans et al., 2013; White
et al., 2004). Efficient buffering of rocks by an external fluid generally
results in relatively high variance mineral assemblages with corre-
spondingly small numbers of phases (e.g., Korzhinskii, 1959) that are
not ideal for precise PT estimates (e.g., Powell and Holland, 2008). For
this reason, modelling the near monomineralic omphacitite bulk com-
positions was avoided. Appropriate assignment of mobile components is
additionally difficult due to challenges of predicting the exact compo-
sition of the fluid. Currently thermodynamic modelling has restricted
capacity to resolve the complexities of fluid compositions beyond COHS-
type (Evans et al., 2013). Additionally, the fluid volume required to
produce the observed mineral assemblages is difficult to quantify. The
fluid flux controls internal versus external buffering behaviour of the
system, and thus the extent of mineralogical change (Elmer et al., 2006;
White et al., 2004). Although, carbonate minerals are present in the
blocks at Port Macquarie, they are mostly restricted to late veins that
crosscut the Grt-Ph schist. Thus, a mixed H2O–CO2 fluid was not
employed in this work. In the absence of reasonable constraints on fluid-
rock ratios and fluid composition resolving the specific physicochemical
changes during metasomatism of the Port Macquarie blueschist and
eclogites is a challenge.

The P-X pseudosection at the inferred peak temperatures of 515 ◦C
shows changes from the blueschist composition on the left-hand side to
Grt-Ph schist on the right-hand side (Fig. 10b). The changes aremostly of
low variance. The preservation of lawsonite during metasomatism pro-
vides a key lower limit on pressure conditions (>20 kbar). At pressures
greater than 23 kbar the main change is the breakdown of glaucophane
and the expansion of chlorite stability to slightly higher pressure and
lawsonite to lower pressure. These changes are indicative of the large
increase in muscovite and omphacite mode consistent with the observed
assemblages in the Grt-Ph schist (Table 2). Garnet mode involves epi-
sodes of increase and decrease with changes in X, plausibly accounting
for oscillatory zoning during resorption and precipitation phases. Min-
eral isopleths suggest that this mineral assemblage, formed during
metasomatism, equilibrated at pressures similar to peak metamorphism
(22–26 kbar) and are broadly consistent with phase equilibria modelled
for the Grt-Ph schist by Tamblyn et al. (2020b). The crossover of
phengite, omphacite and garnet isopleths occurs close to the upper
pressure stability limit of chlorite and could account for its co-existence
with high-pressure phases as a product of near-peak metasomatism
rather than lower P-T retrogression. Titanite can be stable at these high-
pressures if excess Ca and Ti are included in the bulk-rock and H is
included within its crystal structure (e.g., Franz and Spear, 1985). Thus,
addition of these elements via eclogite facies metasomatism can explain
the high concentration of titanite in Ph + Grt layers and vein-like dis-
tribution in some samples. Although Ti is considered insoluble in H2O at
typical crustal pressures, its solubility increases significantly in fluids at

eclogite facies conditions (Mysen, 2019). Variability in the observed
composition of the Grt-Ph schist was also modelled to investigate
whether it caused any changes to the stability fields of key minerals or
the conditions of metamorphism. A P–X pseudosection employing a Ph-
Grt schist richer in titanium and calcium produces an expanded stability
field of titanite and biotite (Fig. S3). The higher titanite mode also re-
duces the stability range of lawsonite and garnet. These variabilities
could account for distinction in the modes of mineral assemblages in the
different Grt-Ph rich layers. The absolute changes have minimal effect
on the predicted conditions of metamorphism.

The high-pressure stability of titanite is confirmed in a T–X pseu-
dosection calculated at fixed pressure of 27 kbar (Fig. 11a). A pro-
nounced temperature-sensitivity is apparent for the main mineral
assemblages in both the blueschist and Grt-Ph schist. This is particularly
apparent for garnet and lawsonite but also rutile and titanite as com-
positions approach that of the Grt-Ph schist. A P–X pseudosection
calculated at 450 ◦C (Fig. 11b) models assemblages during retrogression
that are distinct from those preserved in the Grt-Ph schist. Garnet
abundance is very low and consumed by chlorite and biotite at lower
P–T conditions. The localised occurrence of chlorite and biotite in the
Grt-Ph schist would be consistent with overprinting microstructures
involving the partial pseudomorphs of garnet. Since omphacitite and
eclogite layers are included in Ph + Grt schist layers (Figs. 4c, S2e), we
infer that they formed at similar times or slightly earlier on the PT path,
but still at eclogite facies conditions (P > 20 kbar and T > 450 ◦C).

6. Deformation of rocks generated during high pressure
metasomatism

Sections 4 and 5 demonstrate that metasomatism at eclogite facies
introduced layers of Grt-Ph schist and omphacitie into eclogites in the
southern section. To understand how this process changed rheology we
compare the structural evolution of these rocks to former eclogites from
the central section that did not undergo eclogite facies metasomatism. In
the section below we first discuss metamorphism and structures in
central section rocks, before comparing them to rocks of the southern
section.

As described in Section 4.2 an eclogite facies mineral assemblage is
preserved in the central section, where omphacite inclusions are pre-
served in garnet porphyroblasts. The bell-shaped zoning profiles of Mn,
Fe, and Y in garnet, with no evidence of oscillatory zoning or dissolution-
precipitation processes suggests that they grew without significant
modification by a fluid at eclogite facies. Blueschist facies retrogression
in these rocks is limited to cross cutting veins of Gl± Py and the edges of
the blocks are extensively overprinted by a lower pressure assemblage of
pumpellyite and chlorite. Thus, in addition to escaping metasomatism at
eclogite facies, these blocks also avoided the moderate to extensive
blueschist facies retrogression seen in the northern and southern sec-
tions. Accordingly, prior to extensive retrogression at the low pressures
of pumpellyite and chorite stability, these blocks may have been eclo-
gites sensu strictu, that is, blocks consisting predominantly of omphacite
and garnet. We observe that these blocks exhibit rigid object behaviour
within the strongly deformed matrix and show no evidence for intra-
crystalline deformation. As such, we interpret that these blocks are akin
to the eclogites that behave as rigid blocks in other subduction channels,
as described by Gao and Klemd (2003), Stöckhert (2002) and Stöckhert
and Renner (1998).

In contrast, we find that the eclogite facies rocks of the southern
section show a very different structural record and we suggest this is
because of the lithological heterogeneity introduced to eclogites during
metasomatism at eclogite facies. As described in Section 5, Grt-Ph schists
formed within eclogites and omphacitites due to metasomatism at
eclogite facies. The formation of weak phyllosilicate layers greatly
reduced the strength of the rock and increased its anisotropy. Instead of
behaving as rigid blocks like the eclogites in the central section, these
layered eclogite facies rocks underwent isoclinal folding during

Table 3
Major element bulk rock composition normalised to oxidised average MORB
composition of Sun and McDonough (1989) for key samples containing textures
indicative of metasomatism at eclogite facies. Values <1 are depleted relative to
MORB (e.g., mac3a contains 99 % SiO2 of MORB) and > 1 are enriched (mac3a
contains 469 % K2O of MORB).

Omphacitite
(mac3a)

Lws-omphacitite
(mac9a)

Omphacitite
(mac1)

Grt-Ph schist
(mac30a)

SiO2 0.99 0.72 0.83 0.99
Al2O3 0.79 1.01 0.93 1.39
CaO 0.87 0.66 0.23 0.97
MgO 1.43 2.55 2.36 0.39
FeO 0.71 1.42 1.54 0.90
K2O 4.69 0.03 0.09 23.99
Na2O 0.96 0.04 0.06 0.07
TiO2 2.33 0.62 1.87 4.55
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shearing. In Grt-Ph schist layers the partial alignment of phengite and
titanite parallel to the folded layering in the rock (Fig. 4b,c) including
within garnet porphyroblasts that grew during fluid-rock interaction,
suggests that folding happened at the same time or after the meta-
somatism that produced these layers, which phase equilibria modelling
indicates equilibrated at eclogite facies. In these eclogite facies rocks,
veins of blueschist occur in fold limbs that have undergone boudinage
(Fig. S2a) as well as in fold axial planes (Fig. S1b). Veins form along fold
axial planes due to porosity created during shortening and this indicates
that fluid ingress occurred during folding (Weinberg et al., 2015). Taken
together, this indicates that folding began at eclogite facies and
continued into blueschist facies, and therefore was occurring as the
subduction channel was undergoing return flow. Folded blocks were
further deformed in the returning part of the subduction channel with
refolding of blocks as they rotated in the mélange matrix into type 2 fold
interference patterns of Ramsay (1962) or into σ-type objects.

In the northern section, some blueschists show no evidence for
higher-P metamorphism, so it is possible that they never reached pres-
sure > 20 kbar and were simply incorporated into the subduction
channel under return flow at shallower levels than the eclogite-facies
blocks to the south. However, we found relict jadeite-rich omphacite
in several Lws-blueschists and Ph-blueschists in the northern section,
suggesting that at least some of the blueschists may record the obtain-
ment of higher-P conditions. Lws-omphacitites that formed due to
eclogite-facies metasomatism in the southern section may be the pre-
cursors to the Lws-blueschists that we see in the central section, since
lawsonite in both rock types has identical major element compositions
(Table S1) and shows the same hourglass Sr zoning. Although this is not
necessarily conclusive evidence, we also see layered Lws-omphacitites
and omphacite partially replaced by glaucophane, so it is reasonable
to suggest a relationship between the two rock types. The major dif-
ference between Lws-omphacitites and Lws-blueschists is mm-scale
layering and folding in the latter. This is due to the lower competence
and higher anisotropy of glaucophane compared to omphacite, but this
folding is only observed in blueschists that contain lawsonite layers,

since it is competency contrast between lawsonite and glaucophane
layers that produces the anisotropy required for folding during shearing.
Segregation into glaucophane-rich and lawsonite-rich layers may be a
result of pressure solution or shearing, both of which produce a differ-
entiated fabric of this type (e.g., Finch et al., 2020; Platt et al., 2018).
Pressure solution is the dominant deformation mechanism in many
subduction channels (e.g., Behr and Platt, 2013; Stöckhert and Renner,
1998; Wassmann and Stöckhert, 2013), but it cannot produce both
layering and folds without considerable reorientation of the block or the
strain axes. We see examples where this has occurred in blocks, with
pressure solution seams in multiple orientations and folded seams, but
we do not see any evidence for those processes in samples of Lws-
blueschist. Accordingly, we suggest that layering and subsequent
folding were a result of shearing in the block during return flow. This
suggests that at blueschist facies, shearing and mm-scale folding was the
primary deformation mechanism affecting blocks in the RBMM. This
process is readily evident on thin section scale but quite difficult to
observe in outcrops, where rocks look like conglomerates (and have
been previously referred to as such), comprising numerous pale rounded
(clast-like) regions rich in lawsonite encapsulated in glaucophane-rich
matrix. We find that these rounded regions are dismembered fold
hinges, as can be observed on the hand sample and thin section scale.

The rocks of the northern section also demonstrate the structural
evolution of blocks as they migrate from blueschist to greenschist con-
ditions. At the transition from blueschist to greenschist facies, pressure
solution becomes increasingly important, as evidenced by a gradual
increase in the proportion of pressure solution seams (Fig. 8). One
sample records partially formed pressure solution seams, where a layer
of lawsonite has been partially consumed by the pressure solution seam
(Fig. 8g). Some greenschist blocks preserve pressure solution seams
parallel or sub-parallel to the foliation (Fig. 8g), but in others the seams
are in multiple orientations (Fig. 8d), indicating changes in the direction
of maximum stress over time. We interpret this to be a result of rotation
of the block in the mélange matrix, producing pressure solution in
different orientations and folding pre-existing seams and veins.

Fig. 11. Thermodynamic modelling to further constrain P-T for the compositional change from blueschist to Grt-Ph schist. (a) T-X pseudosection calculated at fixed
pressure of 27 kbar for the compositional change from blueschist (mole % = H2O: 19.65; SiO2: 44.26; Al2O3: 5.78; CaO: 4.68; MgO: 10.25; FeO: 8.08; K2O: 0.92;
Na2O: 4.33; TiO2: 0.98; O: 1.05) to Grt-Ph schist (mole % = H2O: 19.66; SiO2: 44.33; Al2O3: 10.58; CaO: 5.60; MgO: 6.16; FeO: 6.37; K2O: 4.35; Na2O: 0.75; TiO2:
1.37; O: 0.84) in the NCKFMASHTO system with fluid in excess. Mineral isopleths for garnet, omphacite and phengite are shown. (b) P-X pseudosection calculated at
450 ◦C for the same compositional change.
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Dissolution-precipitation creep is also a possible mechanism, but we do
not see any evidence for precipitation on a thin section to outcrop scale.

The RBMM records extensive deformation of blocks in the subduc-
tion channel during return flow from eclogite facies to greenschist facies.
This is in contrast to many other subduction channels where blocks
experienced minimal crystal-plastic deformation and behaved as rigid
objects. The difference in the RBMM is extensive eclogite facies meta-
somatism, which introduced anisotropy and promoted strain local-
isation to the interior of some blocks, leaving less metasomatised blocks
comparatively unaffected. Large-scale numerical models of subduction
systems are commonly employed to understand how subduction systems
operate and have provided an understanding of subduction channels and
return flow that would have been impossible to elucidate otherwise (e.
g., Gerya, 2022 and references therein; Gerya et al., 2002; Maierová
et al., 2018). However, they rely on information from natural systems
for model inputs. Our study indicates that while eclogites behave as
competent blocks, other, weaker eclogite facies rocks can reduce the
strength of the channel at these depths.

Competent eclogite blocks in the subduction channel increase its
rheological heterogeneity and may cause stress amplification through
block interaction (Beall et al., 2019b; Kotowski and Behr, 2019). Stress
amplification is a result of “jamming” between rigid blocks, which is
commonplace when they comprise >50 % of the subduction channel
(Beall et al., 2019b). When block proportion reduces, aseismic slip is
promoted. Our results indicate that in the RBMM eclogite facies meta-
somatism reduces subduction channel heterogeneity, as evidenced by
the accumulation of ductile strain within these blocks. As such, this
process also reduces the proportion of rigid blocks that may contribute
to stress amplification and seismicity. This suggests that subduction
channels that undergo widespread eclogite facies metasomatism may be
less likely to generate seismic slip during return flow. However, the
situation is likely to be more complex that this simple assertion implies,
since the introduction of these weak layers adjacent to rigid omphacite-
rich layers means that different layers will be achieving different strain
rates, which will amplify stress between layers. This could potentially
impact the type of slip within different layers in blocks, or the type of slip
within the block overall.

7. Regional context of the RBMM

Tamblyn et al. (2020b) previously suggested that rocks of different
ages and metamorphic grades were juxtaposed during return flow in the
subduction channel shear zone at Port Macquarie. Eclogites from deep in
the system were thought to have been juxtaposed with blueschists and
greenschists as the shear zone incorporated new blocks at the same time
as transporting blocks from deeper levels upwards. We suggest that some
of the apparent juxtaposition of rocks of different metamorphic grade
was caused by variation in the effectiveness of retrogression at different
stages. The most competent blocks experienced less fluid infiltration and
thus retained much of the peak metamorphic assemblage, whereas less
competent domains were deformed and metasomatised, which
enhanced deformation, creating a feedback effect that allowed their
repeated retrogression as PT conditions decreased. Some blocks were
likely eclogites that were comprehensively retrogressed to blueschist
facies, and then partially retrogressed to greenschist facies. This process
may have been a major contributor to the degradation of blocks into
smaller sub-blocks, which then started to disperse (some clusters of the
highest-grade blocks are today semi-contiguous), increasing the pro-
portion of matrix.

The RBMM contains at least four distinct packages of rocks spanning
metamorphic grades from sub-greenschist through to eclogite facies,
including the Watonga Formation block and the southern, central, and
northern sections. The mélange matrix that contains these blocks shows
some compositional variation between sections, which might be inter-
preted to suggest that different sections of the subduction channel were
juxtaposed by brittle faults seen in the region. However, the foliation in

the mélange matrix and the deformation style is consistent between
different sections, indicating that the northern, central and southern
sections and theWatonga Formation block were part of the same system,
juxtaposed at the later stages of return flow since the Watonga Forma-
tion is of low metamorphic grade. The RBMM was incorporated into the
Port Macquarie serpentinite, which does not share the same orientation
of foliation or shear sense, so did not undergo the same evolution as the
RBMM matrix. Thus, the RBMM was deformed prior to incorporation
into the Port Macquarie serpentinite.

Tamblyn et al. (2020b) interpreted that the RBMM underwent burial
to eclogite facies (29 kbar), partial exhumation to at least 20 kbar, and
then reburial to eclogite facies at ~450 Ma. Fukui et al. (1995) dated
phengite from a blueschist in the RBMM and found an age of 467 ± 10
Ma, but it is not known whether this blueschist formed during prograde
metamorphism, or during retrograde metamorphism during return flow.
Phillips and Offler (2011) suggested that the high-pressure rocks in the
nearby Peel-Manning Fault system were exhumed to blueschist facies
during the Ordovician and then resided in the crust until the Permian,
when they were incorporated into the Peel-Manning fault and brought to
the surface. The RBMM shows a different evolution, of return flow to
greenschist facies and juxtaposition against a block of Watonga For-
mation accretionary prism. Within the RBMM, greenschist facies meta-
morphism and the block of Watonga Formation have not been dated, but
we assume that return flow to greenschist facies and juxtaposition with
the Watonga Formation was a continuation of the return flow that
started with the blueschist facies retrogression recorded in the eclogite-
blueschist facies blocks within the Peel-Manning Fault System.

The northern and central sections show different structures in the
mélange matrix, with E-vergent isoclinal folds ubiquitous throughout
the central section and absent in the northern section, where S–C fabric
is dominant. The shear sense in both locations is top-to-E thrust
shearing, suggesting that the two regions show different structural ex-
pressions of the same deformation event. This may be because the two
sections differ in both matrix mineralogy and block concentration, either
of which could cause differences in their structural development. In the
northern section, top-to-E thrust shearing was overprinted by sharp
normal shear planes and faults. Although it is possible that present day
orientations of structures have been rendered meaningless by rotation
during exhumation, top-to-E thrust shearing is consistent with return
flow on a W-dipping subduction zone, which is generally agreed to be
the orientation of the subduction system when the RBMM eclogites
formed, although there remains some controversy about some aspects of
the system (Phillips and Offler, 2011). Incorporation of the RBMM into
the Port Macquarie serpentinite and final exhumation was complete by
the Permian, since eroded fragments of serpentinite are found in nearby
early Permian rocks (Aitchison et al., 1994; Tamblyn et al., 2020b).

8. Conclusion

Eclogites in some subduction channels have been shown to accu-
mulate little strain during shearing, behaving as rigid objects in the
mélangematrix. We find that in the Rocky BeachMetamorphic Mélange,
eclogite facies metasomatism significantly reduced the strength of
blocks through the introduction of anisotropy and weak, phengite-rich
layers. This modified the strength of the subduction channel, causing
strain localisation to blocks that were folded and then refolded as they
rotated in the mélange matrix during return flow. The RBMM also re-
veals how retrograde metamorphism including metasomatism changes
the deformation mechanisms of rocks, promoting mm-scale folding at
blueschist facies and then an increasing role for pressure solution as the
metamorphic grade decreases. Competent eclogite blocks in the sub-
duction channel increase its rheological heterogeneity and stress
amplification due to block interactions can cause seismic slip events.
Our results demonstrate that blocks that experience high pressure
metasomatism prior to incorporation into the return flow section of the
subduction channel can be less competent than rigid, unmetasomatised
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eclogites. As such, subduction channels that experience widespread
eclogite facies metasomatism may be less likely to generate seismic slip
during return flow.
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