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ABSTRACT
Hydrous minerals subducted at convergent margins provide the bulk of water to arc magmas. At
temperatures beyond serpentinite stability, chlorite becomes the main water-bearing contributor in
the subduction zone. The maximum stability field of chlorite is not well constrained, and the
experimental studies which have been conducted have involved synthesis experiments using chlorite
of clinochlore composition which may not adequately represent the variety of behaviour of naturallyoccurring chlorite in a subduction setting.
This thesis provides new data which successfully determined the upper stability field of chlorite in a
range of subduction lithologies. Piston cylinder experiments were conducted over a range of
pressures (1.0 GPa-6.3 GPa) and temperatures (500°C-1150°C) which were analysed using field
emission scanning electron microscopy (FE-SEM), Raman and X-Ray Diffraction (XRD). Only natural
mineral samples were used. Results confirmed those of previous research below ~4.0 GPa, when
adjusted for compositional differences, but at higher P,T conditions, some unexpected findings were
revealed.
Series 1 experiments (Chapter 3) examined chlorite stability in ultramafic chlorite schists (Mg#=0.94)
examining two terminal chlorite reactions Reaction 1: chlorite = orthopyroxene + olivine + spinel +
H2O and Reaction 2: chlorite = garnet + olivine + spinel + H2O. Series 2 experiments (Chapter 4)
explored chlorite stability in a fertile chlorite peridotite (Mg#=0.94) exploring two reactions reported
in previous studies: Reaction 3: chlorite + clinopyroxene = garnet + olivine + H2O ± spinel, and Reaction
4: chlorite + orthopyroxene = garnet + olivine + H 2O ± spinel. Series 3 experiments (Chapter 5) were
completed in two parts. The first examined two samples of mafic chlorite schist (Mg#=0.50 and 0.68)
to test the feasibility of chlorite schist forming mélange diapirs (Marschall and Schumacher, 2012) to
transport fluid through the mantle wedge. The second part used chlorite schist (Mg#=0.94) to locate
the wet peridotite solidus, the subject of much debate.
Results of Series 1 and 2 experiments showed chlorite possessed a maximum pressure stability of 6.2
GPa in both chlorite schist and chlorite peridotite with the former lithology also possessing ~40°C
higher thermal stability. This represented enhanced stability some 40 kms deeper than determined
by previous research and places stable chlorite within the upper mantle.
The high-pressure breakdown of chlorite produced some unexpected phases. Chlorite schist reacted
to garnet, olivine, water and 11.5Å-phase (12.1 wt% water) whilst the transformation of chlorite
peridotite formed olivine, water and Mg-sursassite (7.2 wt% water). Both hydrous minerals are stable
to high P,T conditions and so in a cooler subduction settings, these phases could transport significant
quantities of water to the deeper mantle. Results of Series 3 experiments showed mafic chlorite schist
v

attained a maximum stability at 3.0 GPa of 780°C and 765°C respectively. Upon chlorite breakdown,
mafic schist transformed to a garnet peridotite, a denser rock than average peridotite, which
disproved the feasibility of the diapir model. The location of the wet peridotite solidus was
determined to be >1100°C which disputed the existence of chlorite melting in hydrous peridotites.
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CHAPTER 1 : INTRODUCTION

The connection between subduction and arc volcanism at convergent margins is well known (Arculus
and Johnson, 1978; Delany and Helgeson, 1978; Tatsumi, 1986; Schmidt and Poli, 1998). Dehydration
of hydrous minerals within the subducting slab and in trapped sediments liberates water which
percolates upwards, infiltrating the rocks in the overlying mantle wedge and incurs their partial
melting. Melt accumulates eventually as the magma supply for arc volcanoes. At first glance, this
process appears quite simple; in fact the transport of fluids from the slab to arc magma chambers
involves a myriad of inter-related mechanisms (Schmidt and Poli, 2014); some well-understood, some
theorised, others remaining a puzzle.
A variety of hydrous minerals liberate water within the subduction zone, but just three are credited
with being the main water contributors. Ultramafic systems are dominated by antigorite and chlorite
(Schmidt and Poli, 1998), each comprising ~ 13 wt% H2O (Deer et al., 1992), whilst lawsonite, which
comprises ~11.5 wt% H2O (Martin et al., 2014), is significant in mafic systems.
There have been numerous studies of these hydrous minerals in natural rocks. Antigorite has been
the subject of field (Peacock, 1987; Scambelluri et al., 1995; Padron-Navarta et al., 2008), geophysical
(Cannat, 1993; Hyndman and Peacock, 2003; Rupke, 2004) and geochemical (Deschamps et al., 2013;
Spandler et al., 2014) study. Chlorite has undergone broad-based study including crystallography
(Jenkins and Chernosky, 1986; Bailey, 1988; Gemmi et al., 2016), thermodynamic properties (Vidal et
al., 2001, 2005; Holland and Powell, 2011; Lanari et al., 2014), geophysics (Tatsumi, 1986; Hacker et
al., 2003; Cagnioncle et al., 2007), petrology (Evans and Trommsdorff, 1978; Poli and Schmidt, 2002),
and chemical exchange mechanisms (Hunziker, 2003; Parra, 2005). Lawsonite is less-well studied but
has undergone detailed field study (Ulmer, 2001; Zheng, 2009) and geochemical analysis (Martin et
al., 2014).
A different picture emerges with experimental studies of the same minerals. The stability fields of
antigorite (Bromiley and Pawley, 2003; Padron-Navarta, Hermann, et al., 2010a) and lawsonite
(Pawley and Holloway, 1993; Schmidt and Poli, 1994) are well-constrained, complementing other
studies and providing a comprehensive account of both minerals in a subduction setting. Chlorite, by
contrast, has a clearly delineated stability field at low pressure, and without disregarding the
importance and breadth of chlorite research, there remain key gaps in our knowledge of chlorite in
the subduction zone. Four of these are covered below.
1

1.1

CHLORITE STABILITY

1.1.1 CHLORITE STABILITY AT HIGH PRESSURE
A significant gap exists with the pressure-temperature (P,T) stability field of chlorite at high pressure.
Early experimental studies produced well-constrained chlorite stability to pressures relevant to the
fore-arc (Yoder, 1952; Segnit, 1963; Fawcett and Yoder, 1966; Staudigel and Schreyer, 1977; Jenkins,
1981; Jenkins and Chernosky, 1986). More recent studies examined the high-pressure stability of
chlorite within the sub-arc (Mysen and Boettcher, 1975; Pawley, 2003; Fumagalli and Poli, 2005; Grove
et al., 2006; Dvir et al., 2011; Till et al., 2012; Fumagalli et al., 2014) and individual data points have
also been determined as part of other studies (Bromiley and Pawley, 2002, 2003; Spandler et al.,
2014). Viewed together, there are few data at high pressure and therefore the maximum stability of
chlorite remains poorly constrained.
1.1.2 CHLORITE STABILITY IN VARIED LITHOLOGIES AND COMPOSITION
A knowledge gap also exists with chlorite stability in chlorite of varied composition and in different
lithologies. (Zanazzi et al., 2009). In the subduction zone, chlorite forms metasomatically: chlorite
schist and chlorite peridotite in the contact zone between the slab and the mantle wedge, and
chlorite-rich veins and channels within the slab (Schmidt and Poli, 2014). The resulting chlorite
lithologies reflect complex, semi-open chemical systems. Table 1.1 provides an overview of the
compositional and chemical characteristics of the different lithologies in the subduction zone.
Although the entire profile width may encompass as few as 20 kms, we see enormous variety of rock
types and chemistry.
REGION
MANTLE WEDGE

LITHOLOGY
Peridotite+Serpentinite+Chlorite
Chlorite
Serpentinite+Talc
SUBDUCTION CHANNEL Chlorite Schist
Metasediments
SLAB
Altered Oceanic Crust (AOC)
Gabbro+Serpentinite+Talc
Gabbro+Chlorite
MANTLE
Peridotite+Serpentinite+Chlorite

COMPOSITION
Ultramafic
Ultramafic
Ultramafic
Hybrid mélange
Sedimentary
Mafic
Mafic
Mafic
Ultramafic

Mg#
X0.9
X0.9
X0.9
X0.5-0.9
X<0.5
X0.5-0.7
X0.5-0.7
X0.5-0.7
X0.9

TABLE 1.1: Overview of the lithology, composition and chemistry in each region of the subduction zone

Numerous field studies have described chlorite within mafic (Evans and Trommsdorff, 1978; Miller et
al., 2009), ultramafic (Peacock, 1987; Smith, 1995) and hybrid mélange (Bebout, 1991; Sorensen and
Grossman, 1993; Bebout and Barton, 2002; Mori et al., 2014; Penniston-Dorland et al., 2014; Bebout
and Penniston-Dorland, 2016) lithologies. Similarly, geochemical studies (Manning, 2004; Fumagalli
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and Poli, 2005; Marocchi et al., 2007; Spandler et al., 2008; Bulle et al., 2010; Cooper et al., 2012;
Fumagalli et al., 2014) have major, trace and isotopic character of the chlorite of varied composition.
To date, however, experimental studies on chlorite stability, whilst acknowledging the field and
geochemical evidence, have typically been synthesis experiments using pure end-member
compositions which, by definition, are conducted within a closed chemical system using high freeenergy starting materials (Fyfe and Mackenzie, 1969). Notwithstanding the importance of previous
experimentation, a comprehensive understanding of chlorite stability requires its examination in
varied lithologies and compositions.
1.1.3 CHLORITE STABILITY OF ‘HYBRID’ CHLORITE MÉLANGE

FIGURE 1.1: Cross-section of a typical subduction zone. Cartoon is not to scale.
The areas shaded in grey represent the slab components. Note the metasomatic rinds on the entrained rock fragments. It
is thought that the subduction could explain the three-source signature of the fluids in arc magmas.

Another knowledge gap exists regarding ultramafic chlorite mélange. Chlorite is formed in the
subduction channel between the down-going slab and the hanging wall of the mantle wedge by the
joint action of metasomatism and mechanical mixing of rocks from the slab, the mantle and sediments
(Bebout and Penniston-Dorland, 2016). Figure 1.1 is a cartoon showing the juxtaposition of these
contrasting lithologies.
The release of high-T, high-P fluids from the breakdown of hydrous minerals detaches fragments of
rocks from the surface of the slab and the mantle wedge. As seen in Figure 1.1, these fragments
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develop metasomatic rinds (Blanco-Quintero et al., 2010) whilst the surface of the slab and the
hanging wall of the mantle wedge are metasomatised creating mafic chlorite schist and chlorite
peridotite respectively. Meanwhile, with the intermittent addition of fluid, the subduction channel is
increasingly filled with chlorite-rich “hybrid” rocks (Spandler et al., 2008; Marschall and Schumacher,
2012) which can form layers up to several tens of metres thick (Bebout and Barton, 2002; Spandler et
al., 2008; Miller et al., 2009). The resulting lithology and geochemistry of these ultramafic chlorite
schists are not found elsewhere on the planet, making them an important geological study.
Unfortunately, to date, there have been no studies of the stability of chlorite in ultramafic chlorite
mélange although it is considered important to our understanding of subduction zone processes
(Spandler et al., 2008).

1.2

FLUID TRANSPORT MODELS THROUGH THE MANTLE WEDGE

Recent geochemical studies have shown that arc magma fluids possess three distinct ‘signatures’,
indicating that they derive from a sediment source (Hermann and Spandler, 2008; Behn et al., 2011;
Plank, 2014), a slab source (Padron-Navarta, Tommasi, et al., 2010b; Angiboust et al., 2014; Bebout
and Penniston-Dorland, 2016) and a mantle source (Ulmer, 2001; Tamura, 2003; England and Katz,
2010). The hybrid nature of chlorite mélange outlined above provides a possible mechanism for this
three-source signature to be contained within a single fluid (King et al., 2006). Importantly, this would
mean that chlorite mélange possesses this three-part chemical signature prior to the commencement
of fluid transport through the mantle. Can chlorite mélange retain its three-component signature to
an arc magma chamber?
Despite numerous studies on this topic, important questions remain. Do hydrous minerals dehydrate
enabling ‘free’ water with its source signature to infiltrate the mantle? Is the fluid transported as part
of a hydrous mineral melt? Does the water remain ‘bound’ in stable hydrous minerals until they melt
within diapirs?
There are three general models that describe the transport of water through the subduction zone.
These are described in turn below.
1.2.1 ‘FREE’ WATER RELEASED UPON CHLORITE DEHYDRATION
The commonly-held viewpoint is that hydrous minerals undergo metamorphic dehydration in the
subduction zone, and release free water into the subduction channel (Poli and Schmidt, 2002; Abers,
2005; Fumagalli and Poli, 2005; Hermann et al., 2006; Padron-Navarta, Tommasi, et al., 2010; Wada
et al., 2012; Spandler and Pirard, 2013; Schmidt and Poli, 2014). This newly-liberated water performs
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two immediate functions: it hydrates peridotite in the overlying mantle wedge which incurs its partial
melting (Peacock, 1993; Schmadicke, 2000; Fumagalli and Poli, 2005; Padron-Navarta, Tommasi, et al.,
2010; Wada et al., 2012; Scambelluri et al., 2014; Schmidt and Poli, 2014), and it incurs the melting of
proximal sediments (Spandler et al., 2010; Tsuno and Dasgupta, 2012; Spandler and Pirard, 2013;
Pirard and Hermann, 2015b; Turner and Langmuir, 2015). The melt from both sources rises buoyantly
to eventually aggregate into reservoirs which feed arc volcanoes.
Within the subduction zone, the presence of low velocity anomalies which exhibit high electrical
conductivity have been interpreted in several geophysical studies (Guillot et al., 2001; Koyama et al.,
2004; Reynard et al., 2011; Chantel et al., 2012; Manthilake et al., 2015) as free fluid liberated from
hydrous minerals in subducting slabs. These results support the ‘free water’ model.
It is understood that volatiles have an important impact upon the partitioning of trace elements and
large ion lithophile elements (LILE) between fluids and melts (Scambelluri et al., 2004; John et al.,
2011; Li and Hermann, 2017). Some studies suggest that the role of sediment melt in element
transport has been exaggerated (Keppler, 2017), and maintain that aqueous fluid rather than silicate
melt is the main transport mechanism of LILE and trace elements due to the large, underestimated
effect of chlorine on element partitioning (Kessel et al., 2005a; Dalou et al., 2012; Louvel et al., 2014).
Ongoing research will improve our understanding of this aspect of element partitioning.
1.2.2 CHLORITE MELTS BEFORE IT DEHYDRATES
A less prevalent view, and one tied inextricably to the location of the wet peridotite solidus (Mysen
and Boettcher, 1975; Grove et al., 2006, 2012; Till et al., 2012; Nielsen and Marschall, 2017), is that at
sub-arc conditions chlorite begins to melt before attaining maximum thermal stability. In this way,
chlorite melt permeates the mantle wedge taking with it its entire complement of bound water. The
infiltration of hydrous melt incurs further partial melting of mantle wedge peridotite, eventually
collecting in a magma chamber in the upper crust.
1.2.3 CHLORITE RETAINS ‘BOUND’ WATER AND IS TRANSPORTED IN A DIAPIR
A third view (Cloos and Shreve, 1988; Castro and Gerya, 2008; Behn et al., 2011; Hasenclever et al.,
2011; Marschall and Schumacher, 2012), strong among geophysicists, is that the hydrous minerals
present in the subduction channel, being less dense than the peridotite in the hanging wall of the
mantle wedge, trigger Rayleigh-Taylor instabilities (Castro and Gerya, 2008) and rise buoyantly as
diapirs. These buoyant upwellings eventually aggregate into larger plume structures. A schematic of
the mélange-diapir model is shown in Figure 1.2.
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FIGURE 1.2: Three-dimensional representation of a mélange-diapir model.
Note the diagonal movement of mélange into the mantle wedge and the aggregation of diapirs into vertical plume conduits
where melting takes place. Cartoon extracted from (Marschall and Schumacher, 2012).

The diapiric model has gained much traction recently. Tomographic (Gerya et al., 2006; Castro and
Gerya, 2008; Marschall and Schumacher, 2012), thermal (Peacock, 2004; Syracuse et al., 2010) and
numerical (Richard et al., 2010) modelling reveals irregular structures interpreted as diapirs and/or
plumes, even though 3D models are not yet well constrained (Behn et al., 2011; Hasenclever et al.,
2011; Marschall and Schumacher, 2012). Diapirs provide a conduit for the rapid transport of material
from the subduction channel through to the hottest part of the mantle wedge. This is assisted by the
action of corner flow which forces the diapir to rise diagonally (Cagnioncle et al., 2007) from the
subduction channel into the mantle wedge (Marschall and Schumacher, 2012). The rapid ascent
means that only the outermost layer of the plume structure will melt (Hall and Kincaid, 2001), so
chlorite remains at below-solidus temperatures. This point is significant as it means all fluids
contained within chlorite will be retained within the plume structure until the onset of melting,
guaranteeing a large fluid injection into the arc magma source. Diapirs appear to form regularly
spaced structures in the mantle wedge (Behn et al., 2011) and could explain the regular spacing of arc
volcanoes (Tatsumi, 2003; Wiens et al., 2008). Diapiric and plume flow also allows around 5 Ma for
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Be to complete its journey from sediments through the mantle wedge to arc volcanoes, which is
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within an agreed geochemical timeframe (Marschall et al., 2007; Behn et al., 2011; Marschall and
Schumacher, 2012). All three models have direct implications for fluid transport mechanisms within
the subduction zone. Each offers contrasting insights into how these inter-related processes operate.
Fundamental to each model is a set of assumptions governing the chlorite stability field which, as the
above introduction has revealed, is at present poorly constrained and requires extensive investigation.
This thesis seeks to address these inter-related questions.

1.3

PURPOSE OF THE STUDY

1.3.1 STUDY AIMS
The preceding introduction highlights significant knowledge gaps that exist regarding chlorite stability
and this has implications for numerous subduction zone processes. The thesis aims to remedy this
situation with a research program comprising three related aims:
To constrain the stability field of chlorite in chlorite schist, chlorite lherzolite and chlorite
harzburgite.
To investigate if chlorite breaks down into anhydrous or hydrous mineral assemblages.
To examine the implications of chlorite stability upon slab diapir and mantle melting models
The research program will use a multi-faceted approach. A comprehensive suite of ninety-five piston
cylinder experiments, which replicate the P,T conditions in the subduction zone, will form the basis of
the study. The contents of each experimental capsule will undergo petrographic examination and
geochemical analysis. The results will enable each of the project aims to be fulfilled.
1.3.2 THESIS OUTLINE
This thesis has been compiled using a traditional structure.
Chapter Two outlines the methodology employed in completing the experimental component of the
study. The methods used in each set of experiments were similar and so they have been expounded
in a single section. Firstly, the preparation of starting material is described. Secondly, step-by-step
details of the experimental process have been explained: capsule and assembly production, the piston
cylinder equipment and the running of the experiment, and the post—experiment procedure. Thirdly,
a description of analytical procedures was provided including use of FE-SEM, XRD and Raman
methods. This chapter concludes with a brief discussion on the P,T calibration of the piston cylinder
equipment.
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Ultramafic chlorite schist/melange/hybrid formed the focus of Chapter Three. This is the first
experimental study of chlorite stability in this rock type. Twenty-nine piston cylinder experiments
determined the full extent of the chlorite stability field at sub-arc conditions with a focus on the
terminal chlorite reaction - chlorite → garnet + olivine + H2O ± spinel - identified in previous chlorite
research. An unfamiliar hydrous mineral, 11.5Å-phase, appeared in run products accompanying
chlorite breakdown at high pressure. This was also fully described in this chapter. As the bulk
composition contained minor chromium and iron, the effect of the addition of these elements was
able to be ascertained. Finally, experimental results were able to estimate the quantity and rate of
water release that occurred with chlorite breakdown.
Chapter Four used data from forty-five piston cylinder experiments to examine chlorite stability in a
model chlorite lherzolite and a chlorite harzburgite using two key chlorite reactions identified by
previous research: the first - chlorite + clinopyroxene → garnet + olivine + H2O ± spinel; and the second
- chlorite + orthopyroxene → garnet + olivine + H2O ± spinel. Experimental results enabled each
reaction to be clearly differentiated in P,T space. The second reaction produced an unexpected phase
at high pressure – Mg-sursassite (MgS) – which replaced garnet with increasing pressure. The
presence of Ca in the starting material enabled its effect on chlorite stability to be determined.
Chapter Five comprised two parts. The first examined the stability of chlorite in a mafic chlorite schist.
The results were used to check the validity of the mélange diapir model (Marschall and Schumacher,
2012). Experimental results enabled the determination of the maximum thermal stability of low Mg#
chlorite at 3.0 GPa, and the density of product material at each experimental point. The second part
of this chapter examined the same chlorite schist used in Chapters Three and Four to determine the
onset of melting. This was to check the validity of a recent study (Till et al., 2012) regarding the
location of the wet peridotite solidus.
Chapter Six provided an overview of all research findings, their implications for subduction zone
processes, and directions for further investigative work.

8

CHAPTER 2 : METHODOLOGY

The central design of this thesis was to explore the wider stability field of chlorite formed in a range
of subduction settings. When metasomatic fluids released from the down-going slab contact
peridotite in the mantle wedge, ultramafic chlorite peridotite is formed. Chlorite schist, by contrast,
is formed within the narrow subduction channel between the slab and the mantle wedge when fluids
released from the down-going slab are mixed metasomatically and tectonically, creating a mélange
rock of mafic to ultramafic composition. Chlorite formed from either process reflects complex, semiopen chemical systems which contrasts with the bulk of previous experimental studies of chlorite
which involved synthesis experiments modelled in a closed chemical system. This thesis encompasses
four series of experiments which use minerals extracted from only naturally-occurring rocks, reflecting
more complex chemical systems associated with actual geological processes.

2.1 SAMPLE PREPARATION
Several natural minerals were used in the four series of experiments undertaken in this thesis. All
minerals were extracted from natural rock samples collected by other researchers on various field
expeditions.
2.1.1 SAMPLE SELECTION

FIGURE 2.1: Location of the components of the starting mixes.
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Series 1 experiments used two natural minerals. Chlorite was extracted from a chlorite schist sourced
from the Cerro del Almirez in the Sierra Nevada mountains of south-east Spain. Subsequent analysis
revealed trace amounts of natural antigorite. Natural pyrope garnet was sourced from the Dora Maira
in the northern Italian Alps.
Experiments in Series 2 used four natural minerals. The chlorite schist and the pyrope garnet used in
Series 1 experiments was also used in this series of experiments. Antigorite was extracted from a
serpentinite also found from the Cerro del Almirez in the Spanish Sierra Nevada mountains. Tremolitic
amphibole was sourced from Val Malenco in the Italian Alps.
In Series 3, chlorite with contrasting Mg# was required to complete the experiments. Thin-sections of
fifteen different rock samples were examined prior to making a final selection of three. The chlorite
schist used in Series 1 and 2 was selected due to its high Mg# (0.94). Two further rock samples from
Syros in Greece were chosen – a chlorite-omphacite-ilmenite-epidote-titanite schist (Mg#=0.50) and
a chlorite-apatite-ilmenite-garnet schist (Mg#=0.68).
Further details of each of the selected minerals are provided in the methods section of the relevant
chapters.
2.1.2 SAMPLE PROCESSING
Each mineral was extracted by hand from the selected rock samples. Conveniently, the antigorite and
garnet had already been extracted, ground and stored in sample bottles. Other minerals, however,
had to be removed by hand from the sample. Using a microscope, tremolite was removed by hand
from an amphibole schist then ground using an agate pestle and mortar under acetone for thirty
minutes. Grain size consistency was checked under a microscope and the grinding process continued
until a consistent grain size <40µm was attained. A rock saw was used to isolate the chlorite-rich vein
from each sample of schist. Each was then hand-milled and ground using the same method as outlined
above. Each resulting paste was placed in a drying oven at 110°C overnight to dry. The dried powder
was placed in a sample bottle and retained until needed.
2.1.3 X-RAY DIFFRACTION (XRD) ANALYSIS OF NATURAL MINERALS
Since natural minerals were being utilised in this experimental series, it was crucial to confirm the
constituents of each prior to preparing starting mixes. Powder X-Ray Diffraction was used to
accomplish this.
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A small quantity of the ground mineral was placed in an agate mortar and ground under acetone until
a grain size of 10-20µm was attained. Using a pipette, the material was gradually added to the surface
of an amorphous silica plate, left to dry before being placed in a sample holder inside the apparatus.
This was a Siemens D5005 Braff-Brentano Diffractometer which emitted cobalt Kα radiation. The
device was equipped with a scintillation detector and a graphite monochromator. Each scan was
conducted in the range 2° to 130° 2-theta, a step width of 0.02°, and a scan speed of two seconds per
step.
This method successfully identified all constituent minerals. However, the platy minerals such as
chlorite proved problematic due to crystal preferred orientation (CPO) which produced scans where
peak positions were accurate but peak heights varied from those in the database. The resulting scans
were corrected for background noise and interpreted using the software Eva Diffracplus version 10.0
with database PDF-2.
XRD scans were taken of a mystery phyllosilicate mineral to confirm its identity. This required an
analytical method which would deal effectively with CPO of this mineral: the XRD device from the
Research School of Chemistry at ANU was employed. It was fitted with a stage which revolved the
sample through spherical space which overcame the difficulties posed by CPO. A sample from Run
UHPPC332 was analysed with a PANalytical Empyrean powder X-ray diffractometer (Bragg Brentano
geometry, fixed divergence slits) using CuK alpha radiation. The scan range was 4° to 140° 2-theta at
a data point separation of 0.01313° 2-theta. The detector was a PIXcel 1D detector with an active
detector length of 3.3473 degrees using 255 channels and collection time of 0.1438 secs per step.
Background noise was eliminated from the scan and interpreted using Eva Diffracplus software.
2.1.4 MINERAL SEPARATION
XRD analysis revealed that the chlorite schist contained far more orthopyroxene and serpentinite that
expected. An attempt was made to remove these by hand under a microscope but the relatively fine
grade of the grains rendered this approach unproductive.
The sample was sent to the Mineral Separation laboratory at ANU. Density contrast technique was
used to separate the chlorite from the other phases and the sample was returned as analytically ~90%
chlorite. Visually it appeared to be more like 100% chlorite. To confirm the proportion of chlorite, an
epoxy mount was made which contained a small amount of the treated chlorite and it was analysed
using SEM to confirm phases present. SEM analysis revealed that it was ~99% chlorite with ~1%
antigorite and no orthopyroxene present. Details of mount construction and SEM analysis is provided
in 2.2.6 and 2.2.8 below.
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2.1.5 PREPARATION OF STARTING MIXES
The ground minerals prepared above were used to prepare each of the starting mixes. Molar
proportions of each were calculated, weighed and placed in an agate mortar with acetone. The
minerals were ground for forty-five minutes to homogenise the mixture. The paste was transferred
to a specimen bottle and placed in a drying oven at 110°C overnight to dry. The dried mix was retained
until needed for experimentation.
2.1.6 STARTING MIX ANALYSES
The chemical composition of each of the starting mixes used in the current study are shown in red in
Table 2.1. Further details (chemography, etc.) are provided as relevant in the ensuing chapters. For
context, the starting mixes of four recent high-pressure experiments on chlorite stability have also
been provided, shown in blue, green, purple and orange text respectively. All compositions shown
have been normalised to anhydrous proportions for ease of comparison.

TABLE 2.1: A typical capsule assembly used in piston cylinder experimentation.
Table showing starting mixes used in the current study, and in recent high-pressure chlorite stability studies. Compositions
have all been normalised to anhydrous proportions for clarity. Abbreviations: “F&P”=(Fumagalli and Poli, 2005);
“FUM”=(Fumagalli et al., 2014).

2.2 EXPERIMENTAL PROCEDURE
All experiments were performed at the Research School of Earth Sciences at the Australian National
University using end-loaded, Boyd-England–type piston cylinder apparatus across a range of pressures
(1.0 GPa to 6.3 GPa) and temperatures (500°C to 1150°C).
Each experiment required the construction of several components: a capsule to house the powdered
rock sample, sleeves comprising MgO and NaCl to provide the capsule with a physical buffer against a
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high-pressure, high-temperature environment, and a graphite heater which created an electrical
circuit for temperature readings. An overview of the entire experimental process is provided below.
2.2.1 CAPSULE PRODUCTION
Each capsule was constructed from a 9mm length of gold (Au) tubing with an external diameter of 2.3
mm. Gold was selected since it limits water loss at T<1000°C (Truckenbrodt and Johannes, 1999) and
Fe loss (Green et al., 2014). One end was crimped, and using a Tungsten Inert Gas (TIG) bench welder
and a microscope, the crimped end was welded to create a complete seal, then compressed to create
a flat end surface. The completed capsule was weighed with the value recorded for future reference.
A balance was used to measure 0.02 grams of starting mix which was pressed into the open end of
the gold capsule. The open end of the capsule was then crimped, TIG-welded and compressed. The
completed capsule was a cylinder approximately 5-6mm in length. The capsule was re-weighed and
checked with previous measurements to ensure that the hydrous minerals in the starting mix did not
dehydrate during the welding process.
2.2.2 CAPSULE ASSEMBLY
The sealed gold capsule was placed inside an elaborate assembly which is shown in Figure 2.2a. Four
sections of MgO tubing were measured and cut to size using a lathe: the first (Figure 2.2c) was hollow
to accommodate the thermocouple and was positioned above the capsule; the second (Figure 2.2g)
was solid and was positioned below the capsule; the third (Figure 2.2f) was cut to match exactly the
capsule’s length and width and acted as a container for the capsule; the final piece (Figure 2.2d) was
a 0.6mm spacer* placed between the end of the thermocouple and the capsule to prevent any
reaction between the two. All four sections were inserted in order into a hollow, cylindrical graphite
heater (Figure 2.2h) itself cut and shaped on the lathe to accommodate precisely the MgO tubing.

* The first twenty-eight capsules were prepared using a 1.5mm MgO spacer. This was changed to a 0.6mm spacer when it
was realised that incorrect temperature readings may have been recorded using a too-thick spacer. A calibration experiment
(D1651 at 3.5 GPa/770°C) was undertaken to compare results with the original one at these P/T conditions (D1644). The
results were identical, confirmed by SEM and EMPA analyses and mass balance calculations, which verified the original
experiments.
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FIGURE 2.2: A typical capsule assembly used in piston cylinder experimentation.
a) a photograph of the actual components which comprise a single piston cylinder experimental assembly; b) completed
thermocouple showing mullite tubing and spot-welded wires; c) 0.5-inch pressure vessel.

The graphite heater containing capsule and the MgO assembly was inserted into a NaCl sleeve (Figure
2.2i) which acted as a pressure medium. The salt sleeve was in turn wrapped in a teflon foil to
minimise friction and both were inserted into the 0.5-inch diameter central chamber of a pressure
vessel (Figure 2.2c). The graphite spacers (Figure 2.2j and k) were inserted into the base of the salt
sleeve and were secured with a steel O-ring (Figure 2.2l). On the upper side of the pressure vessel, a
steel-carbide top plug (Figure 2.2b) was placed inside a fitted 0.5-inch pyrophyllite mitre flange (Figure
2.2a) and both inserted to secure the capsule assembly inside the pressure vessel. Together, the top
plug, graphite heater and two graphite spacers created an electrical circuit around the capsule,
allowing the thermocouple to determine the temperature for the duration of the experiment.
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2.2.3 THERMOCOUPLE PRODUCTION
The B-type thermocouple (Figure 2.2b) comprised two platinum-rhodium wires (Pt94Rh6/Pt70Rh30)
inserted through an exact length of two-bore mullite tubing. The two wire ends were spot-welded
which formed a small metal knob at the end of the mullite tubing. The completed thermocouple was
inserted lengthways through the top plug and into the hollow MgO tubing assembly in readiness for
the experiment.

FIGURE 2.3: Piston cylinder devices in the ANU Experimental Petrology laboratories.
a) typical Boyd-England type, 200t high-pressure piston cylinder apparatus; b) an ultrahigh-pressure 500t piston cylinder
apparatus.

2.2.4 EXPERIMENTAL RUN USING HP AND UHP PISTON CYLINDER APPARATUS
Experiments conducted <4.5 GPa were carried-out using a Boyd-England-type, 200t, end-loaded highpressure (HP) piston cylinder apparatus (see Figure 2.3a). The HP apparatus consisted of three main
sections: an upper section, comprising fixed and removable spacer plates; a central bridge area, which
acted as the staging platform upon which the pressure vessel containing the capsule assembly was
positioned; and a lower section, containing a pressure ram which moved up to provide both the
confining and sample pressure during the experiment.
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The loaded pressure vessel was placed onto the bridge and aligned with the protruding 32mm piston.
The thermocouple was then inserted, attached wires secured and the pressure vessel covered with a
mylar sheet. The top plate was positioned and confining pressure of approximately 8000 psi was
added to the stack to secure all parts. After connecting electrical cables and high-pressure water hoses
and setting the Eurotherm 904 temperature controller, water and power to the apparatus was
switched on. Sample pressure was added manually to the system with ~69 MPa and ~276 MPa hand
pumps, with care taken to ensure that the rate of increase for both temperature and pressure was
even.
The experiment was monitored for the duration of each run. Notes were recorded in the official log
book for future reference. Each experiment was quenched by switching off the power supply.
Experiments conducted at 4.5 GPa–6.0 GPa were carried-out using a 500t Harwood ultrahigh-pressure
(UHP) piston cylinder apparatus (Figure 2.3b). The UHP apparatus had a similar design and operated
under the same principles as the 200t press. The equipment also comprised three main sections.
However, two separate rams were involved. The upper 500t ram lowered to provide the confining
pressure whilst the lower 200t ram moved up to apply the sample pressure. The central bridge acted
as staging platform for the assembling of the experimental components.
Once the pressure vessel was fitted with the capsule assembly, it was placed on the bridge over the
shorter 27mm piston. Confining pressure of approximately 69 MPa (10,000psi) was added manually
to the system. A micrometer was secured to the bridge and set to zero: its role was to monitor piston
movement during the run. The experimental temperature was set and controlled using a Eurotherm
904 device, known to be accurate to ±3°C (Spandler et al., 2010).
Once the apparatus was activated, its operation became fully automated. Users were able to create
a program for individual experiments which determined pressure, duration of experiment and ramp
rate. Once the program commenced, the entire operation was automated by LabView software,
version 2.12 and so variations in confining and sample pressure were computer-controlled for the
duration of the experiment. In the first few hours of each run, friction decay in the assembly led to
relatively large piston movement and subsequent confining and sample pressure adjustments were
made in response. This diminished within hours and typically ceased after twenty-four hours. When
the program ended, the power was cut and quench duration was typically ~5 secs.
The capsule assembly and equipment were inspected for damage at the end of each experimental run
on either press. If the capsule had ruptured or sheared, or the piston showed signs of cracking, the
experiment was deemed a failure.
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2.2.5 CALIBRATION OF PRESSURE AND TEMPERATURE ON PISTON CYLINDER APPARATUS
On the HP press, temperature was measured using a B-type thermocouple (Pt94Rh6/Pt70Rh30) known
to be accurate to ±5°C (Padron-Navarta et al., 2010a; Omega Engineering, 2011; Spandler et al., 2014).
Pressure calibrations determined in previous experimental studies have an accuracy to ±0.1 GPa
(Padron-Navarta et al., 2010a; Spandler et al., 2014; Hermann et al., 2016).

FIGURE 2.4: Experimental pressure log on the UHP 500t press at ANU laboratory.
a) The nominal pressure reading (grey line) and the piston travel (black line) during a 96-hour experiment. The piston has
travelled >0.2mm after the commencement of the experiment, indicating friction decay, with a steady state achieved after
approximately 40 hours. Large vertical grey spikes indicate the automated system response in maintaining the 5.0 GPa
nominal pressure. b) an expanded view of the quench period. Thanks to J. Hermann for permission to use this Figure,
extracted from (Hermann et al., 2016).

Experiments on the UHP press also used B-type thermocouples (Pt94Rh6/Pt70Rh30) as described above.
Although this device has not been formally calibrated for its pressure readings, previous researchers
have found high accuracy between readings of sample vs nominal pressure (Spandler et al., 2014;
Hermann et al., 2016). In this series, piston travel was closely monitored for the entirety of each run
(see Figure 2.4a). Since piston movement was minimal after the first 24 hours of the experiment, the
charge was deemed to be at a constant state for a minimum of 48 hours in all experiments. Therefore,
we can assume that the sample pressure was directly converted to nominal pressure and can be
considered accurate to ±0.1 GPa as for the HP press.
Several experimental studies attest to the accuracy of the nominal pressure of the UHP press. In
Chapters 3 and 4, examination of phase relations revealed that two high-pressure hydrous phases Mg-sursassite and 11.5Å-phase - first appeared in run products at temperature <750°C and pressures
at 5.0 GPa or above. Previous studies of these phases showed that the low pressure boundary of their
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respective stability fields concur with these P,T conditions (Bromiley and Pawley, 2002; Fumagalli et
al., 2014; Gemmi et al., 2016). Hermann (Hermann et al., 2016) conducted experimentation using the
UHP press and reported pressure calibrations were accurate at low temperatures. Examined together,
it can be assumed that the nominal pressure of the UHP press is accurate.

2.3 POST-EXPERIMENT PROCEDURE
After each run, the assembly was extracted from the pressure vessel and the gold capsule retrieved.
It was re-weighed to ensure that it remained intact during the experiment. The capsule was pierced
using a scalpel and a visual and aural check was made for ‘free’-fluid, determined by a ‘hiss’ or ‘fizz’ at
the point of incision. The capsule was re-weighed to ascertain any actual loss of weight at this point,
then placed in the drying oven at 110°C overnight to fully dehydrate. The next day its weight was
again checked against previously recorded values; any weight discrepancy resulted in the rejection of
the capsule.
2.3.1 CONSTRUCTING THE MOUNT
The contents of the dry capsule were exposed using 1200 µm wet/dry emery paper. With the centre
of the capsule exposed, a single drop of epoxy resin was placed over the contents and the capsule was
placed inside a bench vacuum chamber for at least fifteen minutes to allow the epoxy to penetrate
and secure the contents. A section of double-sided tape was attached to the cleaned surface of a 6cm
glass square onto the centre of which was positioned the capsule, contents-side down. A plastic
cylinder was placed over the capsule and secured by the double-sided tape to act as a mould. Epoxy
resin was poured into the mould and the assembly returned to the bench vacuum for at least ten
minutes to remove bubbles from the liquid resin. The assembly was left to harden overnight.
2.3.2 POLISHING THE MOUNT
The resulting disc containing the experimental capsule was cleaned with ethanol, and the capsule
contents carefully re-exposed using 1200 µm dry emery paper. The disc was shaped to size using a
lathe and then placed on a lapping machine and polished with discs of decreasing grit size (6 µm, 3
µm, 1 µm, ¼ µm) using a single drop of lubricating spirit on each disc. The polishing process took
between fifteen to thirty minutes during which time the surface was checked under the microscope
for absence of deep scratches. When suitably polished, the disc was cleaned with ethanol, dried and
coated with a 12nm layer of carbon using a carbon-coating device, labelled and stored in a mount tray
in preparation for chemical analysis.
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2.3.3 PERFORMING CHEMICAL ANALYSES
To ascertain accurate chemical composition of the major and minor elements comprising run
products, two different analytical techniques were used. A Scanning Electron Microscope (SEM) was
used to identify the phases present in each charge and to take high quality microphotographs of phase
textures. This was followed up with the use of an Electron Microprobe (EMPA) which was used to
provide high quality, standardised chemical analysis of the product phases.
The SEM analysis was completed using a JEOL JSM-6610A apparatus fitted with a JEOL Energy
Dispersive Spectrometer (EDS) enabling semi-quantitative analysis using Analysis Station software
package version 2.24. Each analysis was undertaken with an accelerating voltage of 15 keV, a beam
current of 1nA, a working distance of approximately 10mm, a count time of 100s and a count rate
between 8000cps and 12000cps. Major oxides were calculated based on total cation number
normalised to 100 wt% oxide using ZAF Gaussian methodology. Back-scattered electron (BSE) and
Secondary Electron Image (SEI) modes were used to collect photographs of phase relations in each
experiment, typically at 2000x resolution.
The first twenty-two charges were analysed using the EMPA which used a Cameca SX-100 electron
microprobe utilising Wave-Dispersive Spectroscopy (WDS) with accelerating voltage set to 15keV and
the beam current to 20nA. Peak and background count time varied between 10s and 30s depending
on the element. A JEOL EDS detector was used to identify each phase prior to spot analysis. Secondary
standards were used to quantify elemental concentrations. Natural standards included: garnet
(Roberts Victor Mine South Africa USNM 87375), chromite (Tiebaghi mine, New Caledonia USNM
117075), olivine (San Carlos Olivine, Gila Co, Arizona USNM 111312/444), augite (Kakanui, New
Zealand USNM 122142), hornblende (Kakanui, New Zealand USNM 143965) and a rutile standard.
Larger grains proved easy to analyse; unfortunately, most product phases were of small grain size and
the poor quality of EDS images on the EMPA meant that many points of analysis were imprecise which
led to a loss of confidence in overall accuracy of data. What to do? It was thought the SEM analyses
would suffice since they showed strong agreement with analyses of the same charges from the EMPA.
However, the absence of a Faraday Cup on the SEM meant that standardisation was a problem.
To ascertain the level of agreement in between SEM and EMPA analyses, the same experimental
charges were analysed using EDS (SEM) and WDS (EMPA). The results are shown in Figure 2.5.
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FIGURE 2.5: Comparison of EDS vs WDS analyses of major oxides in chlorite, garnet and olivine.
a) Plot comparing EDS and WDS analyses of in chlorite; b) Plot comparing EDS and WDS analyses in garnet; c) Plot comparing
EDS and WDS analyses in olivine. Analyses of major oxides in each phase shows strong agreement between both analytical
methods. This indicates that EDS analyses from the SEM could be used instead of WDS analyses from the EMPA.

The resulting 1:1 linear relationship between each EDS and WDS analysis show excellent agreement.
However, the problem of data standardisation with the SEM, an obligatory requirement for any future
publication, remained so another analytical device was sought.
Eventually, it was decided to use a Hitachi 4300 SE/N Schottky field-emission, scanning electron
microscope (FE-SEM) housed at the Centre for Advanced Microscopy at the Australian National
University (see Fi9gure 2.6). A beam current of 0.600nA (standardised using a Faraday Cup), an
accelerating voltage of 15kV, a working distance of 25mm, and a total scan time of 90 seconds were
the operating conditions used for all analyses.
All twenty-two charges which had previously been analysed using the EMPA were re-analysed using
the FE-SEM to ensure consistency of data. All later capsules were analysed only using the FE-SEM.
In each of the analytical devices used, chemical analyses were checked for stoichiometric accuracy,
totals, cation number and relative proportion of each oxide. Errant results were rejected. See
Appendix for tables of complete analytical results.
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FIGURE 2.6: Hitachi 4300 SE/N Schottky field-emission, scanning electron microscope (FE-SEM)

2.3.4 MASS BALANCE
For each phase identified in each experimental run and in the starting composition, the average
analysis and standard deviation was calculated for each element of interest. Using this data, phase
abundances were calculated using the weighted least squares method (Herrmann and Berry, 2002).
A summary is presented in Table 3.3; full results have been included in the Appendix.
FE-SEM analyses of garnet revealed a consistent 0.03 wt% deficiency on the Al site which was inferred
to have been filled by Fe3+. As no magnetite was identified in any run product, the Fe3+ was considered
an analytical artefact. The H2O content of hydrous phases could not be measured by FE-SEM and so
were calculated stoichiometrically.
2.3.5 PERFORMING RAMAN ANALYSES
In order to better characterise a newly-identified hydrous mineral, it was decided to perform a series
of Raman analyses. Once a Raman profile was identified, future researchers could use this technique
to quickly identify this phase. Two samples of this mineral were analysed using a Renishaw inVia
Raman spectrometer. The laser operated at 532 nm wavelength and 50 mW power. The spectrum
was obtained using a diffraction grating (2400 lines/mm) and a Peltier-cooled CCD. Thirty-four scans
were retrieved. Further details are provided in Chapter 3.
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CHAPTER 3 : THE UPPER STABILITY LIMIT OF CHLORITE IN ULTRAMAFIC
SCHISTS – IMPLICATIONS FOR WATER TRANSPORT INTO THE DEEP
MANTLE

3.1 INTRODUCTION
Ultramafic chlorite schists, formed in the subduction channel between the down-going slab and
the hanging wall of the mantle wedge, are an important reservoir for water. However, the
stability of hydrous phases within these rocks, especially above 5.0 GPa, remains underexplored.

The main constituent mineral, chlorite, has been well studied in peridotite

compositions in the MgO-Al2O3-SiO2-H2O (MASH) system up to 5.0 GPa (Fawcett and Yoder,
1966; Staudigel and Schreyer, 1977; Jenkins and Chernosky, 1986; Pawley, 2003) and to varying
degrees in related chemical systems (Fumagalli and Poli, 2005; Grove et al., 2006; Dvir et al.,
2011; Till et al., 2012; Fumagalli et al., 2014; Spandler et al., 2014). Only three studies have been
undertaken on chlorite stability above 5.0 GPa (Fockenberg, 1995; Ulmer and Trommsdorff,
1999; Pawley, 2003; Fumagalli et al., 2014) and whilst a maximum chlorite stability near 5.5
GPa/650°C is reported, the studies are based on few experiments. The paucity of data on
chlorite stability above 5.0 GPa has resulted in a loosely-constrained chlorite stability field in the
region between antigorite, chlorite and phase A, a region referred to as the ‘anhydrous nose’,
and therefore calls into question the precise location of the hydrous-anhydrous boundary at
high pressure.
Several synthesis experiments have identified hydrous minerals in this pressure-temperature
(P/T) region including 10Å-phase (Pawley and Wood, 1995b; Pawley et al., 2011), Mg-sursassite
(Bromiley and Pawley, 2002), phase-HAPY (Gemmi et al., 2011; Fumagalli et al., 2014) and 11.5Åphase (Fumagalli et al., 2014; Gemmi et al., 2016). Each is suspected to act as an intermediary
hydrous phase between chlorite and Phase A. Experimental results show these phases possess
narrow stability fields, and only seem to crystallise in specific bulk compositions atypical of many
subduction zone settings. With a few exceptions (Smith, 1995; Khisina and Wirth, 2008), none
of these minerals have been found in nature. By contrast, chlorite schists are common in
subduction settings and possess varied compositions (Miller et al., 2009) which makes them an
ideal target for experimentation aimed at producing these minerals.
Significantly, no high-pressure studies on chlorite stability in ultramafic chlorite schists have
been undertaken. This study is the first to provide comprehensive constraints on the upper
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chlorite stability field between 1.0 GPa and 6.2 GPa and 640°C-880°C in a single study using only
natural chlorite schist in the chemical system Cr2O3-NiO-FeO-MgO-Al2O3-SiO2-H2O (CrNFMASH).
Previous studies have identified two key reactions relevant to chlorite dehydration, applicable
at low and high pressures respectively:
Reaction 1: chlorite (chl) = orthopyroxene (opx) + olivine (ol) + spinel (sp) + H2O
Reaction 2: chlorite (chl) = garnet (grt) + olivine (ol) + spinel (sp) + H 2O
In this chapter, it will be shown that chlorite is stable to at least 6.2 GPa/680°C, considerably
higher than found in previous studies. Below 5.7 GPa, it is shown that chlorite dehydration
follows the model Reactions 1 and 2. However, at pressures above 5.7 GPa/735°C, chlorite does
not break down to the anhydrous assemblage of olivine + garnet + spinel + H 2O. Instead two
hydrous minerals form: Mg-sursassite and 11.5Å-phase, the latter furnishing an extensive
stability field. Since these minerals have formed from natural-occurring source material and
contain between 7-13 wt% water, they represent a plausible carrier of water into the deep
mantle in a variety of cooler subduction settings. Their existence also signifies that the hydrousanhydrous boundary is shifted to substantially higher temperatures than previously thought.
3.1.1 PREVIOUS STUDIES ON CHLORITE IN ULTRAMAFIC SCHISTS
Field geology studies have long reported the existence of layers of chlorite schist, often
intermingled with actinolite, talc or antigorite and blocks of amphibolite, pyroxenite or eclogite
(Sorensen and Barton, 1987). This rock type, not found in any other geological sequence, has
variably been called mélange (Cloos and Shreve, 1988; Pirard and Hermann, 2015a), hybrid rocks
(Miller et al., 2009; Zanazzi et al., 2009), or blackwall alteration (Zack & John 2007; Smith 1995;
Spandler et al. 2008). Researchers now agree that chlorite mélange represents the exhumed
remnant of a high-pressure metamorphic terrane which has survived subduction (Marschall and
Schumacher, 2012) and therefore provides a valuable insight into subduction processes. How
mélange is formed, however, remains contested including through tectonic mixing (Castro and
Gerya, 2008; Mori et al., 2014), metasomatic mixing (Sorensen & Grossman 1993) or a mixture
of both (Bebout and Barton, 2002; Marschall, 2006).
Table 3.1 summarises key studies involving chlorite mélange. Most studies have involved trace
element or isotope analyses of chlorite mélange to characterise the source/timing of
metasomatic fluid interactions. In each instance, the chemical analyses followed on from a field
work study. Whilst chemical analyses of chlorite have been published, no petrological study has
been undertaken of chlorite schist.
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TABLE 3.1: Compilation of studies involving ultramafic chlorite schist.
Final three columns refers to the wt% of Mg, Al and Si oxides in chlorite analyses. Abbreviations used: Pet=petrology,
GCM=Geochemical, GPH=Geophysical, GCR=Geochronological, TDM=Thermodynamic modelling, F=Field, maj=major
elements, tr=trace elements, isot=isotope, EP=Experimental Petrology, Syn=Synthesis

To date there have been no experimental studies which constrain the maximum thermal stability
of chlorite found in chlorite schist. Whilst the chlorite terminal reaction in chlorite schist is
expected to be closely located in P/T space to the chlorite-out reactions in peridotite
compositions (Fumagalli et al., 2014), in the absence of specific research, the point remains
moot. There have been numerous studies on chlorite stability in peridotite compositions at low
pressure (see Chapter 4 for details) and a few conducted at higher pressures.

Three

experimental studies have been completed on chlorite stability >5.0 GPa (Pawley 2003;
Fumagalli et al. 2014; Ulmer & Trommsdorff 1999 quoting Fockenberg 1995). In each instance,
these studies comprised synthesis experiments conducted on multi-anvil apparatus, and
although Fumagalli did use natural chlorite as seeds, none of the studies used natural rocks as
starting materials. The resulting chlorite-out phase boundaries from each study exhibited a
similar Clapeyron slope (see Figure 3.11) but since the data points were not tightly bracketed,
the chlorite-out phase boundary even in peridotite compositions remains loosely constrained in
P/T space.
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3.1.2 STARTING MATERIAL

FIGURE 3.1: X-Ray Diffraction scan of Series 1 starting material.
Diffractogram peaks show strong alignment with mineral standards along the 2-theta scale. The difference in height
of some peaks is due to preferred orientation of the micaceous minerals. The scan reveals minor antigorite and trace
talc were present in the starting material.

The starting material used in experimental Series 1 was sourced solely from natural rocks.
Sample Al08-16 (Padron-Navarta et al., 2011) was a chlorite-rich vein in a chlorite harzburgite
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sourced from the Cerro del Almirez ultramafic massif in Southern Spain.
approximately 99 wt% chlorite with 1 wt% antigorite and trace talc.

It comprised

Previous research

constrained the maximum stability of the Cerro del Almirez chlorite harzburgites at 1.8 GPa,
725°C (Padron-Navarta et al., 2010a) signifying that this sample was prograde, high pressure
chlorite and appropriate for this study. Pyrope garnet from the Dora Maira in northern Italy
provided nucleation seeds in the starting material.
The starting material was analysed using two analytical techniques fully described in Chapter 2.
X-Ray Diffraction (XRD) analysis confirmed the phases present and are displayed in the
diffractogram in Figure 3.1.

TABLE 3.2: Panel showing analyses of starting mix of Series 1.
a) FE-SEM analyses of each mineral comprising the starting mix. “sd” signifies one standard deviation. b) Phase
proportion of the starting material: Since chlorite is the dominant phase, the bulk composition can effectively be
considered chlorite; c) Normalised FE-SEM analysis of the starting material: The H2O was calculated by stoichiometry.
No talc was observed during FE-SEM analyses. Totals have been normalised to 100 wt%. Oxides with totals less than
the detection limit were eliminated.

FE-SEM analysis provided the chemical composition of each phase as displayed in Table 3.2.
Since chlorite comprised nearly the entirety of the bulk composition in Series 1, the bulk was
effectively considered monomineralic chlorite. Analysis revealed that chlorite composition
varied, however, from ideal clinochlore. The Mg# averaged 0.94 and the Cr# averaged 0.07.
Aluminium and magnesium levels were both lower than ideal clinochlore (averaged 1.46 a.p.f.u.
and 4.86 a.p.f.u. respectively) whilst silicon was higher (averaged 3.24 a.p.f.u.) which indicated
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a cation exchange mechanism. Chlorite also contained minor chromium and trace nickel which
broadened the chemical system used in Series 1. Cation ratios of the starting mix were
(Mg+Fe+Ni):(Al+Cr):Si = 5.13:1.56:3.22 compared to the end-member clinochlore of 5:2:3.
Chemography (see Figure 3.2) shows the relationship between phases formed in the CrFNMASH
sytem from the bulk composition used in experimental Series 1.

FIGURE 3.2: Chemography of the Series 1 starting materials
Triangular plot of the starting material in the system CrFNMASH. Compositions are in wt%. Blue squares mark
minerals in the starting mix; green circles identify reaction products. Bulk 1 is marked with a red star. Note that
chlorite is very close to the bulk composition. Coloured triangles refer to the chlorite terminal reactions identified in
this experimental series: light blue triangle chl = opx + ol + sp + H2O (Reaction 1/A3); red triangle chl=grt+ol+sp+fluid
(Reaction 2/B2); dark blue triangle chl=grt+ol+11.5Å+fluid (Reaction B6/E2); yellow triangle chl=MgS+ol+11.5Å+fluid
(Reaction E6/F2). This plot was made using the program C-Space (Torres-Roldan et al., 2000).

3.2 RESULTS
To inform this investigation, twenty-nine data points were determined at a range of pressures
(1.0 GPa to 6.2 GPa) and temperatures (640°C to 880°C). A table of all experimental conditions
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and run products in Series 1 is presented in Table 3.3. Due to the proximity of data points at
high pressure, and the resulting complexity, phase relations are displayed in two separate
diagrams: phase relations to 5.5 GPa are displayed in Figure 3.3, and those above 5.5 GPa are
displayed in Figure 3.6. Phase boundaries were determined through a combination of chemical
analysis and textural observation.
3.2.1 PHASE RELATIONS TO 5.5 GPa
Run products produced five minerals and one fluid phase within various stability fields as viewed
in Figure 3.3. No melt was observed in any run product.

TABLE 3.3: Table of experimental conditions, run products and mass balance in Series 1.
Run products identified in experimental Series 1. Phase quantities are determined by mass balance using least squares
method (Herrmann and Berry, 2002). Zero values indicate phase not present.

3.2.2 PHASE TEXTURES TO 5.5 GPa
In general, olivine (ol) typically formed small anhedral grains (<2 µm) which increased in size
(≤20 µm) with increased pressure. Orthopyroxene (opx) typically assumed acicular textures at
low pressure and blocky to elongate crystals (≤30 µm) at P>2.0 GPa. Spinel (sp) generally formed
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small, euhedral crystals (5-10 µm) which reduced in size and became poikiloblastic with
increasing pressure. Chlorite (chl) textures were little affected by changes in pressure or
temperature until immediately before decomposition when laths assumed a splintered
appearance. Garnet (grt) showed no significant change with pressure but crystal size (>50 µm)
increased with increasing temperature and crystals became poikiloblastic following chlorite
decomposition.

FIGURE 3.3: Phase relations of ultramafic low-Al chlorite <5.5 GPa.
Red segments indicate phase present. Phase abbreviations: chl=chlorite; H2O=water/vapour; grt=garnet;
opx=orthopyroxene; ol=olivine; sp=spinel; MgS=Mg-sursassite; 11.5Å=11.5Å-phase. Dotted lines indicate the low T
and/or low P phase boundary in divariant field; solid lines mark the high T and/or high P phase boundary.

Changing textures have been illustrated through a series of back-scattered images (BSE) from a
field-emission scanning electron microscope (FE-SEM) at three pressure intervals (see Figures
3.5 and 3.6). At each interval, changing phase assemblages and phase textures were tracked via
isobaric temperature increase.
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3.2.2.1 Textural relations at 2.0 GPa
Chlorite, olivine and orthopyroxene formed the dominant phases along with minor spinel and
fluid. Assemblages changed over a narrow temperature interval.
At 840°C, chlorite coexisted with ol, opx, sp and H2O and it had commenced decomposition. No
garnet was observed at this temperature. Chlorite retained its characteristic lath shape up to
40 µm x 20 µm but predominantly it had disassembled into a splintery, almost acicular texture
in some views (see Figure 3.4a). Opx appeared as both large, elongate crystals (>50 µm x 10 µm)
and as tiny acicular crystals. Spinel usually occurred as large, subhedral crystals (30 µm x 20 µm)
which were quite poikiloblastic (olivine inclusions), whilst olivine formed subhedral crystals (20
µm x 15 µm). Tiny anhedral blebs of both spinel and olivine were observed at this temperature.
At 860°C, chlorite had entirely decomposed. Opx had assumed elongate blades, some of which
were poikiloblastic containing Al-rich cores. Acicular textures were entirely absent. Garnet
appeared with subhedral, poikiloblastic textures (olivine) with a grain size up to 30 µm in
diameter. Spinel formed variably as subhedral to euhedral crystals 5 - 10 µm across with
numerous anhedral blebs also present.
At 880°C, garnet was absent, indicating the garnet-in boundary was very close in P-T space. The
opx had retained its blocky shape with grain size consistently 10-20 µm in length. Olivine formed
crystals up to 15 µm across, some exhibiting zoned rims (see Figure 3.4c). Spinel appeared as
subhedral to euhedral grains <10 µm in length.
3.2.2.2 Textural relations at 3.0 GPa
There was a marked difference in phase relations at 3.0 GPa. Garnet was a dominant phase
replacing both opx and spinel. Textures following chlorite disappearance were also quite
different.
At 800°C, chlorite comprised >95 wt% of phases present. Decomposition had not commenced
since no garnet was observed. The presence of minor olivine, trace opx and fluid indicated
breakdown products of antigorite from starting material. Chlorite assumed a lath-like texture
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FIGURE 3.4: Representative FE-SEM BSE images of run products at 2.0 GPa and 3.0 GPa.
2.0 GPa series. a) Chlorite co-exists with all phases at this pressure except for garnet; b) Chlorite has entirely
decomposed by 2.0/860°C and poikiloblastic garnet is now a reaction product; c) Opx returns as a stable phase at this
temperature with no garnet present indicating the garnet-in boundary is very close in P-T space. 3.0 GPa series. d) At
this temperature, chlorite is entirely stable. The presence of minor opx, ol and fluid represent the product phases of
the atg breakdown. No garnet is present; e) coexisting chl+grt+sp+ol+fluid at these P-T conditions. Garnet forms
relatively large subhedral crystals compared with the olivine; f) Chlorite has entirely decomposed leaving a typical
grt+ol+sp+fluid products. The fine-grained matrix is largely absent from this view – it probably disappeared during
polishing.

with grain-size typically in the order of 40 x 10 µm. Olivine formed anhedral blebs, proximal to
opx (see Figure 3.4d). Only a few small subhedral crystals of olivine were observed <4 µm. Opx
occurred as blocky crystals (5-15 µm).
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At 840°C, chlorite, garnet and olivine were the major phases along with minor spinel and fluid.
Opx was not present. Garnet appeared as subhedral to euhedral crystals which exhibited a

FIGURE 3.5: Representative FE-SEM BSE images of run products at 5.0 GPa and 6.0 GPa.
5.0 GPa series. a) Chlorite entirely stable at these P-T conditions. Ol and Opx are product phases from the breakdown
of minor atg from the starting material; b) Chl+grt+ol+sp+fluid coexist at these P-T conditions and show equilibrated
grain boundary textures; c) Breakdown products of chlorite form large crystals within a fine-grained crystalline matrix
(mostly absent from this view). Textures show only local equilibration. 6.0 GPa series. d) Chlorite commences
breakdown as witnessed by the textural appearance of laths. 11.5Å-phase appears as a breakdown product for the
first time at these P-T conditions although not visible in this view. Grt exhibits clear growth rims around the pyrope
core; e) Chlorite has entirely decomposed by this temperature interval with 11.5Å-phase forming as a product.
Grt+11.5Å are well equilibrated at a local level; f) By 800°C, all hydrous phases have disappeared leaving locally
equilibrated grt+ol+sp+fluid phases within a very fine-grained crystalline matrix.
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wide variation in size (20-100 µm in diameter).

They were often strongly poikiloblastic

containing olivine inclusions which exhibited a distinct lineation (see Figure 3.4e). This texture
suggested that the growth rate of garnet was faster than that of olivine. Spinel and olivine each
formed subhedral crystals (10-20 µm); however, the former exhibited poikiloblastic textures
containing olivine inclusions.
At 860°C, the relatively simple system of garnet, olivine and fluid was observed, indicating the
complete breakdown of chlorite at this temperature. Texturally, variation was prominent where
larger crystals (>20 µm) assumed a poikiloblastic texture (see Figure 3.4f). Crystals which existed
in isolation tended to have subhedral grain boundaries, compared with those in contact with
other phases, which assumed euhedral boundaries. Numerous smaller (1-5 µm) crystals were
subhedral and heterogeneous in appearance.
3.2.2.3 Textural relations at 5.0 GPa
Phase relations at 5.0 GPa were unchanged from those found at 3.0 GPa, however important
changes were observed in textural relationships between phases. Garnet crystals remained
subhedral to euhedral and poikiloblastic, but typically <20 µm compared with the larger grain
size at 3.0 GPa (see Figure 3.5b). This could have been due to lower temperatures of runs at 5.0
GPa (some 80°C lower). Spinel and olivine retained similar textural and grain size as for 3.0 GPa.
With the disappearance of chlorite by 780°C, though, the resulting phase textures were quite
different at higher pressure. Some garnet and olivine crystals were subhedral with grain size
>20 µm. However, there was an increased proportion of anhedral-subhedral fine-grained
crystals, all <2 µm in size, contained within an extensive crystalline matrix (see Figure 3.5c).
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3.2.3 PHASE RELATIONS ABOVE 5.5 GPa

FIGURE 3.6: Phase relations of ultramafic low-Al chlorite >5.5 GPa.
Red segments indicate phase present. White segments indicate phase absent. Blue segments indicate phase is present
in trace quantities, likely metastable at these P-T conditions. Solid lines indicate phase boundary. Dotted lines indicate
the low-T phase boundary in divariant field. Phases present: chl=chlorite; H 2O=water/vapour; grt=garnet;
opx=orthopyroxene; 11.5Å=11.5Å-phase; ol=olivine; sp=spinel, MgS=Mg-sursassite.

At P>5.5 GPa, run products yielded seven minerals and one fluid phase within a more complex
set of stability fields (see Figure 3.6). No melt was observed in any run product.
An important change in phase relations was observed at high pressure. Chlorite decomposed
to form an unexpected hydrous phase, identified as 11.5Å-phase, which coexisted with the
anhydrous assemblage of garnet, olivine and spinel. Its presence warranted further detailed
investigation to verify that it was indeed 11.5Å-phase.
3.2.3.1 XRD analysis of 11.5 Å phase
To confirm that this mineral was correctly identified as the 11.5Å-phase, an XRD scan was taken,
the results of which were then compared to previously published XRD results (Cai et al., 2015).
Run UHPPC 332 (6.0GPa/720°C) was analysed by XRD at the Research School of Chemistry at the
Australian National University. Details of this process are provided in Chapter 2. A diffractogram
of the scan is shown in Figure 3.7. Multiple peaks were in agreement with the results of Cai (Cai
et al., 2015) with the six largest occurring at 23.1, 35.0, 35.3, 36.1, 42.9, 44.6, 47.2 and 62.2 on
the 2-theta scale. The largest peak at 23.1 confirmed the existence of 11.5Å-phase.
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When XRD scans were compared, three differences were observed worthy of note. Peak
intensities were not always of a similar magnitude with preferred orientation of the crystals and
different scan durations the likely cause. Peak locations on the 2-theta scale were slightly offset
when compared. This discrepancy may have been due to calibration differences against a known
standard, or related to compositional differences since the Cai sample (Cai et al., 2015) was Crfree. Finally, the XRD scan in this study was completed up to 100 on the 2-theta where several
additional large peaks were observed: at 92.6, 92.9, 94.7, 95.0, 98.8 and 99.9. These were
unlikely to be coincident with the phases pyrope or forsterite and may well be new peaks
diagnostic for the 11.5Å-phase.
3.2.3.2 Raman analysis of 11.5Å-phase
Raman analysis was undertaken to determine a new diagnostic test for the 11.5Å-phase.
Samples UHPPC-347 (6.2 GPa/720°C) and UHPPC-356 (6.0 GPa/740°C) were analysed with
Raman spectroscopy at the Research School of Physics at the Australian National University.
Scan 03-00 was selected as representative of the 11.5Å-phase and one which contained small
quantities of olivine and garnet. Numerical results of scan 03-00 are provided in the Appendix.
The spectra appear in Figures 3.8a and b below.

FIGURE 3.8: Raman spectrum of the 11.5Å phase
a) Raman spectrum in the 0-1300 cm-1 wavenumber range, the region displaying silicon and magnesium bonds. b)
Raman spectrum in the 3300-3800 cm-1 wavenumber range, the region displaying OH-stretching bonds. Main peaks
for 11.5Å-phase are labelled in black. Co-incident peaks (where 11.5Å-phase and one other phase occur at the same
wavenumber) are labelled as follows: pyrope in green, forsterite in red.

The Raman spectra elicited numerous strong peaks. Those peaks located in the lower spectral
region <600 cm-1 typically indicate movement of cations on octahedral and interlayer sites in the
crystal lattice (Wang et al., 2002). Figure 3.8a reveals peaks found at 60 cm-1, 85 cm-1, 138 cm-1,
232 cm-1, 303 cm-1, 394 cm-1, 434 cm-1, 500 cm-1, 537 cm-1 and 572 cm-1.
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FIGURE 3.7: XRD spectra of the 11.5Å-phase.
a) XRD spectrum for Run UHPPC332 in the current series comprising garnet, olivine and 11.5Å-phase. Pyrope,
forsterite and gold were identified using Eva Diffracplus software. All unidentified phases are assumed to be 11.5Åphase and are marked with red arrows at the corresponding 2-theta value. There is a strong correlation between
main peaks from both scans. b). XRD spectrum (grey) taken from Cai (Cai et al., 2015) overlain by XRD spectrum (red)
from current study. There is strong agreement between peaks from both scans confirming the presence of 11.5Åphase in the current study. Differences in peak intensity (Y-axis) likely due to different run times and preferred crystal
orientation (PCO).
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The spectral region between 600 cm-1 and 1150 cm-1 traces the vibration of Si-O bonds in SiO4
tetrahedra (Wang et al., 2002). Figure 3.8a shows four significant peaks which occur in this
range: 766 cm-1, 829 cm-1, 904 cm-1 and 924 cm-1.

FIGURE 3.9: Representative FE-SEM BSE images of 11.5Å-phase.
a) 11.5Å-phase forms tiny, acicular grains intercalated with chlorite between chlorite laths; b) At 6.0,700°C, 11.5Åphase has entirely replaced chlorite as the only hydrous phase. The fine needles form clumps. c and d) With increasing
temperature, the 11.5Å-phase assumes a blocky appearance with little remnant of its acicular form. It also takes on
a poikiloblastic texture. e) At 6.2 GPa, 640°C, we see the co-existence of three hydrous phases: 11.5Å-phase, MgS and
chlorite. The subhedral grain boundaries and poikiloblastic appearance of the MgS phase suggest it is newly formed.
f) With an increase of 40°C, MgS adopts anhedral grain boundaries indicating it is nearing its thermal maximum.
Chlorite and 11.5Å-phase adopt an intercalated texture.
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Figure 3.8b shows the spectral region concerned with H2O or the stretching of -OH bonds (Wang
et al., 2002; Kleppe et al., 2003). Three peaks are shown: 3653 cm-1, 3675 cm-1 and the largest
at 3684 cm-1, which confirm the presence of bound water.
The RRUFF database (Lafuente et al., 2015) matched peaks with pyrope (924) and forsterite (303
and 856) but these were considered co-incident rather than evidence of a mixed scan. The
strong peaks at 232, 829, 904 and 924 suggest a tri-octahedral crystal structure (Wang et al.,
2002) with the general pattern characteristic of a phyllosilicate mineral (Wang et al., 2002) and
together provide a diagnostic spectrum for the 11.5Å-phase.
3.2.3.3 Textural relations of 11.5Å-phase
The first appearance of 11.5Å-phase was at 5.7 GPa, 720°C where it formed sub-micron, acicular
needles intercalated with chlorite between larger chlorite laths (see Figure 3.9a and f). Chlorite
breakdown textures also adopted a splintery appearance and so initially it was difficult to
distinguish the two phases. Closer inspection revealed that the 11.5Å-phase needles were
consistently rigid in appearance compared with chlorite needles which tended to flex and bend
(see Figure3.9a, e and f).
At 6.0 GPa and above, 11.5Å-phase formed random clumps displaying a distinct lineation.
Crystals formed long, narrow, individual blades 0.5-1 µm wide and up to 50 µm long (see Figure
3.9b). With increasing temperature, crystals assumed a more lath-like appearance up to 10 µm
wide similar to other phyllosilicate minerals (see Figure 3.9b and c). Viewed laterally, crystals
would possess a platy habit (Cai et al 2015). 11.5Å phase often displayed a poikiloblastic texture
comprising inclusions (usually olivine) and holes (Figure 3.9c and d). Experimental run time did
not seem to affect the observed textures.
3.2.4 PHASE TEXTURES ABOVE 5.5 GPa
Textural observations for the phases olivine, garnet, spinel, orthopyroxene and chlorite were in
accordance with observations at lower pressures (see section 3.5.1). However, at higher
pressures, it was observed that the crystalline matrix became increasingly fine-grained.
Changing textures with temperature increase at 6.0 GPa have been illustrated through a series
of BSE images from FE-SEM (see Figure 3.6).
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3.2.4.1 Textural relations at 6.0 GPa
At 680°C, chlorite remained the dominant phase with minor olivine and trace amounts of opx,
and garnet. Opx formed blocky to elongate subhedral crystals. Grain size was in the 5-15 µm
range, and grain boundaries displayed obvious reaction rims. Olivine formed predominantly
anhedral blebs at this temperature, but some small (<5 µm) subhedral crystals formed adjacent
to garnet and chlorite, indicating a reaction product. Garnet formed homogeneous, subhedral
rims up to 10 µm thick around pyrope cores.
At 740°C, neither chlorite nor opx were present, confirmed by mass balance calculations. Phase
relations involved major 11.5Å-phase, olivine and garnet with trace spinel. Garnet formed
subhedral to euhedral, poikiloblastic crystals 5-20 µm across. 11.5Å-phase formed elongate
laths 5 µm wide and up to 50 µm in length which exhibited a consistent, poikiloblastic texture
containing both olivine inclusions and numerous holes. Olivine formed small subhedral crystals
up to 5 µm across but were typically found as inclusions in both 11.5Å-phase and garnet. Garnet
and 11.5Å-phase displayed numerous euhedral grain boundaries indicative of equilibrium.
At 800°C, the anhydrous assemblage of garnet and olivine with minor spinel were the solid
phases present.

Much fine-grained material was observed creating a crystalline matrix

interspersed with pore space. A few large subhedral crystals of garnet (10-20 µm) and olivine
were observed randomly in the matrix.
3.2.4.2 Textural relations at 6.2 GPa, 640°C
Mg-sursassite formed only at this single data point in this experimental series (compared with
multiple locations in Series 1 - see Chapter 4). Chlorite remained the dominant phase co-existing
with major olivine, 11.5Å-phase, Mg-sursassite and minor garnet.

Mg-sursassite formed

subhedral, blocky crystals 5-10 µm wide and 15-30 µm long. It exhibited a poikiloblastic
appearance and numerous jagged grain boundaries which suggested this phase was newly
formed (see Figure 3.9e). Mg-sursassite formed euhedral grain boundaries with both chlorite
and 11.5Å-phase. Olivine consisted of numerous anhedral blebs with a few random grains <2
µm long. Garnet formed numerous grains <1 µm in size but a few large homogeneous, subhedral
grains <10 µm wide and <20 µm in length were observed. 11.5Å-phase formed clumps of
acicular crystals up to 20 µm in length.
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TABLE 3.4: Representative analyses of run products in Series 1.
Two analyses were selected for each run product identified in this series. Where possible, two contrasting analyses
were selected (eg: garnet both in and out of chlorite stability field). SD=one standard deviation from the mean. All
FE-SEM analytical results can be found in the Appendix.
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3.2.5 PHASE COMPOSITION
Each mineral phase identified in this series was analysed using FE-SEM to establish the average
chemical composition. A representative set of analyses of run products is displayed in Table 3.4.
A complete list of analyses is available in the Chapter 3 Appendix.

FIGURE 3.10: Compositional plots of 11.5Å-phase, olivine and garnet in Series 1
a and b) Plots of T vs Mg# and Cr# respectively in 11.5A phase. A strong inverse relationship is apparent with both
Mg# and Cr# reducing with increasing T. c) Atomic substitution in 11.5Å-phase. Experimental results indicate a
coupled substitution with an inverse relationship between Si cations and Mg+Fe+Ni cations. Charge balance is
attained through Al+Cr substitution on both the tetrahedral and octahedral sites. d) Plot of Mg# vs P and T in olivine
show a strong correlation between increased Mg# and increased T, but no significant pattern between Mg# and P. e
and f) Plots of P and T vs Mg# and Cr# respectively in garnet. A positive trend is discernible between Mg# and T with
a moderate inverse relationship apparent between Cr# and T. The range of Mg# widens with increasing P; otherwise
no relationship with P is detected. No significant relationship between Cr# and P is evident.

42

3.2.5.1 Chlorite
The stoichiometric composition of chlorite was calculated to be (Mg4.81 Fe0.30 Ni0.02) (Al1.45 Cr0.12)
Si3.26 O10 (OH)8. Analyses of chlorite consistently revealed a mean Mg# of 0.94 and a Cr# of 0.07.
Each showed slight variation but all within error. No significant correlation was observed
between Mg# and Cr# with either pressure and temperature throughout the entire series which
indicated that chlorite composition remained unchanged from the starting material.
3.2.5.2 11.5Å-phase
The 11.5Å-phase has not been detected previously in naturally-occurring rocks. This phase
appeared in run products of seven experiments, five of which were successfully analysed by FESEM. The fine, intercalated texture of 11.5Å-phase hampered successful analysis of the two
other samples. Mass balance calculations determined this phase was also present in an eighth
experiment, Run UHPPC-364 (6.0 GPa/760°C). Whilst the 11.5Å-phase was not identified during
analysis, textural observation elicited crystal outlines typical of the 11.5Å-phase which
suggested that this phase was likely disgorged during mount polishing.
The 11.5Å-phase exhibited variable composition: Mg: 10.37-10.56 a.p.f.u.; Fe: 0.29-0.45 a.p.f.u.,
Si: 3.99-4.06 a.p.f.u., Al: 1.86-1.91 a.p.f.u., Cr: 0.16-0.24 a.p.f.u. and Ni: 0.04-0.06 a.p.f.u.. In the
stability field of grt+ol+11.5A+sp+fluid, temperature increase was moderately correlated with a
decrease in both Cr# and Mg# (see Figures 3.10a and b). No correlation with pressure was
observed with either ratio (Cai et al., 2015). An inverse relationship between Si and Mg cations
was possibly due to a Si4+Mg2+-1 Mg2+-1 coupled substitution, as shown in Figure 3.10c, with
charge balance achieved with Al and Cr cations substituting on both tetrahedral and octahedral
sites. When coexisting with chlorite, the composition of 11.5Å-phase recorded lower Mg# and
Cr# compared with its composition in the chlorite absent field (see Figures 3.10a and b).
3.2.5.3 Olivine
Olivine composition was close to forsterite with an average Mg# = 0.95 with moderate variation
(0.91 - 0.97) across the series. No significant correlation was evident between Mg# and
pressure. The Mg# showed a limited positive correlation with temperature throughout the
series, most significant when the temperature increase occurred across the chlorite-out
boundary (see Figure 3.6g).
A limited positive correlation was observed between Ni and Mg# following the disappearance
of chlorite although the quantity of nickel within each olivine analysis was highly variable.
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3.2.5.4 Garnet
FE-SEM analyses showed that garnet underwent consistent compositional change throughout
the experimental series.
When new garnet nucleated around a pyrope-rich garnet seed (Mg#=0.92), it formed pyroperich rims containing larger almandine component than the core (Mg# range 0.80 - 0.91). The
almandine component decreased with increasing temperature (see Figure 3.7a). Garnet rims
also contained a trace knorringite component (Cr#=0.03-0.05) which showed moderate increase
with increasing pressure (see Figure 3.7b). When garnet formed independent of garnet seeds,
its composition was consistent with that of garnet rims previously described.

FIGURE 3.11: Compositional plots of spinel and orthopyroxene in Series 1
a) Plot of Mg# vs modal% of spinel at different pressure intervals. At low pressure, Mg# changes little regardless of
the changing modal proportion. Above 3.0 GPa, a strong positive correlation is observed between modal % and Mg#
with increased P. b) Plot of Cr# vs modal % of spinel at different pressure intervals. At low pressure, little variation
occurs in Cr# of spinel regardless of the modal proportion formed. After 3.0 GPa, a strong inverse correlation is
observed between the proportion of spinel phase and the Cr#: as the former decreases, the latter increases. c) Plot of
Mg# vs P and T in orthopyroxene. No apparent correlation is observed between Mg# and T but a slight negative trend
between Mg# and P is observed although based on few analyses at high P. d) Plot of Total Al2O3 vs P and T in
orthopyroxene. An inverse relationship is apparent: as T increases, total Al2O3 decreases but this observation is based
on limited analyses at high P.

3.2.5.5 Spinel
Within the spinel stability field when garnet was not present (P<2.0 GPa), little compositional
variation was observed. Spinel was Mg-rich with limited variation in the hercynite component
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(Mg#=0.88-0.91) and Al-rich with minor variation in the magnesiochromite component
(Cr#=0.06-0.08).
By contrast, at higher pressure (P>3.0 GPa) in the spinel + garnet stability field, large
compositional variation was observed. The Mg# varied between 0.73-0.90 and exhibited a
strong negative correlation with pressure and a strong positive correlation with temperature
(see Figure 3.11a). The Cr# also displayed a wide range of values at high pressure varying
between 0.10 and 0.52 with strong positive correlation with pressure and an inverse relationship
with temperature. When plotted against phase abundance, the Cr# displayed a strong inverse
correlation above 3.0 GPa (see Figure 3.11b).
Small grain size and its often poikiloblastic texture made FE-SEM analysis challenging.
3.2.5.6 Orthopyroxene
Orthopyroxene was close to enstatite (average Mg#=0.91) and displayed little variation (0.910.92) throughout the series. There was an absence of correlation between Mg# and P and Mg#
and T (see Figure 3.11c). This was most likely due to the very low quantity of orthopyroxene
contained in product runs and therefore the low number of analyses rather than any
experimental or analytical error.
A weak inverse correlation was observed between total Al2O3 and temperature (see Figure
3.11d). The low stoichiometric number of Si cations and the presence of Al and Cr cations
provides evidence of Tschermak exchange in orthopyroxene.
Large orthopyroxene crystals often formed which exhibited heterogeneous zoning with high
aluminium concentrations (>10 wt%) in the core with rims recording low or zero aluminium
readings. This was more common at low pressure. Compositional zoning and small crystal size
combined to make orthopyroxene analyses troublesome throughout this series.
3.2.5.7 Mg-sursassite
Mg-sursassite exhibited considerable compositional variation although data was collected at
only two P,T locations (6.2 GPa at 640°C and 680°C). The Mg# averaged a consistent 0.94 and
the Cr# 0.07 at 640°C but these values reduced to Mg#=0.85 and Cr#=0.05 at 680°C. Ideal
stoichiometry of Mg5Al5Si6O21(OH)7 was likely achieved by the presence of small amounts of Fe3+.
Both Mg# and Cr# appeared to show a strong inverse correlation with temperature, however
any relationship between pressure and composition remained unknown due to insufficient data.
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3.2.6 ELEMENT PARTITIONING
An examination of the changing chemical composition of mineral phases in this experimental
series enables the partitioning of major elements to be determined. Of importance is the
exchange between Mg-Fe, sensitive to changes in temperature, and between Al-Cr, which is
sensitive to changes in both temperature and pressure. The status of partitioning between
these two elemental pairs provides an estimate of the extent of equilibrium of co-existing
mineral phases, and thus provides verification of the analytical data in this study.
Mg-Fe partitioning between co-existing phases was illustrated by the Mg# (Mg/(Mg+Fe)) which
displayed a consistent pattern at each pressure interval, listed here in descending order of
magnitude: 11.5Å > MgS > chl > ol > opx > grt > sp. A few exceptions to this pattern were
identified. Firstly, at 5.0GPa/780°C and at 5.5/740°C, spinel recorded a higher Mg# of 0.90
compared with garnet of 0.89, but this can be explained due to the limited number of spinel
analyses (n=1 and 4 respectively) at these locations.
Select partitioning patterns are displayed in Figure 3.12. Figure 3.12a shows Mg-Fe partitioning
between garnet and spinel vs temperature, with the partitioning coefficient calculated using K D=
(XgrtMg)(XspFe)/(XgrtFe)(XspMg). Mg always showed an affinity for garnet over spinel, however, MgFe partitioning between spinel and garnet was insensitive to changes in temperature, as
evidenced by the horizontal slope of the trend line. Mg-Fe partitioning between garnet and
spinel was also insensitive to pressure.
Mg-Fe partitioning between the garnet-olivine mineral pairs is shown in Figure 3.12c, with the
coefficient of partitioning determined using the equation K D= (XolMg)(XgrtFe)/(XolFe)(XgrtMg). Fe
always preferentially partitioned into garnet over olivine, but this trend diminished with
increasing temperature as the ln KD values approached zero.
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FIGURE 3.12: Element partitioning by selected phase in Series 1.
a) Plot of Mg-Fe partitioning between garnet and spinel vs T. Partitioning between these phases is unaffected by
changes in temperature. b) Plot of Cr-Al partitioning between spinel and garnet vs T. Partitioning between these
phases is unaffected by changes in temperature. c) Mg-Fe partitioning between garnet and olivine. With increasing
temperature, the partitioning coefficient approaches zero. d) Plot showing partitioning between 11.5Å-phase and
olivine. Although limited data is available, Mg partitioning favours 11.5Å-phase but this reduces with increasing
temperature.

Partitioning patterns were also recognised when 11.5Å-phase was plotted against olivine (see
Figure 3.12d) with the partitioning coefficient calculated using the equation K D=
(X11.5AMg)(XolFe)/(X11.5AFe)(XolMg). Few data points were obtained, but a strong trend was observed:
Mg always showed an affinity for 11.5Å-phase over olivine, but this reduced as temperature
increased.
The Cr# (Cr/(Cr+Al)) was used to illustrate Cr-Al partitioning between co-existing phases. The
resulting partitioning sequence, in descending order, was sp > chl > 11.5Å > MgS > grt. Two coexisting phases were not considered since they contained only trace aluminium and/or
chromium (ie: olivine) or contained too few data points for sensible comparison (ie: opx).
There were three exceptions to this partitioning sequence. Chlorite recorded a marginally
higher Cr# than spinel at low pressure (D1861 and D1859), whilst at high pressure, grt and MgS
swapped their sequencing order (UHPPC341 and UHPPC385), likely due to limited data collected
for the MgS phase.
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Figure 3.12b displays the Cr-Al partitioning between spinel and garnet vs temperature with the
partitioning coefficient calculated using K D= (XspCr)(XgrtAl)/(XspAl)(XgrtCr). At all times, Cr showed an
affinity for spinel over garnet, but there was no significant change in partitioning patterns when
plotted against temperature.

3.3 DISCUSSION
This experimental series aimed to constrain the upper stability boundary of natural chlorite
using piston cylinder experimentation. The results indicated that chlorite and two other hydrous
phases are stable to higher pressures and temperatures than previously thought which has
implications for water transport through the mantle. Evidence has been detailed in five related
sections. The first part will refer to the attainment of equilibrium. Secondly, the experimental
results are examined within the context of the theoretical MAS system. Thirdly, the effect of Fe
and Cr on chlorite phase stability is explored. Fourthly, the results of this study are compared
to previous research on chlorite stability. Finally, the quantity and rate of water release from
decomposing hydrous phases at high pressure is estimated.
3.3.1 ATTAINMENT OF EQUILIBRIUM
This experimental series was affected by two constraints which had the potential to disrupt the
attainment of equilibrium. Firstly, experiments were conducted at relatively low temperatures,
conditions which tend not to favour the kinetics of chemical reactions. Product phases,
therefore, typically did not exhibit full equilibrium textures. Secondly, the starting material
comprised natural minerals which resulted in several solid-solution reactions, the creation of
multivariant fields, and compositional heterogeneity for some phases. This meant that care had
to be taken in sampling only those regions of crystals which appeared to be in local equilibrium.
Notwithstanding these constraints, observation of phase textures revealed that local
equilibrium was achieved, and this was verified by several methods. Grain boundaries between
co-existing garnet-chlorite and garnet-11.5Å-phase were generally well-equilibrated (see
Figures 3.3 e and 3.4b) whilst the anhydrous assemblage garnet-olivine-spinel (see Figures 3.4
c, f) were less well characterised. Nevertheless, euhedral grain boundaries between all coexisting phases could be found, indicating these locations were approaching equilibrium. It was
from these sites that FE-SEM analyses were taken. Heterogeneous phase textures were
common in olivine, garnet, opx and spinel phases. However, analyses were drawn from those
regions of crystals which were homogeneous in appearance and therefore thought to be
approaching equilibrium. Multiple analyses revealed consistent chemical composition at these
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sites. Although pyrope seeds were not always resorbed, the boundary between the seed cores
and the growth rims was sharp which indicated the rims approached chemical equilibrium.
Analyses of garnet rims confirmed compositional homogeneity. Partitioning of Mg-Fe and Cr-Al
between mineral pairs as detailed above indicate chemical equilibrium was achieved. Phase
relations were consistent with the application of Schreinemakers’ Rules – another indication
that equilibrium was attained. Mass balance of phase composition of run products compared
to the starting material showed excellent agreement which also indicated that analyses must
have targeted crystals in chemical equilibrium. Mass balance calculations accounted for all Fe
within error therefore there was no evidence of Fe loss to the gold capsule during experiments.
Absence of Fe loss to the capsule also demonstrated that oxygen fugacity remained close to NiNiO buffer in each run.
3.3.2 THEORETICAL PHASE RELATIONS IN THE CRFNMASH SYSTEM
The theoretical phase relations based on the Series 1 bulk composition can be derived using
chemography and Schreinemakers’ method. This approach enables a petrogenetic grid to be
created in the P-T space examined and assists with the verification of the experimental results.
In order to perform a Schreinemakers analysis of a complex natural system, some simplification
of the elemental components was required. Due to their capacity to exchange with each other,
Mg, Fe and Ni were treated as a single component, Al and Cr were combined to form a second
component, and Si provided the third component. Figure 3.13 provides a detailed chemography
of the starting material in the three-component (MgO+FeO+NiO)-(Al2O3+Cr2O3)-SiO2 system,
projected from H2O. Colour-coded tie-lines show the location of all four chlorite terminal
reactions observed in the Series 1 study.
Schreinemakers’ method applied to this system confirmed that only five phases can be present
at any invariant point. Since seven solid phases were identified in Series 1, two must always be
absent at each invariant point, and are marked accordingly using square brackets.
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FIGURE 3.13: Chemography of low-Al chlorite in ternary compositional space.
a) Chemograph showing possible phases relevant to this bulk in ternary compositional space. Compositions are in
wt%. b) Chemograph showing relevant high-pressure hydrous phases relevant to this bulk identified in recent studies:
labelled in purple, A, B, C indicate different bulk compositions of Cr-chlorite (Fumagalli et al., 2014); labelled in orange,
PX, LZ and HZ (Fumagalli and Poli, 2005) are analogues of naturally-occurring peridotite compositions; labelled in pink,
AT, JK and JO (Fumagalli et al., 2014) represent differing bulk compositions aimed at crystallising specific highpressure, hydrous phases, namely phase-HAPY, Mg-sursassite and 10A-phase. c) Chemographic relationship between
phases identified in Series 1 experiments. Phases are marked in green lettering. The bulk composition is marked in
red. Tie-lines connect each of the reactions. d) Compilation of a), b) and c) above highlighting the four chlorite terminal
reactions in compositional space: Reaction 1/A3 chl=opx+ol+sp+H2O (light blue); Reaction 2/B2 chl=opx+sp+ol+H 2O
(red); Reaction B6/E2 chl=grt+ol+11.5Å+H2O (dark blue); Reaction E6/F2 chl=ol+11.5Å+MgS+H2O (yellow). Note that
Reaction B6/E2 does not occur in clinochlore compositions. This plot was made using the program C-Space (TorresRoldan et al., 2000).

The theoretical phase relations within the experimental P-T space are displayed in Figures 3.14
and 3.15.

50

FIGURE 3.14: Schreinemakers plot showing theoretical phase relations in low-Al chlorite at low pressure.
Invariant Point A marks the convergence of the phases olivine, garnet, spinel, orthopyroxene and chlorite. Dotted
reaction lines refer to reactions which do not occur in this bulk composition.

Figure 3.14 shows the stable paragenesis spinel, garnet, orthopyroxene, chlorite and olivine
which converge to form Invariant Point A at the garnet-spinel boundary. In the spinel stability
field (pressures below the invariant point), the chlorite-out reaction was informed by the two
model Reactions 1 and 2:
Chlorite = orthopyroxene + olivine + spinel + H2O

Reaction 1/A3

At higher pressure, in the garnet stability field, Reaction 2 was relevant:
Chlorite = garnet + olivine + spinel + H2O

Reaction 2/A1/B2

At higher pressure, four further invariant points were found, each proximal in P-T space. These
are shown in Figure 3.15. Invariant Point B (chlorite, olivine, garnet, spinel and 11.5Å-phase)
marked the low-pressure boundary of the hydrous 11.5Å-phase, the latter formed as a product
of chlorite breakdown. At pressures above Invariant Point B, the chlorite terminal reaction was
informed by:
Chlorite = garnet + olivine + 11.5Å-phase + H2O

Reaction B6/E2

and the low-pressure, high-temperature stability boundary of 11.5Å-phase was informed by:
olivine + spinel + H2O = 11.5Å-phase + garnet

Reaction B1

Invariant Point D denoted the paragenesis Mg-sursassite, olivine, garnet, chlorite and
orthopyroxene, with the upper stability boundary of orthopyroxene, delineated by Reaction
4/D3/D6.
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FIGURE 3.15: Schreinemakers plot showing theoretical phase relations of low-Al chlorite at high pressure
Each of the Invariant Points B to F involve a chlorite terminal reaction and/or two other high-pressure, hydrous phases:
Mg-sursassite and 11.5Å-phase. Dotted reaction lines refer to reactions which do not occur in this bulk composition.

The co-existence of the three hydrous minerals occurred at both Invariant Points E and F. These
points also delineated the high-pressure stability boundary of chlorite, shown respectively by
the following three reactions:
Chlorite = olivine + garnet + 11.5Å-phase + H2O

Reaction E2/B6

Chlorite = olivine + Mg-sursassite + 11.5Å-phase + H2O
Chlorite = orthopyroxene + 11.5Å-phase + Mg-sursassite + H2O

Reaction F2/E6
Reaction F6

The low-pressure boundary of the 11.5Å-phase is delineated by Invariant Points B-E-F whilst the
high-temperature boundary of Mg-sursassite is demarked by Invariant Points D-E. The small
stability field bound by Invariant Points D-E-F registered the co-existence of chlorite and MgS,
evidence of a high-pressure hydrous phases forming contiguously with chlorite.
3.3.3 THEORETICAL PHASE RELATIONS – LOW-AL CHLORITE VERSUS CLINOCHLORE
Previous experimental studies of chlorite stability typically used end-member clinochlore as
opposed to this study which utilised a naturally-occurring, low Al-chlorite. Figure 3.13 has
marked both compositions as “cli” and “CHL” respectively. Although they are compositionally
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close, they are sufficiently different to incur a significant change to phase relations. The most
obvious concerns the chlorite terminal Reaction B6/E2 (chl=grt+ol+11.5Å+H2O), marked in dark
blue on Figure 3.13. This reaction cannot occur in a clinochlore composition as clinochlore sits
outside the grt-11.5A-ol triangle. Low-Al chlorite is contained within this triangular space and
so does occur in Series 1 experiments.

FIGURE 3.16: Schreinemakers analysis showing theoretical phase relations of clinochlore at high pressure

Each of the Invariant Points B to F involve a chlorite terminal reaction and/or two other highpressure, hydrous phases: Mg-sursassite and 11.5Å-phase. Dotted reaction lines refer to
reactions which do not occur in this bulk composition. Note that Invariant Point C occurs in
clinochlore compositions and would disappear in chlorite of low-Al composition.
Schreinemakers analysis of chlorite of clinochlore composition is shown in Figure 3.16. Three
key differences are of note. Firstly, an additional invariant point - Invariant Point C – occurs in
this system. The slight compositional change of clinochlore means that the spinel stability field
extends to higher pressure (to Invariant Point C) and the MgS field extends to higher
temperature (to Invariant Point C). This impacts the stability field of olivine, which disappears
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between Invariant Points E and B. Several phase reactions are affected, producing a significant
contrast with the theoretical phase relations in naturally-occurring, low-Al chlorite.
3.3.4 KEY TERMINAL CHLORITE REACTIONS DETERMINED BY MASS BALANCE
Several important limiting reactions, identified by Schreinemakers analysis, were determined
using the results from experimental Series 1. Mass balance calculations (see Table 3.4) provided
modal % of each phase, which following conversion to mole %, were used by C-Space (TorresRoldan et al., 2000) to ascertain molar proportions of each reactant and product. This strategy
confirmed two of the limiting reactions on chlorite stability (A1 and A3/B2), as well as the lowP, high-T boundary of 11.5Å-phase marked by Reaction B1.
Up to 5.7 GPa/735°C, the position of the chlorite-out curve was well-informed by two key
reactions: A3, in the spinel stability field, and A1/B2 in the garnet stability field. When adjusted
for the presence of Fe and Cr, these results confirmed those previously described in the
literature (Staudigel and Schreyer, 1977; Jenkins and Chernosky, 1986).
Reaction 1/A3 was relevant at pressures below Invariant Point A located near 2.3GPa, 850°C.
The chlorite breakdown reaction was located experimentally between 800°C and 820°C at 1.0
GPa and is represented by the equation:
1 chl = 0.39 opx + 0.28 ol + 0.20 sp + 0.70 H2O

Reaction 1/A3

Reaction 2/A1/B2 linked Invariant Points A and B, the latter located near 5.7 GPa, 735°C. The
breakdown of chlorite to an anhydrous assemblage was determined at 3.0GPa between 840°C
and 860°C by the reaction:
1 chl = 0.39 ol + 0.06 sp + 0.39 grt + 0.70 H2O

Reaction 2/A1/B2

Three additional reactions limiting chlorite stability were identified by Schreinemakers analysis
which connected Invariant Points B-E-F. Insufficient data points were collected in this study to
ascertain the molar proportions of these reactions.
However, the limiting reaction which marked the low P, high-T boundary of the 11.5Å-phase was
determined experimentally at 6.2 GPa between 760°C and 800°C by the equation:
11.5Å-phase + 0.16 garnet = 0.82 olivine + 0.24 spinel + 0.66 H2O
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Reaction B1

3.3.5 CHLORITE TERMINAL REACTION CURVES IN ULTRAMAFIC LOW-AL CHLORITE
A simplified phase diagram of Series 1 experimental results is shown in Figure 3.16. Reactions 1
and 2 have been highlighted. Other important reactions are shown in black. Key invariant points
(letter symbols enclosed in a circle) show linkages between reactions.

FIGURE 3.16: Phase relations in ultramafic, low-Al chlorite highlighting key Reactions 1, 2 and 4.
Chlorite dehydration curves (Reactions 1 and 2) are shown in purple; Reaction 4 is shown in green. Other key reactions
in this system are indicated by black lines. Circled letters show location of key invariant points – see text for details.
Phase abbreviations as previously denoted.
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3.3.5.1 Slope of the chlorite terminal reaction curve (Reaction 1)
Reaction 1 was determined experimentally between 1.0 GPa, 800°C and its termination at
Invariant Point A located near 2.3 GPa, 850°C. Its curve exhibited a steep, positive slope with no
change in gradient and showed excellent agreement with Reaction 1 curves determined in
previous studies (Staudigel and Schreyer, 1977; Jenkins, 1981).
3.3.5.2 Slope of the chlorite terminal reaction curve (Reaction 2)
From Invariant Point A, the chlorite-out curve progressed steeply to ~3.2 GPa, then underwent
a slight backbend turning steeply negative through to Invariant Point B at 5.7 GPa/735°C.
Invariant Points A and B marked the low-pressure and high-pressure termination of Reaction 2.
3.3.5.3 Slope of the chlorite terminal reaction curve to higher pressure
Experimental results from this study showed that chlorite remained stable to pressures above
5.7 GPa.

In continuing its journey to higher-pressure, the chlorite dehydration curve

encountered three additional invariant points which linked three new chlorite terminal
reactions. These will be elucidated below.
The chlorite-out curve exhibited a moderate backbend at Invariant Point B and continued with
the same gradient through Invariant Point C (6.0 GPa, 700°C) to Invariant Point E at 6.2 GPa,
680°C. A further moderate backbend saw the chlorite dehydration curve progress at a very low
angle towards Invariant Point F inferred to be located near 6.3 GPa, 600°C.
Additional experimental work is required to fully constrain the Clapeyron slope of the curve
between Invariant Points E and F.
3.3.6 LOCATION OF INVARIANT POINTS
This study revealed four invariant points which delineated the terminal chlorite reaction, two of
which have not been identified in previous studies of chlorite stability. All showed excellent
agreement with those points identified by Schreinemakers method shown in Figures 3.14 and
3.15. Two showed strong agreement with invariant points determined in previous research
when adjusted for the addition of Fe and Cr.
3.3.6.1 Invariant points relevant to the terminal chlorite reaction (Reaction 1)
Reaction 1/A3 was linked to a single invariant point.
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Invariant Point A was located near 2.3 GPa, 850°C and marked the high-pressure termination of
Reaction 1/A3. The equivalent point in chlorite peridotite experiments (see Chapter 4) was
shifted to lower pressure and lower temperature and marked by Invariant Point A’.
Several key chlorite reactions converged at this invariant point: the high-pressure termination
of Reaction 1/A3 and Reaction 3/A6, and the low-pressure termination of Reaction 2/A1.
Reaction A2 also terminated at this point delineating the upper boundary of a ~0.2 GPa (2.1 GPa2.3 GPa) divariant field which saw the appearance of garnet. This invariant point was first
determined experimentally in the MASH system by Staudigel and Schreyer (Staudigel and
Schreyer, 1977) at 2.03 GPa/894°C. Later research by Jenkins (Jenkins, 1981) necessitated a
pressure correction down to 1.8 GPa, 894°C which placed it some ~0.5 GPa lower and ~45°C
higher than determined in the current study. When corrected for the inclusion of iron and
chromium in the starting mix, the current results show very good agreement with previous work.
3.3.6.2 Invariant points relevant to the terminal chlorite reaction (Reaction 2)
Reaction 2/A1/B2 linked two invariant points – A and B.
Invariant Point B was located at 5.7 GPa, 735°C. It saw the merging of three key reactions: the
high-pressure termination of Reaction 2/A1/B2, and two reactions which involved the
introduction of 11.5Å-phase – Reactions B1 and B6/C2 – which together delineated the low-P,
low-T boundary of this phase. This invariant point has not been identified in previous highpressure studies.
3.3.6.3 Invariant points relevant to additional high-pressure terminal chlorite reactions
Two new chlorite terminal reactions were identified at pressure >5.7 GPa which, in turn, linked
to two new invariant points. These were labelled Invariant Points E and F.
Reaction B6/E2 connected Invariant Points B and E and delineated the thermal maximum of
chlorite:
Chl = Grt + 11.5A +Ol + H2O

Reaction B6/E2

Invariant Point E occurred near 6.2 GPa, 680°C. The high-pressure termination of Reaction B6/E2
occurred here, along with the high-temperature termination of another new Reaction E6/F2:
Chl = Ol + 11.5A +MgS + H2O

Reaction E6/F2

The chlorite terminal reaction E6/F2 witnessed the formation of olivine, 11.5Å-phase and MgS,
the latter phase forming at the expense of garnet.
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Invariant Point F was located near 6.3 GPa, 600°C. The low-temperature termination of Reaction
F2 occurred at this point. Significantly, it also marked the high-pressure termination of Reaction
D6/F3 which is the chl+opx reaction common in chlorite peridotite compositions. Chlorite is
thought to disappear according to Reaction F6 but further experimentation is needed to support
this.
The passage of the chlorite terminal reaction through Invariant Points B-E-F marked entirely new
territory for chlorite stability in ultramafic lithologies since previous research had not identified
chlorite at such high pressure. Since Reaction 2 was limited to pressures up to 5.7 GPa, two new
chlorite limiting reactions were identified at high pressure, confirming those identified by
Schreinemakers modelling, each of which warrant further experimental investigation.
3.3.7 PREVIOUS CHLORITE DEHYDRATION STUDIES IN THE MASH SYSTEM
The first studies of the terminal chlorite reactions were low pressure experiments based on endmember clinochlore compositions (Fawcett and Yoder, 1966) bracketing the reaction,
Chl = opx + ol + sp + H2O

Reaction 1/A3

At pressures above the garnet-spinel transition, the chlorite terminal reaction changed,
Chl = grt + ol + sp + H2O

Reaction 2/A1/B2

and Reaction 2/A1/B2 was subsequently explored up to 3.5 GPa (Staudigel and Schreyer, 1977;
Jenkins, 1981; Jenkins and Chernosky, 1986). However, experiments which aimed to establish
the maximum stability of chlorite involving any of these reactions have been few. There has
only been one experimental study to explore Reaction 2/A1/B2 to higher pressure (Ulmer and
Trommsdorff, 1999 quoting Fockenberg 1995), and five which examined Reaction 4/A6 (Pawley,
2003; Fumagalli and Poli, 2005; Fischer et al., 2010; Till et al., 2012; Fumagalli et al., 2014),
relevant mainly to peridotite compositions:
Chlorite + orthopyroxene = olivine + garnet + H2O

Reaction 4/A6

Other high-pressure experimental studies have identified individual data points for chlorite as
part of other investigations (Bromiley and Pawley, 2002, 2003; Padron-Navarta et al., 2013;
Spandler et al., 2014). Significantly, there have been no previous experiments of stability of
ultramafic chlorite at high pressure.
Seven relevant curves have been displayed in Figure 3.17: the current study, the bulk
composition from this study modelled using PerpleX (Connolly, 1990), two curves tracing
Reaction 1/A3 (Staudigel and Schreyer, 1977; Jenkins, 1981), the single curve for Reaction
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2/A1/B2 (Fockenberg, 1995), and four high-pressure curves tracing Reaction 4/A6 (Pawley,
2003; Fumagalli and Poli, 2005; Till et al., 2012; Fumagalli et al., 2014).
3.3.7.1 Previous studies of Reaction 1/A3
The gradient of the Reaction 1/A3 curve in the current study shows excellent agreement with
both previous experimental curves (see Figure 3.17, brown dotted line and red dotted line) of
this reaction (Staudigel and Schreyer, 1977; Jenkins, 1981) when adjusted for compositional
differences. The thermal reduction and the pressure elevation can readily be attributed to the
presence of Fe and Cr respectively.

FIGURE 3.17: Key chlorite reactions – current study compared with previous studies.
Curves from this study: Reactions 1 and 2 are marked in heavy purple lines, Reaction 4 in heavy green lines; other
reactions in black. Curves from previous chlorite studies are shown in coloured dotted lines and are marked
accordingly. Phase abbreviations as previously denoted.
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3.3.7.2 Previous studies of Reaction 2/A1/B2
Staudigel and Schreyer and Jenkins each traced the low-pressure portion of Reaction 2/A1/B2
which also showed excellent agreement with the current study when adjusted for bulk
compositional differences.
Fockenberg (Fockenberg, 1995) examined the terminal chlorite reaction using a synthetic mix of
clinochlore in the MASH system. The gradient of the curve (Figure 3.17, light-blue dotted line)
was shallower than in the current study. At 3.0 GPa, it recorded a thermal maximum ~20°C
higher than in this study. The curves crossed near 4.2 GPa and by 5.0 GPa, the maximum
pressure stability, the curve recorded a thermal maximum some 40°C less than in the current
study. The thermal displacement of the Fockenberg curve could be explained by the presence
of Cr and Fe in the current study; however, the 1.3 GPa pressure differential does not accord
with the results of this study.
Perplex (Connolly, 1990) was used to compute the maximum stability of chlorite modelling the
bulk composition of this study. The program utilised the Holland and Powell database (Holland
and Powell, 2011) which did not account for the thermodynamic effect of chromium on chlorite
stability. Notwithstanding, the slope of the resulting curve (Figure 3.17, orange dotted line)
showed excellent agreement with the curve in this study. The lower thermal offset at low
pressure and the elevated pressure offset at high pressure could be explained by the presence
of Fe and Cr in the bulk composition.
3.3.7.3 Previous studies of Reaction 4/A6
The four curves (Pawley, 2003; Fumagalli and Poli, 2005; Till et al., 2012; Fumagalli et al., 2014)
displayed in Figure 3.17 (pink, yellow, dark-blue and light-green dotted lines respectively) each
modelled Reaction 4/A6. They shared several common features: the gradient of the reaction
curve, the strong backbend which commenced after 3.0 GPa, and a generally shallow slope.
However, when compared to the curve of Reaction 4/A6 from the current study (Figure 3.17,
thick green solid line), there are noticeable differences, only some attributable to differing bulk
compositions.
3.3.7.4 Previous 11.5Å-phase studies
Little has been published on the 11.5Å-phase; in fact, there are only four publications which
have attempted its characterisation.
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The first published account of a ‘mystery’ hydrous phase was reported in 2010 by Fischer
(Fischer et al., 2010) when an unknown mineral turned up in a single experiment at 5.4 GPa,
720°C.
In a detailed follow-up study, Fumagalli (Fumagalli et al., 2014) reported on a new high-pressure
hydrous magnesio-alumino-silicate, named 11.5Å-phase after the location of the first peak in
the XRD scan. The series of multi-anvil experiments elicited three samples which contained
11.5Å-phase, from two different bulk compositions, stable at 6.0 GPa, 650°C and 6.5 GPa, 700°C.
Cai (Cai et al., 2015) reported the discovery of an Al-bearing Phase A mineral, named 23Å-phase
after the dimension of the c-axis parameter in the lattice configuration. This phase was found
experimentally to be stable over a wide P-T region – from 8.0 GPa, 900°C to 12.0 GPa, 1000°C.
TEM analysis partially characterised the lattice structure. Based on the chemistry, textures and
crystal structures reported in the previous work of Fischer and Fumagalli, the 23Å-phase
appeared to be the same mineral as the 11.5Å-phase.
Gemmi (Gemmi et al., 2016) conducted multi-anvil experiments using the same technique as
Fumagalli (Fumagalli et al., 2014) to produce 11.5Å-phase. Due to small crystal size, a revised
analytical method was used: a combination of EMPA, XRD and TEM using the fast electron
diffraction tomography (EDT) mode. A fully quantitative description of the crystallographic
properties of the 11.5Å-phase was thus determined. The mineral was categorised as a Ccentred, monoclinic mineral belonging to the C2/c space group exhibiting a 2M 2 polytype
(Gemmi et al., 2016). TEM analysis showed the mineral comprised stacked T-O-T layers
connected by a double dioctahedral layer of oxygen molecules which created disorder in the
stacking arrangement. Whilst the octahedral sites were found to be fully occupied, the
tetrahedral layers were disordered, a feature common in phyllosilicate minerals (Wang et al.,
2002).
The experimental results of this study showed that 11.5Å-phase co-existed with chlorite at
several data points: at 5.7 GPa/720°C, 5.8 GPa/720°C, 6.0 GPa/680°C, 6.2 GPa/640°C and 6.2
GPa/680°C. This co-relationship confirmed the progression from chlorite to 11.5Å-phase with
increasing pressure and therefore that the chlorite terminal reaction at high pressure did not
produce the anhydrous assemblage of olivine, garnet, spinel and free water.
The existence of 11.5Å-phase forces a rethink not only of phase relations in this P/T region but
most importantly as to the location of the hydrous/anhydrous boundary.
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3.3.7.5 Previous Mg-sursassite studies
Mg-sursassite was first detected in high-pressure experiments and named Mg-Mg-Al
pumpellyite as chemically it was viewed as the Mg analogue of Ca-pumpellyite (Schreyer et al.,
1986). Subsequent investigations established its stability field (Fockenberg, 1998) and crystal
structure (Artioli et al., 1999) which indicated this mineral was likely an Mg analogue of
sursassite rather than pumpellyite. This finding was soon confirmed by TEM analysis (Gottschalk
et al., 2000) and the mineral was renamed Mg-sursassite.
Several experimental studies reported that Mg-sursassite had a highly variable composition.
Mg:Al:Si ratios have been reported as 4.87:5.17:5.93 at 5.0 GPa, 650°C (Fockenberg, 1998);
5.28:5.02:5.81 at 7.0 GPa, 630°C (Bromiley and Pawley, 2002) and, with the addition of Cr to the
system, 5.55:4.61:5.82 at 6.0 GPa, 650°C (Fumagalli et al., 2014). The results from the current
study calculated the (Mg+Fe):(Al+Cr):Si ratio to be 5.30:4.74:5.95 at 6.2 GPa, 640°C and
6.05:3.96:5.99 at 6.2 GPa, 680°C results in good agreement with those from previous studies.
The results of this study showed a temperature-dependent compositional change in MgS. The
Mg# in MgS decreased from 0.94 at 6.2, 640°C to 0.85 at 6.2, 680°C. Since MgS and garnet
coexisted at both P,T locations, these results showed a concurrent increase of Mg# in garnet,
from 0.81 to 0.86. With increasing temperature, garnet becomes increasingly Mg-rich at the
expense of MgS which becomes increasingly Fe-rich. Another study (Wunder and Gottschalk,
2002) showed a pressure-dependent compositional change in MgS, with Fe-rich compositions
crystallising at lower pressures. This was not able to be confirmed in the current study due to
insufficient data. Both aspects of compositional change warrant further investigation.
3.3.8 THE IMPACT OF FE AND CR ON CHLORITE STABILITY
The natural minerals used in this study incorporated minor iron and chromium and trace nickel
which created a more complex chemical system CrFNMASH. The different gradients and P/T
location of other experimental chlorite stability curves can be explained by the combined effect
of these elements.
The use of natural rocks in experimental petrology more accurately mimics actual petrological
processes. Since ‘pure’ end-member minerals are not to be found in natural ultramafic systems
due to solid-solution, understanding the impact of these ‘impurities’ on phase stability is crucial.
The solid solution models Fe-Mg and Cr-Al are known to significantly impact the stability fields
of co-existing mineral phases.
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Several thermodynamic studies have been completed on the Fe-Mg exchange mechanism in
chlorite (Goto and Tatsumi, 1990; Vidal et al., 2001, 2005; Lanari et al., 2014) but few
experimental studies have been undertaken (Fumagalli and Poli, 2005). The current study
showed an Fe-partitioning sequence at all pressures of: sp > grt > opx > ol > chl > 11.5Å, the
effect of which was to shift the stability field of spinel to lower temperatures. In this
experimental series, spinel is formed above Invariant Point A as a breakdown product of chlorite;
therefore, if the spinel stability field is shifted to lower temperature, then the chlorite stability
field must also be reduced.
The extent to which the chlorite stability field is reduced can be estimated through a comparison
of experimental results. Fumagalli (Fumagalli et al., 2014) recently completed a study which
examined Reaction 4/A6 in the CrMASH system. The current study also examined this reaction
in the chemical system CrMASH+Fe. Any differences between the two resulting curves,
therefore, should be attributable to the impact of Fe. Table 3.5 provides a summary of these
differences at selected pressure and temperature points.

TABLE 3.5: Effect of Fe and Cr on chlorite stability in chlorite peridotite after Reaction 4/A6
The addition of Cr leads to a pressure enhancement of ~0.9 GPa. The addition of Fe reduces the thermal stability by
~70°C but this effect appears to diminish with increasing pressure. Abbreviations: “Fumagalli14” = (Fumagalli et al.,
2014); “Pawley03” = (Pawley, 2003) ; “This study” = current study, Series 1 experiments.

An interesting pattern was observed when the Fumagalli curve was compared to that of the
current study. At 3.0 GPa, the addition of Fe lowered the stability field of chlorite by some 75°C.
At 4.0 GPa, a 70°C difference was registered. However, at 5.0 GPa, the thermal difference
between the two curves was reduced to 25°C. The curves intersected near 5.5 GPa. At higher
pressure, Fe-bearing systems possessed an increased chlorite stability field to higher
temperature compared with Fe-absent systems. When isothermal comparisons were made, we
observed a reversal effect as temperature reduced. At 850°C, the chlorite stability field in Febearing systems was reduced by 1.7 GPa. At 750°C, a 0.5 GPa difference was noted. At 650°C,
a 0.4 GPa elevation to chlorite stability was detected in the current study. In summary, the
chlorite stability field in Fe-bearing systems was shifted to lower temperature at low-pressure.
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With increasing pressure, however, this effect diminished up to 5.5 GPa where the curves
intersected. At higher pressure, the chlorite stability field was elevated to higher pressure.
The effect of Cr addition to a chlorite bulk composition can also be estimated by comparison of
experimental data. Pawley (Pawley, 2003) examined Reaction 4/A6 in the MASH system
whereas Fumagalli (Fumagalli et al., 2014) examined the same reaction in the CrMASH system.
Any differences between the two curves should be due to impact of chromium. These
differences have been included in Table 3.5.
A consistent pattern emerged. With increasing pressure, Cr-bearing systems experienced an
elevated chlorite stability field. At 3.0 GPa, the field was elevated by 45°C; at 5.0 GPa, by 120°C.
At each pressure interval examined, Cr had the effect of increasing the stability field of chlorite
to higher temperature. Under isothermic conditions, a consistent increase in the pressure
regime was observed. At 850°C, chlorite stability was elevated by 0.8 GPa; by 1.0 GPa at 750°C,
and 0.8 GPa at 650°C. In summary, the addition of Cr to the experimental system resulted in the
enhancement of the chlorite stability field in both pressure and temperature. This effect was
maximised at high-pressure, low-temperature locations.
Fumagalli recommended further research as to Cr partitioning prior to and during the chlorite
terminal reaction. The current study provided such data. The partitioning sequence at P>2.0
GPa was sp > opx > 11.5Å > chl > grt, the same sequence (except for 11.5Å-phase) as previously
reported (Fumagalli et al., 2014). At 3.0 GPa, 820°C, prior to the commencement of the chlorite
terminal reaction, the Cr partitioning sequence was X Cr opx=0.13, XCr chl = 0.07, XCr grt=0.05. At
840°C, as chlorite had commenced breakdown, the Cr partitioning order was X Cr Sp=0.17, XCr
chl=0.07, XCr grt = 0.05. At 860°C, at the completion of chlorite breakdown, the values were X Cr
sp=0.12, XCr grt=0.04. These data demonstrated that Cr partitioning favoured opx during
Reaction 4/A6 and spinel during Reaction 2/A1/B2.
When the Pawley and Fumagalli curves are compared, it is apparent they possess similar
gradients with the latter curve simply displaced to higher pressure. Therefore, the effect of
MASH vs CrMASH becomes apparent.
Does a similar trend exist with the partitioning of iron? The Fe-Mg partitioning sequence in this
series was 11.5Å > chl > MgS > ol > opx > grt > sp, signifying that prior to the completion of
Reaction 4/A6 and the appearance of spinel, Fe preferentially partitioned into the garnet phase.
At 3.0 GPa, 820°C, prior to the completion of Reaction 4/A6, the partitioning sequence from
experimental results was: XMg#grt= 0.86, XMg#opx= 0.91, XMg#ol= 0.93, XMg#chl= 0.94. At 3.0 GPa,
840°C, following the completion of Reaction 4/A6 and the first appearance of sp, the sequence
was XMg#sp= 0.87 XMg#grt= 0.90, XMg#chl= 0.94, XMg#ol= 0.95. These results can be compared to
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those at high pressure. At 6.0, 680°C the sequence was: XMg#grt= 0.80, XMg#opx= 0.91, XMg#ol=
0.94, XMg#chl= 0.94. At 6.0 GPa, 700°C, both Reaction 4/A6 and Reaction 2/A1/B2 had gone to
completion and revealed the following values: X Mg#grt= 0.89, XMg#11.5Å= 0.97. Note the
widening of the Mg# in garnet with pressure, 0.86 at 3.0 GPa reducing to 0.80 at 6.0 GPa. This
suggests that Fe shows in increased affinity for garnet with increasing pressure in the opx
stability field. These data show that Fe partitioning favoured garnet during Reaction 4/A6 and
spinel, when present, in Reaction 2/A1/B2.
The combined effect of chlorite stability in the CrFMASH system vs CrMASH and MASH is a muchextended stability field to high pressure. The resulting curve possesses a steeply negative
gradient than observed in any previous chlorite study and would warrant further experimental
investigation.
3.3.9 Delineation of Reaction 4/A6 and Reaction 2/A1/B2
This is the first experimental study to show the clear delineation between the chlorite-out
reaction, relevant to mantle peridotite compositions
Chlorite + orthopyroxene = olivine + garnet + H2O

Reaction 4/A6

and the chlorite terminal reaction, within the garnet stability field, relevant to chlorite schist
compositions
Chlorite = garnet + olivine + spinel + H2O

Reaction 2/A1/B2

This situation was made possible due to the small amount of antigorite present in the starting
material which upon breakdown formed a small amount of opx according to the reaction:
Antigorite = olivine + orthopyroxene + H2O

Reaction G3

The presence of the minor opx with abundant chlorite enabled Reaction 4/A6 to proceed to
conclusion prior to the commencement of the terminal chlorite Reaction 2/A1/B2. Reaction
4/A6 was also examined in chlorite peridotite, the subject of Chapter 4, where it was found to
have a lower thermal stability. Previous studies have shown both reactions were close in P/T
space (Ulmer and Trommsdorff, 1999; Pawley, 2003; Fumagalli et al., 2014), but this series has
been able to distinguish the separate reactions as shown in Figure 3.18.
At 3.0 GPa, each reaction occurred over a temperature range of <20°C. Reaction 4/A6
commenced with the appearance of garnet near 810°C and ended with the disappearance of
opx near 825°C. Reaction 2/A1/B2 commenced near 835°C and had finished near 845°C. A
narrow region of chlorite stability of ~10°C provided a clear separation of these two reactions.
65

By 3.3 GPa, the temperature range of the combined reactions broadened to nearly 40°C. The
width of each reaction remained <20°C but the field separating the reactions widened to >20°C.
This thermal interval remained consistent to 5.7 GPa, the termination of Reaction 2/A1/B2.

FIGURE 3.18: Delineation of Reaction 2/A1/B2 and Reaction 4/A6 in chlorite schist
The regions shaded green (grt) and red (MgS) denote the divariant field accompanying Reaction 4/A6. The region
shaded purple (sp) and blue (11.5Å) indicate the divariant field accompanying Reaction 2/A1/B2. Although close in
P/T space, the two reactions are thermally separated by some 20°C for most of the sub-arc. This is the first study to
delineate both reactions in a single experimental study.

Both reactions underwent a sharp backbend at high pressure which indicated the termination
of each reaction. Reaction 4/A6 turned sharply negative at Invariant Point D and saw MgS
replace garnet as the stable Al-bearing phase at high pressure thus introduced a new reaction
for the chl+opx reactants. Reaction 2/A1/B2 experienced a backbend after Invariant Point B
which witnessed the introduction of 11.5Å-phase which replaced spinel as the Al-bearing
mineral at high pressure. The divariant fields accompanying both new reactions overlapped and
eventually converged at Invariant Point F at which point there was no separation between
reactions.
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This study showed that Reaction 4/A6 and Reaction 2/A1/B2 are separated in P,T space. This is
significant in that the thermal stability of chlorite-rich schists and chlorite-rich veins within
peridotites is elevated by >40° throughout the sub-arc.
3.3.10 THE FORMATION OF OTHER HIGH-PRESSURE HYDROUS MINERALS
Recent high-pressure experimental studies have reported the presence of never-before-seen
hydrous minerals in reaction products following the breakdown of chlorite. These include
phase-HAPY (Gemmi et al., 2011; Fumagalli et al., 2014), 10Å-phase (Pawley and Wood, 1995a;
Fumagalli et al., 2001; Dvir et al., 2011; Pawley et al., 2011), Mg-sursassite (Artioli et al., 1999;
Bromiley and Pawley, 2002) and 11.5Å-phase (Fumagalli et al., 2014). The stoichiometric
formulae of these minerals are listed in Table 3.6, followed by key reactions:

TABLE 3.6: Relevant high-pressure, hydrous minerals formed after chlorite breakdown
Abbreviations: L17=Lakey 2017, the current study; G16= Gemmi and others (Gemmi et al., 2016).

Chlorite = garnet + olivine ± phase-HAPY + H2O
Chlorite + orthopyroxene = olivine + Mg-sursassite + H2O
Chlorite = olivine + 10Å-phase + spinel + H2O
Chlorite = spinel + garnet + 11.5Å-phase + H2O
Chlorite = Mg-sursassite + garnet + 11.5Å-phase + H2O
Chlorite = Mg-sursassite + olivine + 11.5Å-phase + H2O
Each has sparked considerable research interest because these phases crystallised in P/T
conditions beyond chlorite stability which indicated the potential extension of the hydrousanhydrous boundary in subducted rocks. To date, apart from two possible samples of the 10Åphase (Smith, 1995; Khisina and Wirth, 2008) – none of these phases have been found in natural
rocks. The current study was the first to explore this P/T space using only natural minerals and
as a result confirmed the likelihood of both 11.5Å-phase and Mg-sursassite in natural rocks. The
relevant chemography is shown in Figure 3.13.
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In the bulk composition used in the current study, it appears unlikely that these high-pressure
hydrous minerals could form, although a full thermodynamic analysis would be needed to
confirm this: 10-Å phase seems too Si-rich and phase-HAPY is too Al-rich. However, in different
bulk compositions, there appears to be no reason why they could not be found in nature.
3.3.11 IMPLICATIONS FOR BOUND WATER IN ULTRAMAFIC SCHISTS
This experimental study using natural minerals demonstrated that bound water was retained in
chlorite, MgS and 11.5Å-phase to at least 6.2 GPa/780°C, beyond sub-arc depths, making
possible its transportation to the deep mantle. This forces us to adjust our preconceptions of
the extent of the planet’s deep-water cycle.
3.3.11.1 Release of bound water in chlorite and 11.5Å-phase
The breakdown of chlorite at high-pressure released water over a small temperature range. In
contrast, the breakdown of 11.5Å-phase led to a smeared release of water over a wider thermal
interval.
Figure 3.19 displays the quantity of water retained in hydrous minerals with increasing
temperature at two key pressure intervals: 3.0 GPa indicating sub-arc depths, and at 6.0 GPa
indicating depths immediately beyond the sub-arc. The bulk composition contained 12.6 wt%
water. The quantity of bound water remaining at each temperature interval is displayed in blue
at the top of diagrams a and b.
At 3.0 GPa, chlorite decomposed entirely over a 30°C temperature interval. This occurred as
two distinct reactions. Reaction 4/A6 led to the release of ~0.6 wt% fluid, its conclusion marked
by the disappearance of the opx phase at just after 820°C. The second period of water release
occurred with the terminal chlorite Reaction 2/A1/B2 which commenced after ~830°C and
concluded by 860°C. The second reaction released 12.0 wt% water over a 30°C interval. After
860°C, no hydrous minerals were present.
At 6.0 GPa, water release occurred over a temperature range of >120°C. This time, three
separate reactions were involved. At 680°C, chlorite had begun to break down as part of the
Reaction D6/F3. With the disappearance of opx immediately after 680°C, and close in P-T space,
the terminal chlorite Reaction B6/C2 commenced. The release of 9.4 wt% water occurred over
a <20°C interval. Chlorite was absent by 700°C at this pressure. However, the new hydrous
11.5Å-phase was formed as a breakdown product of chlorite which sequestered nearly 3 wt% of
the water contained in the parent mineral. Its thermal stability at this pressure persisted for
over 100°C, its water released as a smear over this temperature interval: 0.2 wt% by 720°C,
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another 0.1 wt% by 740°C, and a further 1.0 wt% by 760°C. The remaining 1.9 wt% water was
released between 760°C and 800°C. By 800°C, no hydrous minerals remained.

FIGURE 3.19: Release of bound water from hydrous phases in Series 1 at 3.0 GPa and 6.0 GPa.
a) Phase abundance at 3.0 GPa between 800°C and 860°C. b) Phase abundance at 6.0 GPa between 660°C and 800°C.
Quantity of water (wt%) retained in hydrous minerals at each temperature is shown in blue at top of diagrams a and
b. c) Quantity of water released at temperature intervals at 3.0 GPa. Note that at this pressure, chlorite dehydration
occurs in a ~30°C interval. d) Quantity of water released in temperature intervals at 6.0 GPa. Chlorite breakdown
releases water over ~30°C, but due to the formation of 11.5Å-phase, nearly one quarter of the water is retained in this
new phase. In turn, the breakdown of 11.5Å-phase leads to a smeared release over a 100°C interval.

The presence of new hydrous phases stable to higher pressure and temperature than previously
thought, along with the slow release of water upon their breakdown, signals a potential change
to phase relations in this P-T region which would warrant further research.
3.3.11.2 Temperature at slab-surface and slab interior and impact on hydrous phase stability
Knowing the temperature of the descending slab is crucial in determining the fate of hydrous
minerals during the subduction process. This study showed that water bound in chlorite, MgS
and 11.5Å-phase can journey beyond sub-arc depths before being released into the deep
mantle.
Figure 3.20 illustrates the P-T path taken by cooler slabs during subduction based on two recent
geophysical models. The first, shaded purple, is from Arcay et al (Arcay et al., 2007). The second,
shaded in both orange and yellow tones (representing slab surface and internal slab
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temperatures respectively) is from Syracuse et al (Syracuse et al., 2010). The faint grey dashed
line marks the P-T path of the Tonga slab – the slab with the fastest subduction rate and thus
lowest slab surface temperature.

FIGURE 3.20: Slab surface temperature compared to chlorite, 11.5Å-phase and MgS stability fields.
Two recent geophysical models shown. Purple shading from Arcay et al (Arcay et al., 2007). This model estimates the
strength reduction in slab rocks due to water; the high-temperature edge of the purple region thus indicates dry,
stronger rocks. Orange and yellow shading is from Syracuse et al (Syracuse et al., 2010). The orange region indicates
the slab surface temperature of all subducting slabs according to the D80 model. The yellow shading indicates the
range of the internal temperatures within the slabs also calculated by the D80 model. The grey, dashed line is the PT path of the Tonga slab, the coolest of all subducting slabs. Superimposed (purple lines) is the hydrous boundary from
the current study.

In the Arcay model, a spectrum of dry to fully hydrated rocks at the slab surface is considered
which encompasses a temperature range of ~150°C. The experimental results from the current
study are representative of these temperatures indicating that the maximum stability field of
hydrous minerals would survive the subduction process through the sub-arc to the deep mantle
prior to the liberation of bound water.
Syracuse developed a more comprehensive 2-D model to simulate actual slab surface
temperatures. According to the D80 component of this model, the P-T path of the Tonga slab,
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the coolest of all subducting slabs modelled, is located at slightly higher temperatures than the
tip of the anhydrous nose identified by the current study. All other slabs are situated at higher
temperature profiles within the orange-shaded area. This means that any chlorite, MgS or
11.5Å-phase attached to the surface of the descending Tonga slab would dehydrate at sub-arc
depths near 5.5 GPa, 740°C. However, there are several assumptions upon which the D80 model
was based which leads one to question its veracity. The model used multiple parameters which
were allocated numerical values to enable calculations to be completed. A change in any single
value could result in large variation to the modelled results. For instance, the mantle potential
temperature was given a value of 1421.5°C; a lower value would yield lower wedge
temperatures. Equally, the transition depth was set at 80 kms. Whilst this value has accorded
wide agreement with other researchers, a higher value would yield reduced slab surface
temperatures. Whilst this concern should not be overstated, it is apparent that with only very
minor adjustment to the existing model, the P-T location of the subducting Tonga slab could be
shifted to slightly higher pressure and slightly lower temperature. This would mean that chlorite
and 11.5Å-phase on the slab surface would successfully pass by the anhydrous nose and be
transported to the deep mantle.
The Syracuse D80 model also calculated the interior temperature profile of subducting slabs. A
wide range of values were published for slabs at 240 kms depth: from 265°C (Tonga) to 1043°C
(Central Cascadia). Notwithstanding the concerns with the model raised above, any chlorite and
11.5Å-phase present within cooler slabs would remain stable to depths well beyond the sub-arc.
The results of this study were representative of the slab surface temperatures modelled by both
Arcay and Syracuse. Therefore, chlorite, MgS and 11.5Å-phase present in the interior of cool
subducting slabs would successfully be transported beyond sub-arc depths prior to their
breakdown. However, it is unlikely that these same minerals present on the surface of even the
coolest of subducting slabs could survive subduction to the deep mantle prior to their
dehydration.
3.3.11.3 Estimation of free water contribution from ultramafic low-Al chlorite
The results of this study demonstrated that chlorite and 11.5Å-phase remain stable to higher
pressures and temperatures than previously thought, and the bound water component of these
phases can be transported to depths beyond the sub-arc. It follows, then, that this water
component has not been considered in previous calculations of the deep-water cycle. In order
to improve our understanding of this cycle, the water contribution from these hydrous minerals
needs to be quantified.
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FIGURE 3.21: Water sequestration in hydrous phases along three select geotherms.
Assumptions on water budget and phase relations after Schmidt and Poli (Schmidt and Poli, 1998, 2014). The three
selected P-T paths, marked by red arrows, represent the varied stability fields which arise following chlorite
decomposition.

It is known that relatively pure, ultramafic chlorite schists can form zones more than 10m wide
in the subduction channel (Spandler et al., 2008)(Marschall and Schumacher, 2012). To estimate
the water budget in an ultramafic chlorite schist, it was assumed that chlorite comprised 99 wt%
of the rock. The quantity of water released at a specific P-T location, however, was dependent
upon the phase relations at that point, especially the reaction products which formed at the
point of chlorite decomposition. To illustrate this point, three different pathways have been
selected. These are shown in Figure 3.21.
Pathway 1 shows the typical pathway experienced by a subducting slab in the sub-arc up to 5.7
GPa (~171 kms depth). Chlorite schist attached to the surface of the slab, or contained within
the slab, would fully dehydrate to the anhydrous assemblage of grt+ol+sp+H 2O, releasing all of
its 12.6 wt% water over a ~30°C interval. All of the released water would remain at sub-arc
depths.
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Pathway 2 is the P-T path taken by a rapidly-descending, and thus cooler, slab such as Tonga.
Since its temperature profile is cooler at greater depth, it crosses the chlorite-out phase
boundary at temperatures less than 735°C (the point of the anhydrous nose). As a result,
chlorite does not dehydrate: rather it forms the 11.5Å-phase which binds nearly one quarter of
the water contained in chlorite. Therefore, 9.4 wt% water is released when chlorite breaks
down, and 3.2 wt% is retained, bound in the 11.5Å-phase. Potentially, 11.5Å-phase could be
transported well into the deep mantle as it is known to be stable to at least 12 GPa, 1000°C (Cai
et al., 2015).
Pathway 3 marks a geotherm not relevant to the slab surface temperature (SST) of a descending
slab – the rate of slab descent required to maintain such low temperatures makes this
unfeasible. Therefore, Pathway 3 relates to hydrous minerals contained within the subducting
slab rather than on its surface. A descending slab following Pathway 3 intersects three separate
hydrous fields. It first crosses the boundary of Reaction D6/F3, to a field where chl co-exists with
MgS and 11.5Å-phase. Mass balance calculations indicates that in this small field nearly 8.3 wt%
H2O is sequestered in the three hydrous phases chl, MgS and 11.5 A-phase. Following a small
pressure increase, Pathway 3 crosses the boundary of Reaction E6/F2 which sees the complete
dehydration of chlorite and the formation of additional quantities of MgS and 11.5 A-phase.
Further experimental investigation is needed to ascertain the quantity of water sequestered in
these phases beyond Reaction E6/F2.
The breakdown of the 11.5Å-phase along Pathways 2, 3 and 4 with the increased slab
temperature with continued subduction would result in a smeared release of water.
The location of the anhydrous nose remains a limiting factor in the successful transfer of water
via the slab to the deep mantle. Whilst this study has shown its shift to significantly higher
temperatures, the sharpness of the boundary at 5.7 GPa/735°C acts as a hydrous barrier: chlorite
and/or 11.5Å-phase must maintain a temperature less than 735°C during slab descent to access
the higher P-T conditions in the 11.5Å-phase stability field.
3.3.11.4 Extension of the hydrous-anhydrous boundary.
The experimental results obtained in this study necessitated a significant up-temperature shift
in the location of the hydrous-anhydrous boundary.
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FIGURE 3.22: Extension of the hydrous-anhydrous boundary in ultramafic chlorite schists.
The red line shows the location of the existing hydrous-anhydrous boundary after Schmidt and Poli (Schmidt and Poli,
1998) with the revised boundary including 10A phase (Schmidt and Poli, 2014). The dark blue lines indicate the new
position of the hydrous-anhydrous boundary following this study. Red and green arrows indicate the extent and
direction of the boundary shift.

Previous work located the maximum temperature stability of hydrous minerals at 6.2 GPa near
580°C. This was at an invariant point where the hydrous phases antigorite and Phase A (Luth,
2014)(Schmidt and Poli, 1998) and the anhydrous phases garnet and olivine met, forming an
‘anhydrous nose’. Due to the extended chlorite stability field identified in this study, a potential
alignment not previously recognised was identified between chlorite and the above-mentioned
phases near Invariant Point F (see Figure 3.22).
Figure 3.22 shows the previously reported location of the hydrous-anhydrous boundary in
ultramafic rocks. The commonly reported boundary (Schmidt and Poli, 1998) is marked in red.
A revised version (Schmidt and Poli, 2014), which included the hydrous 10Å-phase, is shown
here in green. The location of the revised boundary, based on the experimental results of the
current study, is marked in dark blue.
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The shift in the hydrous-anhydrous boundary did not reflect a consistent thermal increase at all
pressure intervals; the difference generally increased with increasing pressure. At 3.0 GPa, the
boundary moved upward by 70°C and at 4.5 GPa by 110°C. Invariant Point B at 5.7 GPa marked
the location of the revised ‘anhydrous nose’, which possessed a sharp corner due to the very
low-angle slope of the 11.5Å-phase-in reaction. Using the 1998 boundary, this represented a
thermal increase of ~115°C, or a more modest 55°C using the 2014 boundary. At pressures
above the ‘anhydrous nose’, the shift in the location of the hydrous-anhydrous boundary was
significant: at 6.2 GPa it experienced a thermal increase of 100°C (2014 boundary) or 200°C
(1998 boundary); and an inferred increase at 6.7 GPa of 175°C.
With the significant extension of the hydrous-anhydrous boundary to higher temperatures,
there exists a high probability that considerable quantities of bound water would be subducted
to the deep mantle.

3.4 CONCLUSIONS AND IMPLICATIONS
The results of this study have contributed important new findings concerning the stability of
hydrous minerals in the subduction zone and the transport of bound water into the deep mantle.
This was a study of firsts. It was the first experimental study to examine chlorite stability in
chlorite schist at high pressure. It was the first to use only naturally-occurring minerals in the
more complex chemical system CrFNMASH. It was the first study to show a clear delineation
between Reaction 4/A6, relevant to mantle peridotite compositions, and the terminal chlorite
Reaction 2/A1/B2, relevant to chlorite schist compositions, within the garnet stability field.
These experimental results showed strong agreement with the ideal phase assemblages
determined by Schreinemakers analysis. Reaction 2/A1/B2 was constrained to higher pressures
and temperatures than found in previous chlorite studies. The curve of the resulting chloriteout boundary exhibited a steep Clapeyron slope to 5.7 GPa/735°C, quite different in appearance
to any previous chlorite-out curves, explained by the presence of Fe and Cr in the system. The
elevated chlorite stability field created new phase relations: the 11.5Å-phase formed following
the breakdown of chlorite at pressures above 5.7 GPa; Mg-sursassite formed following the
Reaction 4/A6 above 5.9 GPa. The appearance of these uncommon, high-pressure, hydrous
minerals in this experimental series established that they could be found in naturally-occurring
rocks.
The elevated stability field of chlorite, MgS and 11.5Å-phase necessitated a shift in the hydrousanhydrous boundary to higher temperature - by as much as 175°C at 6.2 GPa. Modelling of slabsurface temperatures and the chlorite, MgS and 11.5Å-phase stability fields showed that these
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phases would remain stable beyond sub-arc depths within cooler descending slabs but they
would be unlikely to survive on the slab surface of even the fastest subducting slabs. Chlorite
dehydration releases free water over a narrow temperature interval whereas the breakdown of
the 11.5Å-phase liberates water in a smear over a wider temperature range.
Ultramafic chlorite schists are a common feature of many subduction zones settings. With the
chlorite stability field being far more extensive than previously imagined, and chlorite schist
containing nearly 13 wt% water, there are important implications for future studies of mantle
geology. Since even minute quantities of water added to the mantle are known to have a
profound impact upon both the rheology and phase relations of mantle rocks, there is a pressing
need to more fully understand the process of water liberation in the deep mantle.
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CHAPTER 4 : THE THERMAL STABILITY OF CHLORITE PERIDOTITE AT HIGH
PRESSURE – IMPLICATIONS FOR WATER TRANSPORT IN THE MANTLE
WEDGE AND THE DEEP MANTLE
4.1 INTRODUCTION
Peridotite is a common lithology within convergent margins where it is exposed within the slab
as well as along the entire hanging wall of the mantle wedge in the subduction channel. As the
slab journeys downward, there is a progressive release of water from metamorphic reactions,
firstly from sediments and then from within the slab itself. This leads to the hydration of
peridotite for tens of kilometres along the mantle wedge profile producing at depth, the hydrous
lithology chlorite peridotite. The composition of the peridotite determines the type of chlorite
peridotite formed. Fertile peridotite forms chlorite lherzolite which can comprise up to 16%
chlorite. Depleted peridotite, however, produces chlorite harzburgite which can contain up to
8% chlorite (Schmidt and Poli, 1998). Current thinking indicates that chlorite peridotite has a
maximum stability somewhere between 120 and 150 kms after which chlorite breaks down,
releasing all its water to the sub-arc, and peridotite returns to its anhydrous composition at
greater depth.
However, apart from a few studies beyond 4.0 GPa, the stability of chlorite has not been well
constrained. What if chlorite peridotite is stable to higher pressure? This would mean that
water bound in this rock type could feasibly transport water beyond the sub-arc to the deep
mantle prior to its breakdown. This has huge implications for the water budget, mantle
rheology, not to mention our understanding of general geological processes within convergent
margins. So, under what P,T conditions does chlorite peridotite actually breakdown? This
chapter will shed light upon this important question.
Most studies to date have been in the MASH system and have used only synthetic starting
materials. The purpose of this study was to constrain the chlorite stability field at high pressure
in a chlorite peridotite. This required the investigation of the key reactions involving chlorite,
clinopyroxene and orthopyroxene, relevant to both fertile lherzolite and depleted harzburgite,
namely:
Reaction 3: chlorite (chl) + clinopyroxene (cpx) → garnet (grt) + olivine (ol) + H 2O
Reaction 4: chlorite (chl) + orthopyroxene (opx) → garnet (grt) + olivine (ol) + H 2O
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This study is the first to examine the relationship between these two reactions in a single study.
The experimental program was conducted at a range of pressures (1.0 GPa-6.2 GPa) and
temperatures (620°C-880°C) using four natural minerals which comprised a bulk composition
modelling a chlorite lherzolite in the CrCFMASH system. A typical chlorite lherzolite would see
chlorite entirely react-out following Reaction 3. To facilitate a study of both reactions, a
peridotite with abundant chlorite was required so the bulk composition used here does not
reflect a true peridotite composition.
Below 4.9 GPa, these phases acted according to the model Reactions 3 and 4. Above 4.9 GPa,
710°C, however, Mg-sursassite (MgS) - a hydrous phase - began to replace garnet as the stable
Al-bearing mineral. After 6.3 GPa, 635°C MgS replaced chlorite and remained a stable hydrous
mineral in this system to higher pressure and temperature. This result shows that in convergent
boundaries experiencing rapid slab subduction, MgS would conceivably act as a water transport
vehicle beyond the sub-arc to the deep mantle.
4.1.1 PREVIOUS EXPERIMENTS ON THE STABILITY OF CHLORITE PERIDOTITE
Early studies of chlorite (Yoder, 1952; Segnit, 1963; Fawcett and Yoder, 1966) were completed
in the MASH system using synthetic minerals in piston cylinder experiments up to 1.0 GPa.
Segnit’s study was the first to synthesize clinochlore from antigorite and identify its dehydration
curve above 1.0 GPa. Fawcett and Yoder provided the first systematic study of chlorite
breakdown reactions to 1.0 GPa. These experiments established important constraints for
future researchers.
Over the last half century, eleven experimental studies (Staudigel and Schreyer, 1977; Jenkins,
1981; Jenkins and Chernosky, 1986; Bromiley and Pawley, 2002, 2003; Pawley, 2003; Fumagalli
and Poli, 2005; Dvir et al., 2011; Till et al., 2012; Fumagalli et al., 2014; Spandler et al., 2014)
have investigated the upper limits of chlorite stability at pressures >1.0 GPa involving one or
more of the two key chlorite-out reactions examined in the current study. Key attributes of
these studies are compared in Table 4.1.
Staudigel and Schreyer (Staudigel and Schreyer, 1977) completed the first comprehensive study
of clinochlore up to 3.5 GPa. Their experimentation established the first P/T brackets between
1.0 GPa (825°C, 840°C) and 3.5 GPa (870°C, 880°C). The resulting chlorite-out curve assumed an
almost vertical slope between 2.0 GPa and 3.5 GPa, similar to dehydration curves for many
hydrous minerals. They published a chlorite dehydration curve up to 4.0 GPa but the addition
was based solely on extrapolated data. Jenkins (Jenkins, 1981) repeated the
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TABLE 4.1. Compilation of previous experiments on Reactions 3 and 4
Note, the following research has not been included in this table: experiments conducted < 1.0 GPa; experiments
unrelated to Reactions 3 and 4; non-experimental studies.
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experiments of early researchers and found their pressure calibrations had been too high. His
study, conducted in the CMASH system, concluded that chlorite stability was indifferent to the
presence of calcium, a point taken up by later researchers.
Ulmer and Trommsdorff (Ulmer and Trommsdorff, 1999) completed an extensive review of the
experimental literature on chlorite stability confirming that little was known of its chemical
behaviour at or beyond sub-arc depths.
Pawley (Pawley, 2003) conducted the first experimental study on chlorite above 3.5 GPa
completing twelve piston cylinder and ten multi-anvil (>3.8 GPa) experiments. Numerous new
data points were contributed in this study. Her findings showed that after 2.0 GPa, the chlorite
dehydration curve assumed a negative slope, which continued to flatten with pressure. Pawley
suggested from XRD analyses that the run products had equilibrated even though the reported
run times were rather short.
Fumagalli and Poli (Fumagalli and Poli, 2005) conducted the first chlorite study incorporating
natural rocks up to 6.5 GPa in the NCFMASH system. Three new P/T brackets were obtained at
3.0, 4.0 and 5.5 GPa but too few experiments were completed to accurately constrain chlorite
dehydration. Their experiments confirmed Pawley’s findings that the chlorite dehydration curve
bent and flattened rapidly with pressure after approximately 3.5 GPa. Their study also
concluded that the presence of Fe, Ca and Na greatly altered the chlorite stability field. Using
the same lherzolite composition, Dvir (Dvir et al., 2011) examined the phase transition of chlorite
into 10Å-phase between 4.0-6 0 GPa, concluding that the upper stability limit of chlorite at subarc depths had been constrained.
Till (Till et al., 2012) completed multiple piston cylinder experiments between 3.2 GPa-6.0 GPa
and from 740°C–1200°C in an attempt to better constrain the wet peridotite solidus. Results
provided numerous new data points regarding chlorite stability across this P/T space but few as
brackets on the chlorite-out curve. Controversially, she claimed to have identified melt in her
samples at 820°C between 3.0 and 4.0 GPa concluding that the wet peridotite solidus was found
some 300°C lower than previously identified.
Fumagalli (Fumagalli et al., 2014) recently published data on chlorite in the Cr-MASH system
after experiments which used natural and synthetic rocks. Results demonstrated an increased
chlorite stability field to higher temperatures and pressures but with bulk compositions
comprising ≤2wt% chromium, the saturation level of Cr in chlorite.

80

Spandler (Spandler et al., 2014) also reported on chlorite formation after the breakdown of
antigorite at 3.5-4.0 GPa in a complex natural system. Neither study found evidence of melt
textures at the P/T conditions previously reported by Till.

4.2 STARTING MATERIAL
To enable Reactions 3 and 4 to progress in a single experimental run, the system had three
requirements: excess water so that components remained fully saturated for the duration of the
experiment, a Ca-bearing mineral (tremolite) to enable the formation of cpx, and for the starting
material to contain more chl than cpx so that chlorite was not fully consumed along Reaction 3.

TABLE 4.2: FE-SEM analysis of the starting mix
a) The H2O quantities are calculated stoichiometrically. The totals listed include the H 2O component; b) Bulk
composition showing normalised major and minor oxides; c) Proportion of natural minerals used in starting mix.

To ensure high levels of water, the starting mix comprised three natural hydrous minerals. Mgchlorite (clinochlore, Mg# 0.95) was sampled from the Cerro del Almirez ultramafic massif in
south-east Spain. Previous research constrained its maximum stability to 1.6-1.9 GPa and 680710°C (Padron-Navarta, et al., 2010a). Mg-antigorite (Mg# 0.92), sourced from the same
location, was added to the experimental mix to ensure excess water and also to ensure the
presence of opx for Reaction 4. Finally, Ca-amphibole (tremolite, Mg# 0.84) was sampled from
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the Malenco ophiolite in the Italian Alps. Pyrope garnet seeds (Mg# 0.93), extracted from the
white schists from the Dora Maira in northern Italy, were added to facilitate garnet nucleation.

FIGURE 4.1: Chemography of the starting mix in Series 2
Ternary plot of the bulk composition in the system CrCFMASH. Compositions are in wt%. a) Ternary plot showing
phases relevant to this bulk composition; b) Ternary plot showing the composition of the four minerals used in the
starting mix; c) Chemograph showing reaction net connecting phases produced in this bulk composition; d) Section of
a ternary plot highlighting the four key chlorite reactions identified in this bulk composition. At low pressure: the
chlorite terminal Reaction 1 chl=ol+opx+sp+H2O (orange triangle), Reaction 3 chl+cpx=grt+ol+H2O (red tie-lines), and
Reaction 4 chl+opx=grt+ol+H2O (green tie-lines) occur. At high pressure: Reaction D’6/F3 chl+opx=MgS=Ol+H2O (blue
tie-lines) occurs. Note the location of bulk composition lies slightly on the SiO2 side of the garnet-olivine tie-line which
has implications for the phase assemblages following chlorite disappearance. Plot completed using C-Space software
(Torres-Roldan et al., 2000).

The bulk composition has been characterised in Table 4.2. Average analyses of each mineral in
the starting material are shown in Table 4.2a. Normalised FESEM analysis of the bulk
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composition is shown in Table 4.2b. Stoichiometric proportions of each mineral in the starting
mix are shown in Table 4.2c. Full analytical results are provided in the Chapter 3 Appendix.
Details of the methodology used in this experimental series have been outlined in Chapter 2.
Figure 4.1 shows the chemography of the seven mineral phases that formed in this experimental
series from this bulk composition as well as the potential phases that could have formed. The
location of the starting mix fell slightly to the opx side of the garnet-olivine tie-line which
indicated a slight excess of silica in the system. This situation likely favoured opx formation over
spinel and potentially the location of the chlorite-out reaction.
Following sample preparation, the starting mix was placed in a drying oven overnight. X-Ray
Diffraction (XRD) analysis was then undertaken to confirm the minerals within the starting mix.
The resulting diffractogram is shown in Figure 4.2.
The diffraction peaks of the XRD standards showed good alignment with the sample on the 2theta scale indicating correct phase identification. However, there was poor alignment between
the XRD standards and the sample with counts per second almost certainly due to preferred
grain orientation, typical of platy minerals (Jenkins, 1981).

4.3 RESULTS
Series 2 experiments established forty-five data points encompassing a range of pressures (1.0
GPa-6.2 GPa) and temperatures (620°C-880°C).
experimental conditions and run products.
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Table 4.3 presents a complete list of

FIGURE 4.2: X-Ray Diffraction analyses of Series 2 starting mix.
The strong alignment between diffractogram peaks and mineral standards on the 2-theta scale confirm the identity
of the target minerals. The weaker alignment on the Y-scale is certainly due to the preferred orientation of platy
minerals which are notoriously difficult to scan. Nevertheless, hydrous minerals dominate.
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TABLE 4.3. Table of results for experimental Series 2.
Table displays, for each run, the experimental conditions, run products and their modal proportions determined by
mass balance. Numbers in blue indicate either phase observed but analysis not obtained or phase not observed but
was present according to mass balance calculations.

4.3.1 PHASE RELATIONS
Phase relations of the nine solid and one fluid phase identified in this series are displayed in the
phase diagram in Figure 4.3.
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FIGURE 4.3. Phase relations in ultramafic chlorite peridotite.
Wheel-shaped symbols mark the P,T location of each experimental run. Green-coloured segments indicate the phases
found at that location. Solid black lines show the high-T or high-P phase boundary (the upper end of a divariant field);
black dotted lines indicate the low-T, low-P phase boundary (the lower end of a divariant field). Orange font indicates
the stability field of phases indicated at that P/T location.
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FIGURE 4.4. Changing phase relations of Reaction 3 (chl+cpx) and Reaction 4 (chl+opx).
Figures 4.4a and e) View 1: Chl+cpx field. No garnet is present indicating both phases co-exist in equilibrium. Figures
4.4b and f) View 2: Chl+cpx+grt. The presence of garnet indicates that Reaction 3 has commenced. Figures 4.4c and
g) View 3: Chl+grt field. The absence of cpx at this temperature indicates that Reaction 3 has concluded having used
all available cpx. Reaction 4 has also commenced. This is indicated by the presence of spinel at low pressure and by
MgS at high pressure. Figures 4.4d and h) View 4: Grt field. This anhydrous assemblage indicates that Reaction 4 has
concluded having used all available chlorite.
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4.3.2 PROGRESS OF REACTIONS 3 AND 4
Figure 4.4 highlights the progression of Reactions 3 and 4 by use of microphotographs. Each
picture has been selected to illustrate the changing textures and phase relations which occurred
with increased temperature at isobaric conditions. At each pressure interval, the width of both
reactions was ~100°C.
View 1 (Figures 4.4a and e) indicates that Reaction 3 has not commenced. Chlorite is the
dominant phase with minor cpx, opx and olivine, the latter phases being replacement phases for
atg and tre in the starting mix. No garnet is present in in either view indicating that chlorite and
cpx co-exist in equilibrium at these P/T conditions.
View 2 (Figures 4.4b and f) shows that Reaction 3 is in progress as evidenced by the presence of
garnet, a product phase of this reaction, and numerous reactions rims which exist between chl
and cpx grains.
View 3 (Figures 4.4c and g) captures the narrow region between both reactions: Reaction 3 has
progressed to completion as no cpx is present in either view, but Reaction 4 has not commenced
since no reaction rims can be seen where chlorite and opx are in contact.
View 4 (Figures 4.4d and h) shows that Reaction 4 is complete since no chlorite remains in either
view.
4.3.3 TEXTURAL ANALYSIS
Figures 4.5 and 4.6 illustrate the changing phase textures, at low pressure and high pressure
respectively, observed throughout this experimental series. The textures of each phase found
in this experimental series are described in detail.
4.3.3.1 Chlorite
Within the chlorite stability field, chlorite was the dominant mineral phase. This mineral
occurred in elongate laths <30 µm wide and <50 µm long within a crystalline matrix (see Figures
4.5b and 4.6c) in co-existence with each of the phases at various P-T conditions. When the
maximum thermal stability of chlorite was approached, large chlorite laths began to dissociate
into a splintery collection of acicular grains <5 µm long and <1 µm wide (see Figures 4.5b and
4.6d).
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FIGURE 4.5: Representative low-pressure phase textures from Series 2
Typical low-pressure phase relations observed in this series. Chl typically assumed a lath-like appearance but
developed a splintery texture when breakdown commenced. Opx commonly formed acicular textures following chl
breakdown and when co-existing with it. Sp and ol formed large, euhedral crystals but also anhedral blebs in a
crystalline matrix. When present, grt assumed a poikiloblastic appearance. Tre grains occurred in various sizes and
shapes often with subhedral edges as it commenced breakdown.

4.3.3.2 Olivine
Olivine was identified in all experimental capsules in this series.

Its appearance varied

depending on co-existing phases and temperature. At lower pressures, olivine was typically
found as tiny anhedral grains <1 µm as part of the crystalline matrix (see Figure 4.5b). co-existing
with opx, spinel and chlorite.
With increasing temperature, olivine formed larger, subhedral crystals (5-15 µm). They were
frequently spatially associated with garnet of similar size and proximal to chlorite laths
undergoing chemical reaction (see Figures 4.4b and 4.4g). Following the disappearance of
chlorite, olivine often appeared as small, anhedral inclusions (<3 µm) in garnet crystals (see
Figure 4.5d). In larger olivine crystals, euhedral grain boundaries with co-existing garnet
evidenced well-equilibrated textures (see Figures 4.4d and 4.4h). Occasionally, growth rims
were observed in olivine (see Figure 4.4f), most apparent following the disappearance of
chlorite.
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Although olivine was present in excess in this experimental series, it was frequently difficult to
analyse due to small grain size as described above.
4.3.3.3 Garnet
Garnet first appeared at 1.5 GPa when it began to replace spinel as the stable Al-phase, a process
which was complete by 4.0 GPa. Commencing near ~5.5 GPa, 660°C, garnet itself began to be
replaced by Mg-sursassite as the stable Al-phase.
In this study, garnet assumed two distinct textures, closely associated with temperature. At first
appearance, garnet comprised numerous small (<1 µm) anhedral grains spatially associated with
both olivine of similar textures and size (see Figure 4.6d) and with chlorite (see Figure 4.4f).
These garnet blebs formed only a minor part of the crystalline matrix. Their size made them
very difficult to analyse.

FIGURE 4.6: Representative high-pressure phase textures from Series 2
Typical high-pressure phase relations observed in this series. Chl retained its lath-like appearance within its highpressure stability field and its splintery texture when breakdown commenced. Grt formed large, subhedral to euhedral
crystals, often poikiloblastic, when in equilibrium with ol. Ol was always smaller than grt and frequently found as tiny
blebs in the matrix. Opx and cpx typically formed pseudomorphically in former tre grains leading to an intercalated
texture. Following chl disappearance, opx was observed with a blocky and spear-like appearance. MgS formed
crystals of a similar size to ol but with a very poikiloblastic appearance.

At higher temperature, garnet formed subhedral to euhedral crystals ranging in size from 5 µm
(see Figure 4.6c) to 40 µm (see Figure 4.5d). Following the disappearance of chlorite, garnet
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often formed large subhedral crystals (>10 µm) with distinct poikiloblastic textures (see Figure
4.5d), or less commonly, heterogeneous growth rims with characteristic Mg-rich core, a Ca-rich
inner zone surrounded by a Fe-rich outer margin (see Figure 4.6a).
4.3.3.4 Spinel
At low pressure, spinel formed subhedral to euhedral crystals up to 10 µm in diameter which
indicated equilibrium textures (Figure 4.5a) with co-existing phases. At pressures above 2.0 GPa
when co-existing with garnet, spinel was smaller in size, typically <2 µm in diameter, but still
exhibited subhedral to euhedral grain boundaries (see Figure 4.6d). Spinel was also observed
with poikiloblastic textures containing olivine crystals (see Figure 4.5a) and occasionally itself
enclosed within olivine crystals (see Figure 4.5c). With increasing pressure, small (<2 µm)
anhedral grains of spinel formed part of the crystalline matrix (see Figure 4.5c).
4.3.3.5 Orthopyroxene
Orthopyroxene exhibited three distinct textures throughout this series.
At low pressures, opx typically formed randomly-oriented fine, acicular needles <2-30 µm in
length (see Figure 4.5c) co-existing variously with chlorite, spinel, amphibole and olivine, often
as part of the crystalline matrix.
Opx and cpx also formed an intercalated, fine-grained mass within relict amphibole crystals (see
Figures 4.5a and 4.6b) creating spear-shaped grains 5-30 µm in length. These pseudomorphs
exhibited a braided appearance (see Figure 4.4f) and retained their amphibole grain shape to
high pressures (see Figure 4.6d).
Within the garnet stability field, opx commonly formed larger prismatic crystals (see Figures 4.4b
and 4.5c) ranging in length from 2 µm to 15 µm within a matrix of chlorite. At pressures below
the garnet stability field, and concurrent with the disappearance of chlorite, prismatic crystals
of opx grew around Al-rich cores (see Figure 4.6a).
The minute size and form of many opx crystals hampered accurate analysis.
4.3.3.6 Clinopyroxene
Clinopyroxene formed subhedral prismatic grains up to 2 µm x 1 µm (see Figure 4.6c) which
usually aggregated into clumps (see Figure 4.4e). Larger independent crystals were uncommon.
Cpx formed from tremolite breakdown and with opx typically grew pseudomorphically in relict
amphibole crystals (see Figure 4.6b) which created a woven appearance (see Figure 4.4f).
91

Crystal size, shape and habit seemed little affected by changing pressure or temperature. The
size and location of cpx grains made accurate analysis extremely difficult.
4.3.3.7 Amphibole
Typically, amphibole was observed as medium (~5x10 µm) to large (5-10 µm x 20-40 µm) bladed
to spear-shaped subhedral to euhedral crystals which exhibited characteristic amphibole
cleavage (see Figure 4.5b). Smaller subhedral crystals formed part of a fine crystalline matrix as
this phase commenced decomposition (see Figure 4.5a). Amphibole stability was limited to a
single data point at 2.0 GPa and had entirely reacted-out by 2.5 GPa.
4.3.3.8 Mg-sursassite
This phase formed as a high-pressure, low-temperature phase replacing garnet, although Mgsursassite and garnet co-existed in a large divariant field (see Figure 4.3). MgS formed blocky,
subhedral grains 10 µm long and 5 µm wide (see Figure 4.6c) with the occasional poikiloblastic
appearance (see Figure 4.6d). MgS co-existed variously with chlorite, garnet, olivine, opx and
cpx. Its first appearance, like olivine and garnet, was spatially associated with chlorite.
4.3.3.9 Antigorite
This phase remained in the run products of only two experiments: C4765 and UHPPC262. Its
existence helped to ascertain the maximum thermal stability of antigorite in this series. This
phase exhibited elongate laths with a similar grain size and texture to chlorite and was only
distinguished during FE-SEM analyses by its contrasting chemistry.
4.3.4 COMPOSITIONAL ANALYSIS
FE-SEM analysis ascertained the chemical composition of all nine solid phases identified in this
experimental series. Table 4.4 provides representative analyses of each phase. A complete set
of FE-SEM phase analyses is provided in the Chapter 3 Appendix.
Three of the phases which appeared as run products in this experimental series were
components added to the starting mix. FE-SEM analyses revealed no significant compositional
variability which indicated that they were not reaction products but had retained their original
starting composition. These phases were chlorite, antigorite and tremolite.
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TABLE 4.4. Table of representative phase analyses in Series 2
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4.3.4.1 Chlorite
Chlorite composition remained homogeneous throughout this experimental series as evidenced
by the consistency of the Mg# at 0.94 and a Cr# of 0.09. Its stoichiometry therefore could be
described as (Mg4.81 Fe0.30 Ni0.02) (Al1.45 Cr0.14) Si3.28 O12 (OH)8, placing it at the Mg-rich end of the
clinochlore-chamosite solid-solution.
Neither Mg# nor Cr# showed any significant correlation with pressure or temperature across the
series. Minor compositional variation within experimental runs were within one standard
deviation of the mean.

FIGURE 4.7. Compositional plots for olivine and spinel in Series 2
a) Plot of Mg# vs T and P in olivine which shows no significant correlation with pressure and a moderate positive
correlation with temperature. b) Plot of Mg# vs modal% olivine. A rapid rise in Mg# in olivine occurs with the
breakdown of chlorite as Mg preferentially partitions into this phase in the anhydrous field. c) Mg# vs modal% spinel.
A clear positive logarithmic correlation emerges: Mg# increases with increasing modal % spinel although there is
greater variability at lower pressure. d) Plot of Cr# vs modal% spinel which signifies a strong inverse logarithmic
relationship between these variables: as the proportion of spinel decreases, its Cr# increases.

4.3.4.2 Antigorite
Antigorite was identified in only two experimental runs (C4765 and UHPPC262) which provided
three data analyses.

Notwithstanding the limited data, the experimentally-determined

stoichiometry was Mg2.62 Fe0.15 Al0.16 Cr0.01 Si2.06 O5 (OH)4, identical to the start mix composition
within error.
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4.3.4.3 Ca-amphibole
The Ca-amphibole used in the starting mix was positioned near the Mg-rich end member of the
tremolite-actinolite series, characterised by the stoichiometry:
(Na, Ca)1.79 (Al, Cr)0.20 (Mg, Fe, Ni, Mn)5.03 Si7.97 O22 (OH)2. The Mg# showed limited variation across
the series (0.88-0.90) whilst the Cr# exhibited greater variability (0.13-0.23). However, this
compositional variability was evident in the starting mix and therefore was not attributable to
chemical reaction during experimentation.
4.3.4.4 Olivine
The Mg# of olivine ranged between 0.91 and 0.97 with the higher readings recorded following
the disappearance of co-existing hydrous phases. This is illustrated in Figure 4.7b which shows
two contrasting groups of olivine composition: one in the chlorite stability field and the other in
the anhydrous field after chlorite breakdown. No correlation was observed between Mg# and
pressure but a weak association between Mg# and temperature was evident (Figure 4.7a) which
highlighted the transition across the hydrous-anhydrous phase boundary.
Nickel concentration in olivine averaged 0.34 wt% (0.17 wt% in the starting mix) which suggested
a partitioning preference of nickel to olivine. However, no significant correlation could be
identified between NiO and Mg#, pressure or temperature.
4.3.4.5 Spinel
Spinel exhibited much compositional variation throughout this series. A moderate positive
correlation was evident between Mg# and temperature and an inverse relationship between
Mg# and pressure (see Figure 4.7c). The strength of this pattern was limited by the data scatter
at low pressure; nevertheless, the highest Mg# values were observed at high temperature points
at low pressure (Mg#=0.88 at 1.0 GPa, 780°C) and the lowest Mg# values were recorded at low
temperature points at high pressure (Mg#=0.71 at 4.0 GPa, 750°C). Figure 4.8c displays a positive
logarithmic correlation between Mg# and modal % spinel. Spinel is most plentiful at low
pressure where its Mg# is also highest. As the quantity of spinel declines with increasing
pressure, it becomes increasingly iron-rich.
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FIGURE 4.8. Compositional plots for garnet and Mg-Sursassite in Series 2
a) Plot of Mg# in garnet vs P and T. A moderate positive correlation is evident between Mg# and T. The range of Mg#
reduces with decreasing pressure. b) Plot of Cr# in garnet vs P and T. A weak inverse correlation is evident between
Cr# and T up to 4.0 GPa after which this trend levels out. The Cr# also shows a weak inverse relationship with pressure.
c) Plot of almandine, grossular and pyrope composition in garnet by P. The almandine and grossular components
increase with increasing pressure. d) Mg# vs P in Mg-sursassite show a strong positive correlation.

The Cr# displayed greater variability with an overall range of 0.08 – 0.68. Cr# displayed a strong
positive correlation with pressure and a considerably weaker inverse relationship with
temperature. Figure 4.8d shows the changing nature of the Cr# plotted against modal% of spinel
formed. The resulting logarithmic pattern shows that in regions where spinel is most plentiful
(ie: at low pressure) it possesses a low Cr#; with increasing pressure where it co-exists with the
garnet phase, less spinel is formed but it registers a higher Cr#.
FE-SEM analyses of the spinel phase were made difficult by grains which were either small, or
large but poikiloblastic.
4.3.4.6 Garnet
Garnet experienced considerable compositional variation throughout this experimental series.
Pyrope added to the bulk composition provided seeds to encourage nucleation of new garnet.
Textural observation confirmed the growth firstly, of grossular-rich rims followed by almandinerich rims as key reactions progressed. The compositional plot (Figure 4.8c) illustrates the
changing composition of garnet between the almandine, grossular and pyrope end-member
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compositions. With increasing pressure, the garnet composition broadens from the pyrope-rich
corner towards a mid-point between the almandine-rich and grossular-rich corners.
The Mg# in this series ranged from 0.63 (5.5 GPa, 620°C) to 0.92 (4.0 GPa, 750°C). A strong
positive correlation between Mg# and temperature was evident (see Figure 4.8a). Although the
Mg# range increased with increasing pressure, no other significant relationship was observed
between Mg# and pressure.
The Cr# ranged from 0.03 to 0.09.

The Cr# displayed a weak inverse correlation with

temperature, most apparent when garnet and spinel co-existed up to 4.0 GPa. Data at higher
pressures showed no relationship between Cr# and T likely due to the disappearance of the
spinel phase. Cr# also displayed a weak inverse trend with pressure across the garnet series (see
Figure 4.8b).

FIGURE 4.9. Compositional plots for orthopyroxene and clinopyroxene in Series 2
a) Plot of Mg# vs T and P in opx. Whilst a weak positive correlation was evident between Mg# and temperature, no
relationship was observed between Mg# and P. b) Plot showing total Al2O3 vs T and P in opx. Total Al2O3 shows a
positive correlation with temperature and an inverse correlation with pressure. The large error bars, however, weaken
the veracity of both trends. c) Plot of Mg# in cpx vs T and P. Mg# showed no significant correlation with pressure but
a weak positive trend with temperature. d) Plot of Cr# vs T and P in cpx. A weak inverse trend was evident between
Cr# and pressure, but a stronger inverse correlation was observed between Cr# and temperature although this
lessened with increasing pressure.
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4.3.4.7 Mg-sursassite
Mg-sursassite underwent extensive compositional change in this series. The Mg# ranged from
0.89-0.96 and was strongly correlated with pressure (see Figure 4.8d). A moderate inverse trend
with temperature was also detected. The Cr# varied between 0.06-0.08. No relationship with
temperature was evident but a weak positive correlation with pressure was observed.
It was noted that Cr cations increased consistently with increasing pressure whilst Ca cations
decreased. Whilst Ca and Cr cations conceivably occupy different crystallographic sites in the
Mg-sursassite molecule, this trend is interesting and would warrant further investigation.
4.3.4.8 Orthopyroxene
Orthopyroxene displayed minimal compositional variation throughout the series.
The Mg# ranged between 0.91-0.96 but only three values were recorded above 0.94. No
significant correlation was observed between Mg# and pressure although a weak relationship
existed between Mg# and increasing temperature (see Figure 4.9a).
The Cr# recorded large variation, even in analyses within the same charge, however, most
results were contained within the 0.11-0.26 range (see Appendix for full table of results on opx
analyses).

No significant correlation was observed between Cr# and either pressure or

temperature. However, a pattern was observed in relation to the incorporation of aluminium
oxide into the opx phase (see Figure 4.9b). Total Al2O3 was moderately correlated with
temperature and inversely with pressure. This was confirmed by textural observation. At low
pressure, opx grains sometimes exhibited strong compositional zoning with Al-rich cores (>8.0
wt% Al2O3) reducing to Al-poor (even Al-absent) rims. These textures diminished with increasing
pressure and were not observed in charges above 3.0 GPa.
Small crystal size, compositional zoning and grains intercalated with other phases meant that
the attainment of quality chemical data on opx was problematic throughout this series.
4.3.4.9 Clinopyroxene
Cpx exhibited minor compositional variation throughout this experimental series. The Mg#
varied only between 0.93 and 0.95 but showed a weak correlation with temperature. No
relationship was observed between Mg# and pressure (see Figure 4.9c).
The Cr# varied between 0.13 and 0.38. A strong inverse correlation was observed between Cr#
and temperature although this pattern seemed to lessen with increased pressure. A weak
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inverse correlation between Cr# and pressure was also observed (see Figure 4.9d). The table of
cpx analyses can be viewed in the Chapter 3 Appendix.
FE-SEM analyses of cpx grains was difficult due to very small grain size and especially when it
frequently formed intercalated with opx grains.
4.3.5 ELEMENT PARTITIONING
Mg-Fe partitioning between co-existing phases was determined by the Mg# (Mg/(Mg+Fe)). The
partitioning sequence, in descending order of magnitude, was: MgS > atg > chl > cpx > ol > opx
> tre > grt > sp.
A few deviations from this rank were detected. Mg# of opx occasionally exceeded those of
olivine (eg: D1700, UHPPC299) and Mg# of olivine exceeding those of MgS (runs UHPPC360 and
UHPPC288), likely due to the small numbers of opx and MgS analyses respectively in those runs.
The Mg# of minerals comprising the starting mix (eg: chlorite and tremolite, shown here in
italics) showed limited reaction across the series. Their order in the partitioning sequence,
therefore, was likely based on their relict Mg# and not one determined by chemical reaction in
this series.
Four partitioning plots are shown in Figure 4.10. Figure 4.10a displays Mg-Fe partitioning
between garnet and spinel vs pressure using K D= (XgrtMg)(XspFe)/(XgrtFe)(XspMg). At all times, Mg
preferentially partitioned into garnet over spinel. Mg increasingly partitioned into the garnet
phase as pressure increased, although several data points did not fit this pattern. No correlation
was observed between lnKd of these phases and temperature.
Mg-Fe partitioning between garnet and olivine is shown in Figure 4.10c with the partitioning
coefficient calculated using KD= (XolMg)(XgrtFe)/(XolFe)(XgrtMg). The strong pattern was revealed in
which Mg always partitioned into olivine over garnet, but as temperature increased, Mg showed
increasing preference for garnet. A similar pattern was observed between Mg-Fe partitioning
between olivine and garnet with pressure.
The coefficient for the partitioning of Mg-Fe between Mg-sursassite and olivine was calculated
using the equation KD= (XMgSMg)(XolFe)/(XMgSFe)(XolMg). The resulting plot is displayed in Figure
4.10d. A clear trend, albeit based on few data, showed that Mg preferred the hydrous phase
over olivine, but with increasing temperature, Mg preferentially partitioned into olivine over
MgS which led the lnKd to approach unity.
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FIGURE 4.10. Partitioning plots for select pairs in Series 2
a) Partitioning of Mg-Fe between garnet and spinel versus pressure. Mg favours garnet with increasing pressure. b)
Partitioning of Cr-Al between spinel and garnet versus pressure which shows Cr favouring spinel with increasing
pressure. c) Partitioning of Mg-Fe between olivine and garnet. With increasing temperature, Mg favours garnet
although each phase becomes increasingly Mg-rich. d) Partitioning of Mg-Fe between Mg-sursassite and olivine. Mg
preferentially partitions into MgS over olivine but with increasing temperature, each phase becomes increasingly Mgrich.

The Cr# (Cr/(Cr+Al)) was used to ascertain Cr-Al partitioning between co-existing phases, which
revealed the sequence, in descending order, of: sp > chl > grt > MgS. Spinel consistently
recorded a higher Cr# than garnet, whilst MgS recorded a lower Cr#.
A single exception was observed to these partitioning patterns: MgS recorded a higher Cr# than
garnet (run UHPPC288), likely due to few data points for MgS at this P,T location.
Figure 4.10b showed the Cr# partitioning between spinel and garnet vs pressure, with the
partitioning coefficient calculated using KD= (XspCr)(XgrtAl)/(XspAl)(XgrtCr). A consistent pattern
emerged: with increasing pressure, Cr increasingly preferentially partitioned into the spinel
phase, creating a steeply sloping curve. Whilst Cr and Al were identified in orthopyroxene,
clinopyroxene and tremolite, the amounts were insufficient for partitioning purposes.
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4.4 DISCUSSION
This experimental series aimed to examine the two key chlorite reactions in chlorite peridotite:
Reaction 3, which traced the stability of chlorite lherzolite, and Reaction 4, which examined the
stability of chlorite harzburgite. The results successfully constrained each reaction to a thermal
maximum near 6.2 GPa, 635°C, an invariant point where both reactions converged. Regardless
of Reaction 3 being situated some 40°C lower than Reaction 4, these results showed that the
stability field of chlorite is considerably larger than previously identified, moving to both higher
temperature and higher pressure than revealed by any previously published data. Chlorite
breakdown according to Reaction 4 yields MgS at high-pressure, a hydrous mineral which forms
contiguously with chlorite, and therefore sequesters water and has important implications for
water transport in the mantle.
The discussion will comprise three parts. The first examines the approach to equilibrium. The
second part provides justification for these new findings through a comparison of these results
with previous experimental investigations on chlorite and with theoretical considerations within
this chemical system.

The third part explores patterns of water release upon chlorite

breakdown, its implications for water availability in the sub-arc, and the wider significance for
water transport to the deep mantle.
4.4.1 ATTAINMENT OF EQUILIBRIUM
This experimental series was affected by similar sets of constraints as encountered in Chapter 3,
each of which had the potential to disrupt the attainment of equilibrium. Experiments were
conducted at relatively low temperatures and therefore did not always exhibit fully equilibrated
textures. The use of natural minerals created divariant fields and thus more complex phase
compositions in run products. This necessitated great care when analysing phases to ensure
that only those regions of minerals in local equilibrium were sampled.
Several methods were employed to select only equilibrated phase textures. Euhedral grain
boundaries typically indicate the attainment of equilibrium. These were common with spinel
(see Figure 4.5a) and observed between garnet and olivine, particularly in high-temperature
runs (see Figure 4.4b,d,g,f). Euhedral boundaries were less-common in run products following
the breakdown of chlorite (see Figure 4.5d) but could always be located.
Heterogenous textures were observed in most phases. Poikiloblastic textures were common in
garnet and spinel (see Figure 4.4d and 4.5a), as were growth rims in garnet, olivine and opx (see
Figure 4.4f, 4.5a and 4.6a). Intercalated textures were common in both opx and cpx when these
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phases co-existed (see Figure 4.4a and 4.6b). Pyrope seeds added to the starting mix were not
always fully resorbed, however the boundary between seed and growth rims was well-defined,
indicative of local equilibrium within the outer rim. Whilst at times challenging, analyses were
taken only from newly-formed rims, and from those parts of the grain distal to inclusions.
The success of this technique has been vindicated by an examination of chemical analyses.
Chemical analyses of phases exhibited minimal variation. Partitioning data between mineral
pairs revealed expected patterns, and phase relations showed excellent agreement with
Schreinemakers modelling. Mass balance calculations of run products were in excellent
agreement with the starting mix compositions which suggested that analyses must have
successfully targeted equilibrated regions of minerals. There was no evidence of Fe loss to the
gold capsule during experiments and therefore oxygen fugacity remained close to Ni-NiO buffer.
Taken together, these factors indicate that phases in experimental runs in this series had
attained equilibrium.
4.4.2 THEORETICAL PHASE RELATIONS IN THE CMASH SYSTEM
The phases identified in the run products from this experimental series were used to create a
phase diagram (see Figure 4.3). How closely did the experimentally-determined phase relations
align with those determined by theoretical topology of this system? The Schreinemakers
method was used to determine the theoretical phase relations of the bulk composition used in
this study and these were employed as a reference point for the topological arrangement of the
experimentally-determined phase boundaries.
Theoretical phase relations are illustrated in Figures 4.11 and 4.12 which represent the highpressure and low-pressure regions of the P,T grid respectively. For thesis continuity, invariant
points and relevant reactions introduced in this chapter will continue the number/letter
sequence from previous chapters (therefore the first new labels in this chapter will relate to
Invariant Point G). To enable Schreinemakers analysis of this natural system, some simplification
was required. Guided by mineral analyses, Mg and Fe were combined into a single component,
as were Al and Cr. In this way, phase relations were variously modelled using the fourcomponent MASH system, the four-component CMSH system, or the five-component CMASH
system.
Seven relevant Invariant Points were identified, three of which – Invariant Points A, D and F –
have been described previously (see Chapter 3 for details). Together, they provided a clear
framework of the two key reactions investigated in this study. The boundary for Reaction 3 was
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traced by Invariant Points J-H-K. The limit of Reaction 4 was delineated by Invariant Points A-DK-F. Invariant Point K intersected both sets of reactions.
4.4.2.1 Invariant points and reactions related to Reaction 4
Reaction 4 traced the upper stability boundary of the chlorite + orthopyroxene reaction in the
simpler Ca-free MASH system. The reaction boundary linked the Invariant Points A’-D’-K-F. A
summary of the key reactions is provided.
Invariant Point A’ (see caption in Figure 4.12 for explanation) denoted the low-pressure
termination of the reaction involving phases chlorite and orthopyroxene:
Chlorite + orthopyroxene = garnet + olivine + H2O

(A6)

FIGURE 4.11. Schreinemakers network in Series 2 at high pressure.
Each of the Invariant Points D, K and F mark the upper pressure stability of chlorite. The disappearance of chlorite
along Reaction 4 creates the hydrous phase MgS. Note Invariant Point D’, which is a variation of Invariant Point D
found in the MASH system. Calcium lowers the stability field of chlorite which necessitates its inclusion in the CMASH
system. Dotted lines indicate reactions which do not occur in this bulk composition.

The high-pressure Invariant Point D’ (see caption in Figure 4.11 for explanation) formed an
important reference: at pressures above this point, garnet was replaced by Mg-sursassite as the
main Al-bearing phase described by the reaction:
Chlorite + orthopyroxene = Mg-sursassite + olivine + H2O

(D6)(K2)(K6)(F3)

Invariant Point K witnessed the high-pressure convergence of the phases clinopyroxene, chlorite
and orthopyroxene and therefore the termination of both Reactions 3 and 4 in this bulk
composition. Reactions K2 and K6, which marked the upper pressure limit of chlorite, operated
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on both the high-temperature and low-temperature sides of this invariant point and linked
Invariant Points D’ and F.
Invariant Point F marked the convergence of the hydrous phases chlorite, MgS and 11.5Å-phase.
It formed an important reference point as it marked the upper pressure boundary of chlorite
stability, the low-pressure boundary of the 11.5Å-phase, and the low-temperature boundary of
the MgS phase.
Chlorite + olivine + H2O = orthopyroxene + 11.5Å-phase

(F4)

4.4.2.2 Invariant points and reactions related to Reaction 3
Reaction 3 traced the upper thermal stability boundary of the chlorite + clinopyroxene reaction
in the more complex CMASH system. This reaction linked the Invariant Points H-K. The Reaction
G2/H6 marked the low-pressure boundary of cpx and so has been included in this section. A
summary of the key reactions is provided below.
Invariant Point G, modelled in the simpler CMSH system, saw the creation of cpx following the
breakdown of tremolite. It was possible to project from chlorite since it was the only Al-bearing
phase in the low-temperature, low-pressure region of the pseudosection. Schreinemakers
analysis confirmed that in the CMSH system, only six phases could be present at any invariant
point.

Invariant Point G formed the conjunction of the phases antigorite, tremolite,

clinopyroxene, orthopyroxene, olivine and water. It is significant to this investigation as it
provides a previously studied reference point (Padron-Navarta, et al., 2010b) where the
antigorite-out and tremolite-out reactions intersected, informed by the reactions:
antigorite = olivine + orthopyroxene + H2O

(G1)/(G3)

tremolite + olivine = orthopyroxene + clinopyroxene + H2O

(G2)/(H6)

Invariant Points H, J and K were modelled in the full CMASH system since they each involved a
Ca-bearing phase in co-existence with chlorite and therefore seven phases converged at each
invariant point.
Invariant Point H marked the low-pressure termination of Reaction 3 and the convergence of
the stable paragenesis of chlorite, tremolite, garnet, clinopyroxene, orthopyroxene, olivine and
water. Two chlorite-out reactions were involved:
Chlorite + clinopyroxene = garnet + olivine + H2O
Chlorite + tremolite = garnet + olivine + orthopyroxene + H2O
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(H1)
(H3)/(J7)

FIGURE 4.12. Schreinemakers network in Series 2 at low pressure
Four relevant Invariant Points identified in the low-pressure region of Series 2 experiments. Invariant Point G (CMSH
system), Points H and J (CMASH system) and Point A (MASH system) involve chlorite in either Reaction 3 or Reaction
4. Invariant Point A’, which is the CMASH equivalent of Invariant Point A found in the MASH system. The presence of
Ca reduces chlorite stability down-P and down-T which requires this variation in this system. Dotted lines indicate
reactions which do not occur in this bulk composition.

Invariant Point J marks a key chlorite-out boundary at low pressure and thereby links with
Invariant Point H, the low-pressure termination of Reaction 3, and with Invariant Point A, the
low-pressure termination of Reaction 4. Invariant Point J sees the convergence of chlorite,
tremolite, garnet, spinel, orthopyroxene, olivine and water. On the high-pressure and lowpressure side of this invariant point was located the chlorite-out reaction:
Chlorite = spinel + olivine + orthopyroxene + H2O
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(J1)/(A3)/(J3)

At higher pressure, Invariant Point K saw the convergence of Reaction 3 and 4 which saw the
phases chlorite, garnet, olivine, orthopyroxene, clinopyroxene, Mg-sursassite and H2O exist in
equilibrium. The main chlorite-out reaction involved a Ca-bearing phase:
Chlorite + clinopyroxene = garnet + olivine + H2O

(K3/H1)

4.4.3 KEY CHLORITE REACTIONS DETERMINED BY MASS BALANCE
This experimental series identified several reactions involving chlorite in the CMASH, MASH and
CMSH chemical systems. Where experimental data points were located on either side of a
reaction, phase data was extracted from the experimental results, converted to molar
proportions and used to mass balance the reaction equations using C-Space (Torres-Roldan et
al., 2000). This process revealed that chlorite disappearance was controlled by six different
chemical reactions.
Reaction A3/J1 formed the thermal boundary of chlorite stability between Invariant Points A
and J. Chlorite disappeared according to the low-pressure dehydration reaction. The mass
balance reaction, determined at two locations (1.0 GPa, 760-780°C and 1.5 GPa, 800-820°C),
showed excellent agreement:
0.88 chl = 0.28 opx + 0.08 sp + 0.25 ol + 0.27 H2O

(A3)/(J1)

Up to 6.1 GPa, the most important reaction involving chlorite disappearance was controlled by
Reaction A6/D3, which linked Invariant Points A and D. It was calculated at four separate
locations where each showed excellent agreement.
0.82 chl + 0.13 opx = 0.35 grt + 0.35 ol + 0.25 H2O

(A6)/(D3)

At pressures above Invariant Point D, Mg-sursassite began to replace garnet as the main Albearing phase. Reaction D6/K2 linked Invariant Points D and K; between 5.0 GPa, 680°C and 5.5
GPa, 680°C this reaction was controlled by:
0.81 chl + 0.13 opx = 0.42 MgS + 0.35 ol + 0.16 H2O

(D6)/(K2)

Two important reactions involving chlorite and a Ca-bearing phase were also confirmed by
experimental results.
Reaction H1/K3 connected Invariant Points H and K. Chlorite breakdown with clinopyroxene
occurred between 4.0 GPa, 700°C and 4.5 GPa, 720°C controlled by:
0.78 chl + 0.22 cpx = 0.42 grt + 0.33 ol + 0.25 H2O

106

(H1)/(K3)

The linkage between Invariant Points H and G was made by Reaction H6/G2. Between 800°C
and 820°C at 2.0 GPa, chlorite disappearance was controlled by:
0.82 chl + 0.21 tre = 0.13 opx + 0.33 grt + 0.30 ol + 0.26 H2O

(G2)/(H6)

The transformation of tremolite to clinopyroxene was determined by Reaction J7/H3. Between
1.5 GPa, 730°C and 2.5 GPa, 750°C this was informed by:
0.75 tre + 0.18 ol = 0.34 cpx + 0.54 opx + 0.05 H2O

(H3)/(J7)

Antigorite dehydration, whilst not strictly relevant to this series, was able to be determined at
5.0 GPa between 620°C and 660°C informed by:
0.86 atg = 0.35 opx + 0.26 ol + 0.26 H2O

(G1)

4.4.4 CHLORITE REACTION CURVES IN CHLORITE PERIDOTITE
Figure 4.13 is a simplified phase diagram of the experimental results showing the key chlorite
reactions in chlorite peridotite and their relationship to key invariant points (letter symbols
enclosed in a circle). The blue curve denotes Reaction 3 whilst the green curve indicates the
location of Reaction 4. Other reactions are marked in black.
4.4.4.1 Slope of the chlorite + orthopyroxene curve (Reaction 4)
Reaction 4 commenced at Invariant Point A’, located near 1.9 GPa, 835°C, where this reaction
first diverged from the chlorite terminal reaction. The designation Invariant Point A’ was
required because the Series 2 composition contained calcium which reduced the stability field
of chlorite to slightly lower P,T conditions; the A’ designation contrasted with Invariant Point A
which applies to the Ca-free system. From 1.9 GPa, the curve underwent a negative backbend
unchanged to Invariant Point D’, near 6.1 GPa, 655°C. A significant backbend occurred at this
point after which the curve assumed a very shallow slope through Invariant Point K (6.2 GPa,
635°C) to Invariant Point F, located near 6.3 GPa, 600°C. The reaction line D-K-F represented
changed reaction products with Mg-sursassite replacing garnet as the stable Al-bearing phase.
Further experimentation is needed to fully constrain the upper boundary of the Reaction 4 at
pressures above 6.3 GPa.
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FIGURE 4.13: Phase relations in chlorite peridotite highlighting key Reactions 3 and 4.
Reaction 3 indicated by blue curve, Reaction 4 by green curve. Other key reactions in this system indicated by black
lines. Circled letters show location of key invariant points – see text for details. Phase abbreviations as previously
denoted.

4.4.4.2 Slope of the chlorite + clinopyroxene curve (Reaction 3)
The Reaction 3 curve maintained a consistent slope from its inception at Invariant Point H,
located near 2.3 GPa, 780°C. With increasing pressure, the curve assumed a negative Clapeyron
slope which rose slightly more steeply than Reaction 4. The slope was unchanged until attaining
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its termination at Invariant Point K, near 6.2 GPa, 635°C. Importantly, this point marked the
convergence of Reactions 3 and 4 in this system.
4.4.5 LOCATION OF INVARIANT POINTS
The experimental results obtained in this study located seven invariant points which showed
strong agreement with those determined by Schreinemakers analysis and those from previous
studies when adjusted for compositional differences.
4.4.5.1 Invariant points relevant to Reaction 4
Reaction 4 linked the four invariant points A’-D’-K-F.
Invariant Point A’ marked the convergence of several important reactions: the chlorite terminal
reaction, the garnet-spinel transition and the low-pressure termination of the chl+opx reaction.
It was located near 1.9 GPa, 835°C. The designation A’ was necessitated as the equivalent point
in the chlorite schist experiments (Chapter 3) was located at higher P,T conditions due to
compositional differences, namely the absence of Ca. Nevertheless, Invariant Point A’ showed
excellent agreement with those of previous studies (Staudigel and Schreyer, 1977; Jenkins,
1981).
Invariant Point D’ was located near 6.1 GPa, 655°C. It involved the termination of both chl+opx
reactions: the D3 reaction which produced grt+ol+H2O and the high-pressure D6 reaction which
produced MgS+ol+H2O. Invariant Point D was located at higher temperature in chlorite schist
experiments (Chapter 3) also due to the absence of Ca in the system, and this required a D’
designation to be allocated for this series. The location of this invariant point shows strong
agreement with that of Bromiley and Pawley (Bromiley and Pawley, 2002) who located this
invariant point near 5.6 GPa, 670°C in a Cr-free system. It contrasts with that of Fumagalli
(Fumagalli et al., 2014) who placed this point at 5.0 GPa, 670°C. However, the complex solid
solution of the MgS phase (Fumagalli et al., 2014, p.979) may have seen its appearance at much
lower pressure.
Invariant Point K was located near 6.2 GPa, 635°C and witnessed the convergence of both key
chlorite reactions in chlorite peridotite: the K2/K6 reaction, the high-pressure form of Reaction
4, and the termination of the K3 reaction (Reaction 3). This point has not previously been
identified in the experimental literature.
Invariant Point F was inferred to be located near 6.3 GPa, 600°C where four important chlorite
reactions converge. It represents the highest-pressure stability of the chlorite phase at 6.3 GPa,
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and the appearance of the 11.5Å-phase in this chemical system.

Further experimental

investigation is needed to constrain the upper pressure boundary of the chl+opx reaction and
other reactions around this invariant point.
4.4.5.2 Invariant points relevant to Reaction 3
Reaction 3 linked the two invariant points H-K.
Invariant Point H was located at 2.3 GPa, 780°C and formed the low-pressure termination of
Reaction 3 (reaction H1). It also saw the convergence of reactions H3 and H6 which together
formed the upper pressure boundary of tremolite. The H3 reaction was a chl+tre reaction which
produced garnet to higher pressure; the H6 reaction between ol+tre saw the appearance of cpx
at higher pressure.
Invariant Point K was located near 6.2 GPa, 635°C and saw the termination of the K3 reaction
(Reaction 3). This point has been described above.
Two additional invariant points – J and G – were also identified in this study which support the
topological arrangement of the key reactions.
Invariant Point J was located at ~1.7 GPa, 825°C and marked the convergence of several key
chlorite reactions: the terminal chlorite reaction (J1 and J3) and the garnet-producing reaction
J7. This invariant point provides an indirect low-pressure connection between Reaction 3 and
Reaction 4.
Invariant Point G was notionally placed at 2.5 GPa, 680°C since few experimental constraints
were established in the current experimental series. This point marked the convergence of the
terminal antigorite reaction (G1 and G3) and the G2 reaction which saw the production of cpx
at the expense of tre. It showed good agreement with Padron-Navarta (Padron-Navarta, et al.,
2010b) who located this invariant point experimentally at 1.9 GPa, 680°C in a Cr-poorer system.
4.4.6 PREVIOUS STUDIES OF CHLORITE STABILITY IN CHLORITE PERDIOTITE
Chlorite stability in peridotite has been the subject of numerous experimental studies over the
past fifty years. Early studies were typically synthesis experiments conducted at low pressure;
more recent studies have attempted to constrain the upper stability limits of chlorite + pyroxene
reactions. Studies in related chemical systems have contributed specific data points on chlorite
stability as a by-product of investigations into other mineral phases. Even so, at this point, a
definitive understanding of chlorite stability in peridotite compositions remains elusive.
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There are two main chemical reactions governing chlorite stability in peridotite compositions at
high pressure. The first,
Chlorite + orthopyroxene = olivine + garnet + H2O

(Reaction 4) (A6)

relevant for depleted harzburgite compositions, has been the focus of the bulk of investigative
work (Bromiley and Pawley, 2002, 2003; Pawley, 2003; Fumagalli and Poli, 2005; Fumagalli et
al., 2014). The second reaction,
Chlorite + clinopyroxene = olivine + garnet + H 2O

(Reaction 3) (H1)

relevant for fertile lherzolite compositions, has been little researched (Jenkins, 1981; Fumagalli
and Poli, 2005; Spandler et al., 2014). Whilst both reactions are thought to occur close in P,T
space (Fumagalli and Poli, 2005), no study has yet investigated this relationship. This is the first
study to examine both reactions within a single study.
4.4.6.1 Previous studies of Reaction 3
There has been little previous work on Reaction 3. Jenkins (Jenkins, 1981) explored the phase
relations of hydrous minerals in the CMASH system but this was restricted to low pressure and
therefore focused on the chlorite reaction with amphiboles. The first experimental study above
2.0 GPa was conducted by Fumagalli and Poli just over a decade ago (Fumagalli and Poli, 2005).
Fumagalli and Poli studied Reaction 3 in the more complex NCFMASH system. The resulting
phase boundary is shown in Figure 4.14 as a red dotted line (the vertical sector). Their results
provided the first data points on this reaction up to 4.0 GPa. The slope of the curve between
2.0 GPa and 4.0 GPa rises more steeply compared to the Reaction 3 curve from the current study
and therefore is not in agreement with the findings of this study. However, it is noted that their
experimental data points were separated by 50°C so the published curve could easily be
adjusted thereby showing good alignment with the current study.
Spandler (Spandler et al., 2014), investigating serpentinite but also working in the NCFMASH
system, located Reaction 4 between 700°C and 750°C at 3.5 GPa, which is in good agreement
with the results of this study.
4.4.6.2 Previous studies of Reaction 4
Pawley (Pawley, 2003) completed the most extensive research into Reaction 4 with a
contribution of 22 data points to constrain the reaction boundary in an Fe-free, Cr-free system.
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Six of these were above 4.0 GPa. The resulting purple dotted curve is displayed in Figure 4.14.
Between ~2.0 GPa to 3.2 GPa and 4.6 GPa to 5.2 GPa, the slope of the curve showed good
agreement with the current results. However, the Pawley curve underwent a sharp backbend
near 3.2 GPa and maintained a low-angle slope to its termination ~5.2 GPa, 620°C. In the current
study, this backbend occurred at considerably higher pressure near 6.1 GPa but the slope of
each curve aligned well following the backbend. Compositional differences provide some
explanation for these differences.

FIGURE 4.14: Key chlorite reactions from current study compared with previous studies.
Solid black lines indicate the phase diagram from current experimental work. Reaction 3 is highlighted in blue;
Reaction 4 is coloured in green. Dotted coloured lines indicate reaction curves from previous studies. Note the
contrasting gradients, especially at high pressure, of curves from this study compared with previous studies. Note also
the similarity of slope between current study and the antigorite dehydration curve. Phase abbreviations as previously
denoted.

Fumagalli and Poli (Fumagalli and Poli, 2005) examined the stability of chlorite peridotite using
a proxy ‘natural’ bulk composition in the NCFMASH system. Their exploration of Reaction 4
produced 10Å-phase instead of the expected grt+ol+H2O combination. The reaction curve
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appears in Figure 4.14 as a red, dotted line (the low-angle section). Its slope and its location
closely mirrored that of Pawley which is surprising given the compositional differences. The
absence of additional data in the high P, low T region of their study suggests that other phases,
including chlorite, may be stable there. Except for Cr and Na, the bulk composition used in the
Fumagalli study is close to that used in the current study. The slope of each curve after the
backbend is very similar, therefore it is hard to account for the displacement of the Fumagalli
curve to significantly lower pressure compared with the current results.
Bromiley and Pawley identified new data points on chlorite stability at high pressure from
synthesis experiments conducted on Mg-sursassite and antigorite (Bromiley and Pawley, 2002,
2003). Both curves are shown in Figure 4.14 as yellow and orange curves respectively. The slope
of the curve in the B&P02 study shows strong alignment with that of Reaction 4 in the current
study once adjusted for various compositional differences. The location of the invariant point
shown on all three studies also show good agreement. The slope of the B&P03 curve shows
little agreement with the results of the current study at high pressure. However, the slope is
well aligned with the P03 curve although elevated by more than 0.5 GPa. This is interesting since
it is of the same reaction in the same chemical system.
4.4.7 ABSENCE OF 10Å-PHASE IN THE CURRENT STUDY
10Å-phase has been investigated in several high-pressure experimental studies (Bauer and Sclar,
1981; Wunder and Schreyer, 1992; Pawley and Wood, 1995; Fumagalli et al., 2001; Fumagalli
and Poli, 2005; Pawley et al., 2011; Rashchenko et al., 2016) to accurately determine its
composition, crystallographic structure and the dimension of its stability field. Some debate
remains surrounding composition including water content, swelling behaviour and potential
reaction with acetone at the preparation stage, experimental run time, and the capacity of the
10Å-phase to form mixed-layer structures. Regardless, the lower 10Å-phase stability field
corresponds to a large segment of the P,T region of the current study. So why wasn’t the 10Åphase identified? There are several possible explanations.
The bulk composition used in the current study did not favour the formation of 10Å-phase. As
shown in the bulk chemography (see Figure 4.1), this was a chlorite-rich starting mix, and so
there was insufficient SiO2 to crystallise 10Å-phase. The current study comprised <37 wt% SiO2
whereas in the Fumagalli study, for example, (Fumagalli and Poli, 2005) SiO2 formed >45 wt% in
each of the PX, HZ and LZ samples.
This study contained chromium which elevated the chlorite stability field to higher pressure and
temperature. The follow-on effect of this may have been to elevate the low-pressure boundary
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of any potential 10Å phase to pressures beyond the constraints here. Alternatively, the elevated
chlorite field may have favoured the formation of MgS, for example, over 10Å-phase at the
higher P,T conditions.
Starting mixes may impact stability of the 10 Å-phase. Gels have commonly been used in the
preparation of the starting material (Bauer and Sclar, 1981; Wunder and Schreyer, 1992;
Fumagalli and Poli, 2005; Pawley et al., 2011) as opposed to crystalline starting material in the
current study. This was done to facilitate phase synthesis (Fumagalli and Poli, 2005). Perversely,
this may have resulted in the 10Å-phase remaining as a metastable phase (Wunder and
Schreyer, 1992) at high pressure.
The quantity of Al in the 10Å-phase remains unresolved at present. Two natural samples of 10Åphase have been reported (Smith, 1995; Khisina and Wirth, 2008) which contained trace
aluminium (≤0.05 a.p.f.u. Al). However, all experimental studies of 10Å phase have been entirely
Al-free with the exception of two studies (Fumagalli and Poli, 2005; Dvir et al., 2011) where 10Åphase contained considerable aluminium at >0.7 a.f.p.u. Al. A probable explanation for Al-rich
10Å phase would be a mixed-layer structure, with chlorite accommodating talc or another
phyllosilicate in the interlayers of the crystal (Fumagalli and Poli, 2005; Dvir et al., 2011), or by
other exchange mechanisms, such as a di-tri-octahedral exchange (Fumagalli and Poli, 2005) or
hydrogarnet substitution (Welch et al., 2006) which suggests that 10Å phase is an Al-free
mineral. In the current study, the chemography of the starting mix locates the 10Å-phase, using
the Al-free stoichiometry, some distance from the bulk composition indicating that it is unlikely
to form in this bulk composition. However, if this phase could accommodate up to 10 wt% Al,
then it would be repositioned within the tie-lines connecting grt-ol-opx, increasing the likelihood
of its formation. Further investigation of the thermodynamic relationship of these phase
relations would be useful.
4.4.8 THE IMPACT OF CA ON CHLORITE STABILITY
The effect on chlorite stability in the MASH system was explored through the addition of Fe and
Cr to the bulk composition (see Chapter 3). It was shown that Cr enhanced chlorite stability to
both higher pressure and temperature. The presence of Fe, however, reduced the stability field
of chlorite to lower temperatures but this effect reduced as pressure increased. At pressures
above ~4.4 GPa, Fe enhanced chlorite stability to higher pressure.
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FIGURE 4.15: Reaction 4 curves from Series 1 and Series 2.
Reaction 4 occurred in both chlorite peridotite (green curve, CMASH system) and in chlorite schist (purple curve, MASH
system). The difference in P,T location of this reaction in both systems is inferred to be due to the impact of Ca. Phase
abbreviations as previously denoted.

Series 2 experiments included a third element in the bulk composition - calcium. What effect, if
any, did this additional component have on chlorite stability in the CMASH system? This was
readily determined through a direct comparison of experimental results of Reaction 4 from
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Series 1 and Series 2. Curves are displayed in Figure 4.15. Results of the comparison are
displayed in Table 4.5.
At each selected pressure interval, the thermal stability of chlorite in Series 2 was reduced by
30-40°C compared with Series 1. This was due to the incorporation of Ca into garnet thereby
expanding the garnet stability field to lower temperature. In low pressure experiments (2.5
GPa), chlorite breakdown occurred at 840°C in Series 1 compared to 810°C in Series 2. In high
pressure experiments (6.0 GPa), chlorite disappeared at 660°C in the Ca-bearing composition
against 690°C in the Ca-free system. At intermediate pressures, the space between the reactions
widened slightly to >35°C creating a slight bulge.

TABLE 4.5: Effect of Ca on chlorite stability
There is a consistent temperature reduction at all pressure intervals due to the addition of calcium to the chemical
system. Abbreviations: L17=Lakey 2017, the current study.

Few studies have been undertaken examining the chemical relationship between chlorite and
Ca-bearing phases. Jenkins (Jenkins, 1981) was the first to examine reactions between chlorite
and Ca-amphibole up to 1.5 GPa, concluding that chlorite stability was indifferent to the
presence of calcium. In contrast, Fumagalli and Poli (Fumagalli and Poli, 2005) found that the
stability field of chlorite was increased to lower temperature when reacted with clinopyroxene,
results which concur with the current study. Presumedly, the conflicting results are due to
differences in phase relations or to the difficulties with pressure calibration.
4.4.9 DELINEATION OF REACTION 3 AND REACTION 4
This is the first experimental study to examine Reactions 3 and 4 in the same study. Each curve
has been examined separately but how close are they in P,T space? What is their importance to
the stability of chlorite peridotite?
Previous studies have suggested that both reactions were close in P/T space (Ulmer and
Trommsdorff, 1999; Pawley, 2003; Fumagalli et al., 2014) and this was confirmed by this study
as displayed in Figure 4.16.
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FIGURE 4.16: Arrangement of divariant fields in Reactions 3 and 4
Solid solution led to the creation of a complex arrangement of divariant fields. The garnet divariant field formed by
Reaction 3 is shown in blue. Reaction 4 involved three divariant fields: a garnet field (green), an MgS field (yellow)
and an associated spinel field (orange). As can be seen, several of these fields overlap.

The maximum thermal stability of chlorite peridotite at low pressure was found at different P,T
locations: fertile lherzolite, determined by Reaction 3, terminated at Invariant Point H near 2.3
GPa, 780°C. Depleted harzburgite, denoted by Reaction 4, terminated at Invariant Point A’ near
1.9 GPa, 835°C.

With increasing pressure, the chlorite-out boundary for each reaction

underwent gradual convergence. At 2.5 GPa, they were separated by ~45°C. At 4.0 GPa, the
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temperature range had reduced to ~30°C. At 4.9 GPa, where MgS first appeared, the curves
were separated by only 20°C. By Invariant Point D at 6.1 GPa, 655°C, the curves were separated
by <20°C. They converged at Invariant Point K at 6.2 GPa, 635°C.
Due to Mg-Fe and Al-Cr solid solution, each reaction created several divariant fields, the width
of which varied with pressure and phases involved. The result was a complex arrangement of
divariant fields, many of which overlapped. A single narrow region was identified where true
separation existed between Reactions 3 and 4 which revealed a small temperature interval
between 2.3 GPa and 3.4 GPa. At higher pressure, divariant boundaries intersected. With
garnet being a product phase in each key reaction, combined with their proximity, clear
delineation of divariant fields accompanying each reaction was unable to be constrained
experimentally in this series. The location of boundaries marked here have been informed by
the change in garnet composition of garnet rims.
The appearance of garnet marked the commencement of Reaction 3 (Figure 4.16, blue region).
The width of the divariant field increased with pressure. At the low-pressure termination of this
reaction, the width of the grt+cpx field was ~30°C. At 4.0 GPa, this had increased to ~40°C, and
to 50°C by 5.0 GPa. Between 5.0 GPa and Invariant Point K, the width of this field began to
reduce such that it was only 20°C wide at its high-pressure termination.
Reaction 4 also commenced with the appearance of garnet (Figure 4.16, green region). At the
low-pressure termination of this reaction, the garnet field extended to around 35°C wide. The
width of this field remained consistent to 4.9 GPa, when MgS made an abrupt appearance and
began to replace garnet as the stable Al-phase at high pressure. At pressures above 4.9 GPa,
the MgS divariant field (Figure 4.16, yellow region) encompassed a 40°C temperature interval
which widened with increasing pressure to >60°C at 6.2 GPa. The MgS phase had an extended
stability field in Series 2 compared with that reported in Chapter 3, almost certainly due to the
presence of calcium. Like garnet, Mg-sursassite can accommodate calcium, which enables the
stability field to be increased to lower pressure and temperature.
The presence of spinel (Figure 4.16, orange region) indicated that the garnet-spinel transition
had moved to higher pressure due to the addition of Cr. Whilst not a product phase of Reaction
4, this phase was only present in run products of this reaction hence its inclusion here. At
Invariant Point A’, this created a field ~50°C wide. With increasing pressure, this field narrowed
consistently to zero at 4.0 GPa which marked the maximum stability of spinel.
These results show that Reaction 4 played a significantly more important role in chlorite
peridotite than Reaction 3. The formation of MgS, a hydrous mineral formed contiguously with
chlorite disappearance at high pressure, enabled water, which would otherwise have been
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released as free water with chlorite breakdown, to be sequestered to much higher pressures.
This issue will be covered later in the discussion.
Reactions 3 and 4 were found to be proximal in P,T space, separated by some 45°C at low
pressure and converging by 6.2 GPa. However, the complex arrangement of divariant fields
associated with both reactions show that in natural systems, at sub-arc depths, Reactions 3 and
4 cannot be neatly separated in high-pressure P,T space.
4.4.10 CONTRASTING PATTERNS OF CR-AL PARTITIONING
A comparison of experimental results from Series 1 and Series 2 revealed contrasting patterns
in the partitioning of chromium and aluminium.
Series 1 experiments in a chlorite schist composition showed that Cr-Al partitioning displayed
no correlation when plotted against temperature and pressure (see 3.2.6). This contrasted
significantly with the experimental results from the current Series 2 in a chlorite peridotite
composition. Here, Cr-Al partitioning between spinel and garnet revealed a significant positive
association with increasing pressure and a moderate positive association with increasing
temperature (see 4.3.5). The explanation for this marked difference was related to the different
chemical reactions involved in each series. In the current series, the spinel stability field was
extended to ~4.0 GPa whereas in Series 1, it was extended further to ~5.7 GPa. However, the
field extension was not a determining factor in the change to Cr-Al partitioning. Instead, it
concerned the key reactions involved.
In the current Series 2, chlorite disappeared according to Reaction 4, namely
chl+opx=ol+grt+H2O which occurred between 1.9 GPa and 6.2 GPa. Spinel was not a product
phase of this reaction. The presence of spinel up to 4.0 GPa was as a result of Reaction A2,
namely sp+opx=grt+ol+H2O which commenced ~2.0 GPa and, due to spinel-garnet solidsolution, continued up-pressure to 4.0 GPa where the upper boundary of spinel stability was
attained. Cr-Al partitioning between spinel and garnet accorded with previous studies (O’Neill,
1981; Brey et al., 1990; Ziberna et al., 2013; Fumagalli et al., 2014) with spinel partitioning
greater quantities of Cr with increasing pressure, as shown in Figure 4.10b.
In Series 1, however, chlorite disappeared according to the terminal chlorite Reaction 2/A1,
namely: chl=grt+ol+sp+H2O between 2.3 GPa and 5.7 GPa. In this case, spinel was a reaction
product, but it marked a predominantly thermal stability boundary and Cr-Al partitioning
between newly-formed spinel and garnet was unaffected by change in temperature, as shown
in Figure 3.12b.
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FIGURE 4.17: X Cr in garnet and spinel vs pressure
Plot showing XCr in garnet and spinel vs pressure from three experimental studies: the current study (Series 1 and Series
2) and Fumagalli (Fumagalli et al., 2014). The black dotted line marks the solid-solution boundaries between garnet
and spinel at high temperature after Webb and Wood (Webb and Wood, 1986). The experimental results from Series
2 (chlorite peridotite) show a widening gap between garnet and spinel as pressure increases. This trend shows
excellent agreement with results of both Fumagalli and Webb and Wood (Webb and Wood, 1986; Fumagalli et al.,
2014). However, the results from Series 1 (chlorite schist) show a narrow gap between garnet and spinel with
increasing pressure with the XCr values in both phases remaining relatively constant.

A similar contrasting pattern was observed when the concentration of chromium in co-existing
spinel and garnet from three studies was plotted against pressure, as shown in Figure 4.17.
Results from Series 2 showed the gap in X Cr values between garnet and spinel widened
persistently as pressure increased, predominantly due to change in spinel composition. Garnet
values remained consistent: ~0.05 at 1.5 GPa and at 4.0 GPa whilst those of spinel rose from
~0.13 at 1.5 GPa to ~0.68 at 4.0 GPa.
Series 2 results showed excellent agreement with the general trend reported by Fumagalli
(Fumagalli et al., 2014) where XCr values of garnet rose only slightly with increased pressure
whilst those of spinel rose considerably across the same pressure interval. However, whilst
Fumagalli’s experiments were conducted at a similar pressure range to Series 2, they were
conducted at higher temperatures (>100°C) and with composition greatly enriched in Cr
compared to Series 2 which displaced the spinel boundary to higher pressure.
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Using

experiments conducted at 3.5 GPa as a comparison point, Fumagalli reported X Cr grt=~0.05 and
XCr sp=~0.15 (3.5 GPa, 900°C) whilst in Series 2 (3.5 GPa, 770°C) XCr grt=0.08 and XCr sp=0.58.
Series 1 results displayed little similarity with results of either Series 2 in the current study or
with those of Fumagalli and stood in stark contrast. In Series 1, XCr values showed a narrow gap
as pressure increased. Garnet varied little with increasing pressure across the series, increasing
from ~0.03 at 2.0 GPa to 0.05 at 6.2 GPa whereas spinel values ranged from ~0.08 at 2.0 GPa to
~0.14 at 6.2 GPa with a high value of 0.18 at 5.0 GPa.
4.4.11 IMPLICATIONS FOR BOUND WATER IN CHLORITE PERIDOTITE
Previous studies report that fertile lherzolites could comprise between 16 wt% (Schmidt and
Poli, 1998) and 23 wt% (Tatsumi, 1989) chlorite whilst depleted harzburgites could contain up
to 8 wt% chlorite (Schmidt and Poli, 1998; Till et al., 2012). However, the quantity of chlorite
that can exist in any part of a subduction zone is dependent upon P,T conditions and the phase
relations that occur at those conditions. This study has demonstrated that chlorite is stable to
pressures >6.3 GPa with ~1.0 wt% water sequestered in the hydrous MgS phase. This is a
considerable increase in the previously reported chlorite stability field.

Consequently,

chloritized peridotite should comprise a larger proportion of mantle rocks to depth and this will
have implications for water release and availability in the sub-arc. This section examines three
related issues concerning chlorite peridotite: P,T conditions governing water release, estimate
volume of water released upon breakdown, and the temperature profile of the subducting slab
in contact with mantle rocks.
4.4.11.1 Release of bound water in chlorite peridotite
The breakdown of chlorite in chlorite peridotite was controlled by two key reactions. At all
pressure intervals, the Reaction 3 yielded the anhydrous products grt+ol and the release of all
water over a narrow temperature interval. At low pressure, Reaction 4 also produced an
anhydrous assemblage and a water release; at high pressure, however, an additional hydrous
phase MgS formed at high pressure which sequestered nearly 1 % of the water originally
contained in chlorite.
Figures 4.18a and 4.18b show the pattern of water release at 3.0 GPa and 6.0 GPa respectively.
At 3.0 GPa, a total of 10.14 wt% water was released over an 80°C interval between 720°C and
800°C. Due to the proximity of Reactions 3 and 4, this likely occurred as a continuous release
over this temperature interval. The chl+cpx reaction occurred over ~30°C (720°C-750°C) and
yielded between 0.7 wt% and 2.7 wt% water. The chl+opx reaction occurred over a narrower
121

20°C interval between 770°C and 790°C and delivered between 7.4 wt% and 9.4 wt% water.
Precise estimations of water release from each reaction was not able to be determined
experimentally due to the proximity of both reactions. After 800°C, no hydrous minerals were
present.

FIGURE 4.18: Release of water from hydrous phases in chlorite peridotite.
a) Quantity of water released at temperature intervals at 3.0 GPa. Note that Reaction 3 releases less water than the
does Reaction 4. Chlorite breakdown according to Reaction 4 occurs over a ~40°C interval. b) Quantity of water
released in temperature intervals at 6.0 GPa. Chlorite breakdown releases water over a narrow ~40°C interval.
However, nearly 10 wt% of its water remains sequestered in the MgS phase, which itself remains stable to
temperatures beyond this study.

At 6.0 GPa, water release of 9.18 wt% occurred over a slightly narrower temperature interval
between 590°C and 650°C. Both reactions occurred in the same P,T space. The chl+cpx reaction
contributed <2.7 wt% water between 610°C and 640°C. Reaction 4 occurred over the full
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temperature interval at this pressure and released <9.8 wt% water. Whilst the maximum
thermal stability of chlorite was near 650°C at 6.0 GPa, the hydrous MgS phase appeared as a
breakdown product from Reaction 4 which, importantly, retained ~0.96 wt% water. Previous
research indicates MgS would be stable to near 750°C at this pressure (Bromiley and Pawley,
2002) raising the prospect that MgS could be subducted to pressures beyond the sub-arc.
Patterns of water release in Figure 4.18 show a semi, stepwise progression (Padron-Navarta et
al., 2013) as each reaction is encountered with increasing temperature, hydrous phases release
water over a narrow temperature interval which has implications for subduction metasomatism.
4.4.11.2 Slab surface and mantle wedge temperature and its impact on chlorite stability
The temperature at the surface of a descending slab ultimately determines the stability of any
hydrous minerals in contact with its surface; that is, those minerals which have formed on the
slab itself, in the subduction channel, or are present on the hanging wall of the overlying mantle.
Several geophysical models have estimated the thermal profile of the descending slab using data
determined from across the earth sciences. One data component concerns the P,T stability of
mineral phases: the more accurate their determination, the better the model. This study has
shown that chlorite is stable to much higher pressures and temperatures than previously
thought, and importantly, its thermal breakdown leads to the formation of Mg-sursassite. This
hydrous mineral retains 1.0 wt% water from chlorite, is stable to much higher pressure than
chlorite and so can act as a vehicle for the transportation of water to beyond sub-arc depths.
This new experimentally-determined chlorite data can be used to improve the accuracy of
subduction zone geophysical models.
Figure 4.19 illustrates the P-T path taken by cooler slabs during subduction based on two recent
geophysical models. The first, shaded purple, is from Arcay (Arcay et al., 2007). The second,
shaded in both orange and yellow tones (representing slab surface and internal slab
temperatures respectively) is from Syracuse (Syracuse et al., 2010). The grey dashed line, which
largely passes through the Arcay model, marks the P-T path of the coolest of modelled
subducting slabs, the Tonga slab. The choice of these models was justified in Chapter 3. The
upper thermal stability of chlorite lherzolite (Reaction 3) is marked in light blue, and chlorite
harzburgite (Reaction 4) in green. The green dotted line shows the extent of the MgS stability
field which was only produced from Reaction 4 and therefore becomes the focus of this section.
The Arcay model indicates that slab surface temperatures (SST) encompass a maximum thermal
range of ~150°C. At 4.9 GPa, the range expected is between ~630°C and ~760°C. The current
study indicated that the breakdown of chlorite and formation of MgS via Reaction 4 commenced
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at 4.9 GPa near 710°C. Therefore, these experimental results are considered representative of
SST’s modelled by Arcay, and so supports the feasibility of MgS maintaining stability to mantle
depths.

FIGURE 4.19: Model slab surface temperatures (SST) compared to Reactions 3 and 4.
Stability fields of Reactions 3 and 4 are compared with two recent geophysical models: Arcay (Arcay et al., 2007),
shown in purple, and Syracuse (Syracuse et al., 2010) shown in orange and yellow. The grey, dashed line marks the PT path of the Tonga slab, the coolest of all subducting slabs, also from Syracuse. Stability field of MgS is shown as
green dotted line. Stability fields of other key chlorite reactions (black) from current study. These results show that
at the slab surface, chlorite breakdown would be complete with all water released to the sub-arc. In contrast, within
the slab, chlorite and MgS would remain stable thereby transporting bound water to the deep mantle.

When curves for Reactions 3 and 4 were compared to the Syracuse model (Figure 4.19, orange
region), it was apparent that beyond 4.6 GPa, the point where the Tonga slab surface
temperature (SST) intersected the chlorite breakdown reaction, the SST would be too hot for
chlorite to survive. According to their D80 model, the fast subduction rate of the Tonga slab
meant that its P-T path did not intersect the MgS stability field, exceeding it by some 0.4 GPa
and 20°C. This means chlorite would breakdown entirely, releasing its water prior to the
formation of MgS. However, this model is based on many numerical assumptions, small changes
in which can markedly alter the modelled results. The D80 model produced a wide temperature
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variation in predicted slab surface temperatures - from 24°C to 397°C at 30km depth and 850°C
to 1141°C at 240 kms depth. Other thermal models report similar temperature variations
(Cooper et al., 2012; Penniston-Dorland et al., 2015). Therefore, small variations in pressure
and temperature between these experimental results and estimates from the D80 model does
not diminish the feasibility of a cooler subducting slab, such as Tonga, being able to intersect the
MgS stability field enabling the carriage of water to the deep mantle.
The D80 model incorporated an extensive temperature range: the model estimated the SST at
240 kms as well as the minimum SST at the same depth (Syracuse et al., 2010, p.78). In the case
of the Tonga plate, this created a temperature range of 871°C to 265°C respectively. Since the
interior of the slab is considerably cooler than its surface, the minimum SST in the D80 model
could easily be considered a proxy for the temperature of the slab interior, which is what has
occurred here. This is shown in Figure 4.19 in yellow.
The experimental results of Reactions 3 and 4 showed they are representative of interior slab
temperatures. At pressures between 4.6 GPa and 4.9 GPa, chlorite would remain stable, and at
any pressure above 4.9 GPa, MgS would remain within its stability field. This indicates that water
would remain sequestered in chlorite and/or MgS beyond the sub-arc to mantle depths.
4.4.11.3 Estimation of free water contribution from chlorite peridotite
Figure 4.20 shows the pathway taken by subducting slabs of various temperatures according to
their rate of descent. This affects the depth at which hydrous minerals break down. The yellow,
orange and purple regions refer to slab temperatures by geophysical models. Reaction 3 is
shown in light blue; the green shades refer to Reaction 4.
Pathway 1 tracks a typical route taken by a slab which exhibits a comparatively moderate to hot
surface temperature profile. Most subduction zones fit this profile. This pathway would apply
equally to either Reaction 3 or 4 since the descending slab would cross the maximum thermal
stability of either reaction curves at any point below 4.9 GPa. At the crossing point, all 10.1 wt%
water would be released over a small temperature interval and it would remain entirely within
the sub-arc.
Pathway 2 would apply to a slab with a much cooler surface thermal profile indicative of rapid
descent during subduction. Existing geophysical models suggest that few slabs possess such a
low temperature surface profile - a handful in the Pacific including Tonga are closest – but
numerous slabs have internal slab temperature profiles in agreement with geophysical models.
At any crossing point above 4.9 GPa, 710°C, the slab would enter a small divariant stability field
where chlorite and Mg-sursassite co-exist in accordance with reaction K2/D6 discussed
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previously. This reaction would lead to the release of ~1.4 wt% water over a small temperature
interval with the remaining 8.7 wt% bound in the hydrous phases chlorite and MgS. With a
temperature increase of ~50°C, Reaction 4 reaches maximum thermal stability whereby chlorite
would disappear and lead to the release of 7.8 wt% of the water bound in chlorite and 0.9 wt%
water retained MgS. This equates to a slightly broader temperature band over which water is
released.

FIGURE 4.20: Estimated water liberation from chlorite peridotite along three P,T paths
Two P-T paths represent the different phase products following chlorite Breakdown. Below 4.9 GPa, Reactions 3 and
4 (blue and green lines and text respectively) release all water when maximum thermal stability is reached. This is
shown by Pathway 1. Above 4.9 GPa, however, chlorite breakdown along Reaction 4 produces the hydrous MgS. This
creates a small region where chl and MgS co-exist, and then an MgS only region following chl disappearance. This is
shown by Pathway 2 and results in a slower release of water. Stability fields marked in red text. Assumptions on
water budget and phase relations after Schmidt and Poli (Schmidt and Poli, 1998, 2014).

This study has identified an increased stability field of chlorite which has important implications
regarding water in the subduction zone.
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In the subduction zone, chlorite formation is made possible due to the provision of water from
the dehydration of antigorite.

As antigorite exceeds its maximum thermal stability, it

dehydrates, releasing all its water over a small temperature interval. As this water contacts
peridotite, some will be incorporated into newly-formed chlorite. The remainder rises as free
water through the sub-arc and no longer plays a role in deeper subduction zone dynamics.

FIGURE 4.21: Subduction zone profile showing stability of ultramafic hydrous minerals.
Cartoon adapted from Schmidt and Poli (Schmidt and Poli, 2014) which shows a vertical profile of a subduction zone.
The area of the slab shaded turquoise indicates the stability field of hydrous minerals found in chlorite peridotite.
Coloured dotted lines marked below the slab represent the stability field of each hydrous mineral. The narrow region
above the slab shaded mid-green and light-green indicate the area of mantle wedge peridotite which has been
chloritised and serpentinised respectively following fluid release from the descending slab. Large black arrows indicate
the direction of advected mantle flow following slab-mantle coupling. The results of this study show that, in cooler
subduction zones, chlorite and MgS are stable hydrous minerals to nearly 200 kms depth which greatly affects the
release rate and distribution of free water in the subduction zone. “SWI”=Slab-wedge interface.

This study showed that chlorite possesses a larger stability field than previously recognised: its
maximum pressure stability increased from ~5.0 GPa to ~6.3 GPa. In this region, chlorite would
form and remain stable for a further 40 kms deeper in the subduction zone than previously
thought. This is shown graphically in Figure 4.21. A fertile lherzolite is estimated to produce
16.4 wt% chlorite (containing 2.1 wt% water) and a depleted harzburgite up to 8.2 wt% chlorite
(comprising 1.06 wt% water) (Schmidt and Poli, 1998). It follows then, that in this pressure
interval, as antigorite undergoes dehydration, some 43 % of the water released would be
sequestered into newly-formed chlorite lherzolite, and around 22 % water would be
incorporated into chlorite harzburgite. Therefore, between one quarter and one half of the
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water released during the antigorite terminal reaction, previously thought to be ‘free’, is bound
in chlorite-rich rocks at 150 kms and 190 kms depth in the subduction channel. This is a
significant reduction in the quantity of free water thought to be present in the sub-arc.
At depths below 190 kms, chlorite breakdown leads to the storage of around 9.5 wt% of its
original water content in the MgS phase. This equates to 1.5 wt% water retained in chlorite
lherzolite and 0.8 wt% water in a chlorite harzburgite. MgS is stable to at least 10 GPa, 800°C
(Fockenberg, 1998; Bromiley and Pawley, 2002; Wunder and Gottschalk, 2002) which provides
a significant volume of water available for transportation to the deep mantle.
These results bring into question two prevailing views about the importance of chlorite in the
subduction zone (Schmidt and Poli, 2014).
The first concerns antigorite as the main hydrous mineral in the subduction zone. It is contended
that the high-pressure stability curve for chlorite crosses that of antigorite near 4.8 GPa,
rendering chlorite of less importance as a purveyor of water beyond 140 kms in the sub-arc. This
study has shown that chlorite is stable to considerably higher pressure and in fact never crosses
the antigorite-out curve at any point. The thermal stability of chlorite is also greater by >80°C.
This provides compelling evidence that chlorite, in fact, should be considered the most
important mineral in the subduction zone.
The second point concerns the place of the 10Å-phase. It has been proposed that the 10Å-phase
replaces chlorite as the stable Al-bearing phase in peridotites at pressure above 4.8 GPa. This
study and others (Fumagalli et al., 2014; Spandler et al., 2014) failed to identify this phase in
experiments using peridotite compositions. Instead, chlorite has been shown to fill most of the
P,T space thought to be occupied by the 10Å-phase.
An interesting observation concerns the comparison of the MgS stability field with the 10Åphase as shown in Figure 4.21. Both fields show a high level of congruence which may signal a
possible relationship. This warrants further investigation. This study has highlighted the
importance of MgS as a hydrous mineral in peridotite compositions as it forms congruently
following chlorite breakdown and is thus able to sequester large quantities of water to mantle
depths.
4.4.11.4 Extension to the hydrous-anhydrous boundary
The results of the current study provide justification for the realignment of the hydrousanhydrous boundary up-temperature to the new experimentally-determined thermal boundary
of hydrous minerals relevant to chlorite peridotite. This is represented graphically in Figure 4.22.
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FIGURE 4.22: Extension of the hydrous-anhydrous boundary in chlorite peridotite.
Location of the former hydrous-anhydrous boundary: red boundary after (Schmidt and Poli, 1998) and purple boundary
after (Schmidt and Poli, 2014). The thermal increase of the new anhydrous boundary compared with previous studies
is shown by red and purple arrows respectively.

The 1998 boundary, marked in red (Schmidt and Poli, 1998), displayed the maximum thermal
stability of hydrous phases at high pressure. The sharp angle at which the phases antigorite and
Phase A converged near 6.2 GPa, 580°C formed an ‘anhydrous nose’. The revised 2014
boundary, marked in purple (Schmidt and Poli, 2014), now included the 10Å-phase which
effectively eliminated the anhydrous nose and increased the anhydrous-hydrous boundary by
~90°C. The results of the current study suggest a further thermal increase in the hydrousanhydrous boundary, marked in dark blue, due to the presence of chlorite and Mg-sursassite.
All three boundaries are shown in Figure 4.22. The up-temperature shift in the hydrousanhydrous boundary occurs between 2.8 GPa and >7.0 GPa but the width of this field varies with
pressure. At 3.0 GPa, the increase is in the order of <20°C. This field reduces in width to zero
near 3.8 GPa where all three boundaries intersects. Between 4.0 GPa to 4.5 GPa, the width of
the field increases from zero to ~50°C, and then narrows slightly at 4.9 GPa to ~20°C or as much
as 70°C when compared to the 1998 boundary. 4.9 GPa also marks the location of the new up129

temperature ‘anhydrous nose’ and the commencement of the MgS stability field.

With

increasing pressure, the thermal displacement of the hydrous-anhydrous boundary continues to
increase. At 6.2 GPa, the revised boundary is situated near 730°C compared with 580°C (1998)
and 670°C (2014). At 7.0 GPa, the results of this study infer a 70°C increase in the hydrousanhydrous boundary compared to previous measures.
Whilst the thermal increase is not enormous, the up-temperature boundary shift increases the
number of slabs with low SSTs able to transport chlorite and MgS to depths beyond the sub-arc
before liberating water, which raises the importance of both hydrous minerals in subduction
zones.

4.5 CONCLUSIONS AND IMPLICATIONS
This experimental series established new data on chlorite stability at high pressure. At low
pressure, chlorite stability was determined by the model reactions:
Reaction 3: chlorite + clinopyroxene → garnet + olivine + H2O
Reaction 4: chlorite + orthopyroxene → garnet + olivine + H2O
For Reaction 3, increased pressure did not affect reaction products. However, above 4.9 GPa,
in Reaction 4, MgS began to replace garnet as the stable Al-bearing phase at high pressure which
enabled ~1 wt% water to be sequestered in this hydrous phase which is stable to at least 10 GPa,
800°C. Therefore, Reaction 4 is more important in relation to the stability of chlorite peridotite.
The maximum thermal stability curve for Reaction 3 and Reaction 4 each exhibited a steep,
negative Clapeyron slope which contrasted with all previous experimental studies. At 2.5 GPa,
the curves were separated in P,T space by ~45°C, with Reaction 3 at the lower temperature, but
with increasing pressure they gradually converged until finally meeting at 6.2 GPa, 635°C. After
this invariant point, the upper phase boundary underwent a sharp backbend to lower
temperature, and although the upper boundary remains to be fully constrained, the chlorite
stability field is shown to be greatly expanded to higher pressure. The addition of calcium to the
bulk composition was shown to lower the chlorite stability field by a consistent 35°C. Even so,
the net impact was that the curves for Reaction 3 and Reaction 4 moved to slightly higher
temperatures compared to previous research which necessitated an adjustment to the
anhydrous boundary by up to 70°C.
These experimental findings have important implications for water transport in the subduction
zone. The increased chlorite stability field signifies that chlorite is stable to 190 kms depth, some
40 km deeper than determined by previous investigations. Geophysical modelling suggests that
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chlorite peridotite could remain stable in cooler subduction environments. This means that the
release of water from chlorite into the sub-arc would be delayed and would occur at greater
depth which would impact models which depend upon water being released at shallower levels.
Chlorite breakdown reactions at all pressures releases water over a narrow temperature interval
but the results of this study indicate that the width of this interval increases slightly with
increased pressure - from 30°C to 40°C. The water contribution from Reaction 3 is less than for
Reaction 4. Significantly, around 10 wt% of the water contained in chlorite following Reaction 4
is retained in the hydrous MgS phase. With its stability to pressures beyond the sub-arc, it is
entirely feasible that MgS could act as a transport vehicle for bound water to the deep mantle.
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CHAPTER 5: THE STABILITY OF MAFIC CHLORITE SCHISTS AT SUB-ARC
PRESSURES – IMPLICATIONS FOR SLAB DIAPIRS AND MANTLE MELTING

5.1. INTRODUCTION
Subduction zone mélanges contain chlorites of varied composition, but our knowledge of their
stability fields extends little beyond that of the end-member clinochlore. To enhance our
understanding of the numerous fluid processes and mechanisms in subduction settings, an
investigation of mafic chlorites, in addition to the Mg-rich chlorites already studied, is essential.
In this chapter, the stability of chlorite at sub-arc pressures will be explored over a more
extensive range of temperatures than in previous chapters. To ascertain the maximum thermal
stability field of mafic chlorite, experiments will be conducted at lower temperatures using a
variety of chlorite compositions exhibiting differing Mg#.

Conversely, to determine the

temperature at which chlorite begins to melt, the same high Mg# chlorite can be used as in the
previous chapter. These results will shed new light upon two issues: whether the mélange diapir
model is feasible as a unifying, conceptual model to explain the source of arc magmas, and the
intractable debate over the location of the wet peridotite solidus.
This experimental series aimed to determine chlorite stability at sub-arc conditions using three
contrasting bulk compositions. To facilitate a stability study of Fe-rich chlorites, two samples
were selected: SY3 (Mg#=0.50) and SY4 (Mg#=0.68). To establish the melting temperature of
high-Mg chlorite, the bulk composition used in Series 2 (Chapter 4) was used (Mg#=0.94). In
each instance, only natural rocks were used.
Twenty-two isobaric (3.0 GPa) data points were established, encompassing a temperature range
of 500°C to 1150°C. For convenience, starting materials for each experimental set have been
described separately in the section 5.2 below.
5.1.1. MÉLANGE DIAPIRS
Geophysical studies have identified regions of low-density instability within a low viscosity
channel (Hebert et al., 2009) or subduction channel (Blanco-Quintero et al., 2010) between the
subducting plate and the mantle wedge, thought to represent diapiric upwellings (Cloos and
Shreve, 1988; Hall and Kincaid, 2001). Diapirs are a well-recognised geological phenomenon
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known to transport sediments (Behn et al., 2011; Miller and Behn, 2012; Tsuno and Dasgupta,
2012) and serpentinite (Hyndman and Peacock, 2003; van Keken, 2003; Schuiling, 2011;
Deschamps et al., 2013; Bebout and Penniston-Dorland, 2016) as well as salt and mud to the
surface. Recent thinking suggests that diapirs could also transport chlorite mélange, formed
within the subduction channel, through the mantle wedge to arc volcanoes (Gerya and Yuen,
2003; Gerya et al., 2006; Hebert et al., 2009; Castro et al., 2010; Dilek et al., 2012). If so, this
could help to solve the long-standing enigma: how fluids present in arc magmas preserve three
different source ‘signatures’ – slab, sediments and mantle.
Marschall and Schumacher (Marschall and Schumacher, 2012) have developed a conceptual
model which they claim resolves this problem (see Figure 1.2). Their model proposes that
chlorite mélange forms in the subduction channel at pressure below 2.5 GPa where rocks and
fluids from all three sources are mixed. A density contrast causes the newly-formed chlorite
mélange to rise rapidly upward through the peridotite in the hanging wall of the mantle wedge,
creating a tube-like diapiric structure as it ascends. Corner flow drags the chlorite-containing
diapir obliquely into the hottest part of the mantle wedge. This incurs partial melting of the
outer rocks with the melt acting as a protective sheath around the ascending diapir, shielding
the inner rocks from further melting and importantly preventing the escape of fluids from
dehydrating chlorite. As the diapir continues its rapid ascent, all rocks eventually melt entirely
and become part of an arc magma chamber.
This model has been framed around the behaviour of chlorite in chlorite mélange from Syros,
Greece. They claim that chlorite remains stable inside the diapir until it melts. There is no
intermediate state where chlorite dehydrates. In this way, the fluid phase is never freed and
therefore the ‘slab and sediment signatures’ are preserved. But does chlorite behave in the way
described in this model?
5.1.2. THE LOCATION OF THE WET PERIDOTITE SOLIDUS
The source of arc magmas, especially the origin, composition and transport of melt to magma
chambers, has an extensive research history. A crucial ingredient in this story is the precise
location of the wet peridotite solidus in P,T space for that determines where melt first occurs.
Unfortunately, its location has long been a matter of dispute. Whilst there is universal
agreement that the introduction of water lowers the melting point of peridotite, there is
continued debate as to the temperature at which this occurs.
Experimental work since the 1960s has positioned the wet solidus in peridotite near 1100°C at
3.0 GPa, sub-arc depths (Green, 1973, 1976, 2015; Millhollen et al., 1974; Niida and Green, 1999;
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Kessel et al., 2005; Poli et al., 2009). The solidus curve assumes a positive slope to higher
temperature with increasing pressure and does show slight variation according to bulk
composition. These results represent the dominant view regarding the onset of melt in
peridotite.
By contrast, other researchers (Mysen and Boettcher, 1975; Gaetani and Grove, 1998; Grove et
al., 2006; Till et al., 2012a) identify the wet peridotite solidus at considerably lower temperature,
near 810°C at 3.0 GPa, some 300°C lower. How is this possible?
The debate centres around what constitutes melt, what constitutes quench and the confusion
surrounding the very grey areas in-between. Much has been written about quench textures in
experiments which involve the partial melt of saturated peridotite. When experiments are
quenched, the rapid decrease in both pressure and temperature creates an array of quench
textures. But do they represent water vapour or melt? Differentiating the two phases is tricky
as vapour quench contains silica, and melt quench contains vapour, with the amount of the
other in each increasing with increasing pressure and temperature (Stalder, 2012). At P,T
conditions below the second critical end point (SCEP), two fluid phases co-exist – water vapour
and melt. At P,T conditions above the SCEP, vapour and melt become indistinguishable (Mibe
et al., 2011; Green, 2015). This study aims to add some clarity to this debate.

5.2. STARTING MATERIAL
Detailed methodology used in this experimental series have been outlined in Chapter 2.
Complete FE-SEM analyses of starting mix phases are provided in the Appendix.
5.2.1. DESCRIPTION OF SY3 STARTING MATERIAL
The SY3 experimental set performed nine experiments at 3.0 GPa between 500°C and 740°C.
They used chlorite with an Mg# =0.50, part of a sample of omphacite-epidote-chlorite schist
sourced from Syros island, part of the Cyclades archipelago in Greece (Miller et al., 2009).
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TABLE 5.1: FE-SEM analysis of the SY3 starting mix
a) FE-SEM analyses of each mineral identified in the starting mix. The H 2O quantities are calculated stoichiometrically.
The totals listed include the H 2O component; b) Bulk composition shows normalised major and minor oxides; c) Modal
proportion of natural minerals used in starting mix are calculated using least-squares method.

Table 5.1 provides compositional information on the starting mix: FE-SEM analysis of each
component mineral, the bulk composition normalised to 100wt% oxide, and the modal
proportion in wt% of each mineral in the starting mix.
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FIGURE 5.1: Chemography of the SY3 starting mix and run products.
Triangular plot of the bulk composition in the system CFMnMASH. Bulk composition in dark blue capitals; minerals
included in starting mix in black italics; phases found in experimental runs in colour-coded capitals. Plot completed
using C-Space software (Torres-Roldan et al., 2000).

Figure 5.1 shows the chemography of minerals comprising the SY3 starting mix in addition to
those which formed in experimental runs. As can be seen, little compositional variation was
observed.
Figure 5.2 shows the XRD diffractogram of the starting mix. The five main phases – clinochlore,
omphacite, epidote, titanite and ilmenite – have been correctly identified, matching peak
standards on the 2-theta scale. Clinochlore, as the major component in the start mix, showed
poor alignment with the standard on the Y-axis almost certainly due to crystal preferred
orientation. Subsequent FE-SEM analysis elicited trace apatite and minor albite which were not
identified in this scan. In the case of apatite, this was likely due to its presence in trace amounts.
In the case of albite, it may have been due to its platy habit and so was under-represented in
the counts on the Y-axis.
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FIGURE 5.2: X-Ray Diffraction analysis of SY3 starting mix.
The strong alignment between diffractogram peaks and mineral standards on the 2-theta scale confirms the identity
of five minerals. Subsequent FE-SEM analyses of the starting mix identified apatite and albite, neither of which were
identified in this scan. Garnet was added manually to the starting mix after this scan. The poor chlorite alignment on
the Y-scale is likely due to PCO.
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5.2.2. DESCRIPTION OF SY4 STARTING MATERIAL
The SY4 experimental set also contained nine experiments at 3.0 GPa between 540°C and 800°C.
They used chlorite with an Mg# =0.68, part of a sample of chlorite schist containing minor
apatite, ilmenite and titanite, also sourced from Syros island, part of the Cyclades archipelago in
Greece (Miller et al., 2009).

TABLE 5.2: FE-SEM analysis of the SY4 starting mix
a) FE-SEM analyses of each mineral identified in the starting mix. The H2O quantities are calculated stoichiometrically.
The totals listed include the H 2O component; b) Bulk composition shows normalised major and minor oxides; c) Modal
proportion of natural minerals used in starting mix calculated using least-squares method.

The bulk composition has been characterised in Table 5.2. Average FE-SEM analyses of each
mineral in the starting material are shown in Table 5.2a. FESEM analysis of the bulk composition,
normalised to 100wt%, is shown in Table 5.2b. The modal proportion of each mineral in the
starting mix are shown in Table 5.2c.
Figure 5.3 shows the chemography of the eight mineral phases which comprised the starting mix
in the SY4 experimental set. Also displayed in purple are the minerals which formed in run
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products. Garnet and titanite were the only phases which showed significant compositional
variation.

FIGURE 5.3: Chemography of the SY4 starting mix and run products.
Triangular plot of the bulk composition illustrating compositional change through the experimental set.. Bulk
composition in light green font; minerals comprising the starting mix in orange font; run products are identified by
colour-coded capitals. Plot completed using C-Space software (Torres-Roldan et al., 2000).

An XRD diffractogram of the SY4 starting mix is provided in Figure 5.4. Each of the main
component phases have been correctly identified – clinochlore, apatite, ilmenite and titanite.
However, minor omphacite and epidote and trace magnetite were not; FE-SEM analysis revealed
the presence of these minerals.

139

FIGURE 5.4: X-Ray Diffraction analysis of SY4 starting mix.
The strong alignment between diffractogram peaks and mineral standards on the 2-theta scale confirms the identity
of four of the target minerals. The starting mix comprises mainly clinochlore. PCO of the platy mineral clinochlore
accounts for its poor alignment on the Y-scale. Subsequent FE-SEM analyses of the starting mix identified trace
amounts of epidote, omphacite and magnetite which were not identified in this scan.
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5.2.3. DESCRIPTION OF HIGH TEMPERATURE STARTING MATERIAL
The sample used for the third experimental set used chlorite with an Mg#=0.94. It was sourced
from a vein of ultramafic chlorite schist from the Cerro del Almirez in southern Spain, the same
sample used in experimental work outlined in chapter four above.
For a description of the chemical analysis of this starting mix, the XRD scan of starting materials
and its chemography, refer to Chapter 4 above.

5.3. RESULTS
The results have been divided into three sections, corresponding to the three different bulk
compositions studied.
5.3.1. SAMPLE SY3 (MG#=0.50)
The SY3 experiments determined nine data points at 3.0 GPa encompassing a temperature range
of 500°C to 740°C. Table 5.3 lists the experimental conditions and run products identified in
each experiment.

TABLE 5.3. Experimental conditions and run products in SY3 experimental set.
Run products – major (>5 wt%) in bold text; minor (1-5 wt%) in regular text; trace (<1 wt%) in italicized text.

5.3.2. SAMPLE SY3 (MG#=0.50)
5.3.2.1. Changes in phase relations with increasing temperature in SY3 set
Figure 5.5 provides six microphotographs which illustrate the changing phase relations which
occurred with increasing temperature in the SY3 set of experiments. At 500°C, phases present
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show marked similarity to those in the starting mix which indicated the thermal stability of all
minerals to this temperature. The single exception was observed with titanite, which was
approaching its thermal maximum as evidenced by the appearance of rutile along its grain
boundaries (see Figure 5.5a). By 580°C, titanite had entirely disappeared replaced by the phases
garnet, ilmenite and rutile. Epidote had also commenced breakdown as evidenced by the
appearance of Ca-rich garnet.

FIGURE 5.5. Changing phase relations by temperature in SY3 experiments.
a) 500°C Titanite is approaching its thermal maximum as evidenced by the presence of rutile. b) 580°C Titanite has
completely disappeared and epidote has commenced its breakdown. c) 640°C Several significant changes are evident:
epidote has entirely reacted out; chlorite and omphacite are in reaction, confirmed by the appearance of two new
hydrous minerals –wonesite and magnesiokatophorite - as reaction products, both forming an intercalated texture
with chlorite. d) 660°C. Chlorite has entirely reacted out. Magnesiokatophorite and wonesite are now visibly
distinguished. Garnet has a poikiloblastic appearance. e) 680°C Garnet, wonesite and magnesiokatophorite are the
dominant minerals at this temperature. f) 720°C. Magnesiokatophorite has reached its thermal maximum comprising
~24wt% of phases. Wonesite has (almost) completely disappeared.
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At 640°C, epidote had entirely reacted out. Following the reaction between chlorite and
omphacite, two hydrous minerals - the sodic amphibole magnesiokatophorite and the sodic
mica wonesite (Veblen, 1983) - appeared as run products.

These minerals formed an

intercalated texture with chlorite making analysis challenging. By 660°C, however, all chlorite
had decomposed leaving wonesite and magnesiokatophorite as the only stable hydrous phases.
Magnesiokatophorite, with its lighter, elongate bladed crystals were easily distinguished from
the darker, stubby wonesite grains. Garnet crystals had increased in size and assumed a
poikiloblastic in appearance. After 680°C, wonesite neared its thermal maximum and quickly
decreased in modal proportion. By contrast, magnesiokatophorite continued to increase its
stability field until 720°C where it comprised ~24 wt% of all phases. At higher temperature, this
phase too began to decrease in favour of newly-formed omphacite. By 740°C, garnet and
magnesiokatophorite were the main phases present.
5.3.2.2. Textural analysis of SY3 experimental set
This experimental set produced eleven run products - ten solid and one fluid. The number varied
in accordance with temperature and stability fields. No melt was observed.
Chlorite was the dominant phase in the bulk composition, with omphacite and epidote forming
the bulk of the remaining phases.
Chlorite existed as subhedral, elongate laths <30 µm long and <15 µm wide and formed an
interlocking fabric in run products (see Figure 5.5a and b). Near its thermal maximum, chlorite
began to dissociate into a splintery, needle-like collection of crystals.
Omphacite was observed as homogeneous, subhedral, blocky grains. At lower temperature,
these were typically 20-30 µm long and 10-15 µm wide. At higher temperature, grains were
smaller - 10-15 µm long and 5-10 µm wide. Those grains remaining following the reaction with
chlorite assumed a more anhedral appearance (see Figure 5.5d and e). Above 720°C, there was
clear evidence of omphacite reforming following the disappearance of the sodic wonesite (see
Figure 5.5f).
Epidote was observed in the run products of three experiments, forming subhedral-euhedral
equant grains (<8 µm across) and elongate grains (15x5 µm). Near its maximum stability,
reaction rims were observed (see Figure 5.5b).
Titanite appeared in a single experimental run at 500°C where it exhibited typical spear-shaped
grains ~10 µm in length and ~5 µm wide. At this temperature, titanite was near its thermal
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maximum and so was frequently observed intercalated with ilmenite and rutile, two of its
breakdown products (see Figure 5.5a).
The Fe-Ti oxides ilmenite and rutile were observed in most experimental runs. Ilmenite formed
subhedral to anhedral grains up to 25 µm across and possessed a strong poikiloblastic
appearance. Rutile was typically found as thin, almost acicular blades <2 µm in length always
proximal to ilmenite.
Garnet occurred in all run products above 540°C. At temperatures <640°C, it formed subhedraleuhedral grains up to 5 µm in diameter with a distinct, poikiloblastic appearance. By 740°C,
grain size increased to 10-20 µm although newly-nucleated garnets invariably formed
aggregations containing multiple small grains 1-3 µm in size (see Figure 5.5f).
Apatite occurred as isolated grains in trace quantities in each experimental run. Since no
reaction textures were observed, it was concluded that all apatite grains were remnant from the
starting material.
Wonesite first appeared at 640°C where it formed small, intercalated clumps with the
amphibole, magnesiokatophorite (see Figure 5.5c) and chlorite.

At higher temperature,

wonesite formed rectangular, stubby grains up to 20 µm long and <2 µm wide which aggregated
into a layered structure, characteristic of micas (see Figure 5.5c-f). It always formed proximal to
magnesiokatophorite, garnet and omphacite. Wonesite was only present in trace quantities
above 700°C.
Initially, magnesiokatophorite formed fine-grained crystals intercalated with wonesite. By
660°C, large euhedral-subhedral bladed crystals formed >30 µm in length and <5 µm wide
independent of other phases. Grain size increased with temperature (see Figure 5.5d-f) and
comprised nearly one quarter of all phases at 720°C.
5.3.2.3. Compositional analysis of SY3
The SY3 experiments produced ten solid phases and one fluid phase as reaction products. All
solid phases were analysed using FE-SEM. Table 5.4 provides representative analyses of each
phase: a complete set of FE-SEM analyses can be found in the Chapter 5 Appendix. The presence
of Fe3+ in the starting mix led to an adjustment to standard chemical ratios used. Firstly, values
of Fe3+ were determined by stoichiometric balance. The Fe3+/ΣFe ratio was used to show the
relative proportion of Fe2+ to Fe3+ quantities in run products; the value of ΣFe was determined
by the addition of the Fe2+ and Fe3+. The revised Mg# was determined by Mg/(Mg+Fe2+).
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TABLE 5.4. Table of representative phase analyses for SY3 in in Series 3

Chlorite displayed no significant compositional variation in this series – the minor changes that
were evident were within one standard deviation of the mean. The mean Mg# was 0.50 but
showed no correlation with temperature. Chlorite analyses consistently recorded the presence
of trace Na, Ti, Ca, Mn and K. The stoichiometric formula for chlorite was described as (Mg 2.35
Fe2.37 Ca0.01 Mn0.01 Na0.04) Al2.39 (Si2.81 Ti0.01) O12 (OH)8, near the mid-point of the clinochlorechamosite solid solution.
Garnet was present in all experimental runs although grain size was too small at both 500°C and
540°C to obtain accurate analyses. This phase exhibited significant compositional variation with
temperature. The Mg# varied between 0.16 at 580°C to 0.43 at 740°C (see Figure 5.6a). The
large grossular component observed at lower temperature systematically diminished in favour
of pyrope as observed in Figure 5.6b. The Fe3+/ΣFe ratio also displayed some variability, between
0–0.11, evidence of the accommodation of only small amounts of Fe3+ in this phase.
Ilmenite was observed in all nine experimental runs. Until chlorite disappeared, the geikielite
component in ilmenite increased with temperature, evidenced by the Mg# increasing from 0.01
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to 0.11. However, after chlorite had reacted out, except for a single data point (D2013), the Mg#
maintained a consistent 0.11 as seen in Figure 5.6d.
Omphacite appeared in all run products. The mean Mg# varied between 0.65 and 0.72 and the
Fe3+/ΣFe ratio also varied between 0.55 and 0.70. However, neither measure showed any
significant correlation with temperature. The Na+Ca ratio remained very consistent at 0.98.
Together, these values indicated this phase changed little from the starting mix.
Rutile was present in trace to minor amounts in each run according to mass balance calculations.
Whilst rutile was observed, grains were both small and typically intercalated with ilmenite. As
a result, no accurate chemical analyses were obtained.
Amphibole, close to magnesiokatophorite, formed in six experimental runs. Run products
formed at 640°C contained an intercalation of amphibole, mica and chlorite which prevented
the acquisition of suitable analyses. The Mg# in magnesiokatophorite displayed an interesting
pattern in this experimental set. Between 640°C and 700°C, the Mg# decreased from 0.82 to
0.63. After 700°C, it demonstrated a positive correlation with temperature increasing from 0.63
to 0.73 (see Figure 5.6c). This change in relationship mirrored the stability field of wonesite. As
wonesite increased its modal proportion, the Mg# of magnesiokatophorite reduced. However,
as wonesite began to react-out, the Mg# of the amphibole increased. A similar trend was
observed in regards the Fe3+/ΣFe ratio.

Two exchange vectors were in operation with

magnesiokatophorite: [NaFe2+□Fe3+] operated towards barroisite and the exchange vector
[SiMg2+AlIVAlVI] acted towards magnesiotaramite (Leake et al., 1997).
Although it was observed in the run products of four experiments (and in trace amounts
according to mass balance calculations in two others), the complex textural features of the sodic
mica, close to wonesite, made the acquisition of data problematic. Accurate analyses were only
achieved in two of the four runs (C5143 and C5114). Notwithstanding the lack of data, the Mg#
in wonesite showed little variation with temperature, declining from 0.80 to 0.79 over a 20°C
interval. Oxide totals indicated that wonesite contained no Fe3+. Its stoichiometric formula was
represented by (Na,K0.67 □0.33 Ca0.01 Mg,Fe2.85) Al1.09 Si3.08 O10 (OH)2, placing it in a solid-solution
between the mica end-members preiswerkite and aspidolite and the theoretical end-member
beyond wonesite (Rieder et al., 1999).
Three phases which were constituents of the starting mix also appeared as run products in
various experiments: apatite, epidote and titanite. In each instance, these phases showed little
evidence of compositional change from the starting mix and so were not considered reaction
products. Apatite was present in all experimental runs at 0.6wt%. The few grains for which
accurate analyses were obtained did show variation but this can be attributed to interference
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from proximal ilmenite grains. Epidote appeared in three experimental runs and displayed a
consistent Fe3+/ΣFe ration of 1.0 and showed no relationship with temperature. Titanite
appeared in a single experimental run (C5159) and showed no significant change from the
starting mix composition.

FIGURE 5.6. Relevant compositional plots for SY3 experimental set in Series 3
a) Plot of Mg# vs T in garnet which shows strong positive correlation. b) Plot of compositional change in garnet with
temperature: garnet becomes increasingly Mg-rich with increasing T - from grossular-almandine composition at low
T to an equi-grossular-almandine-pyrope composition at high T. c) Plot of Mg# vs T in magnesiokatophorite. This
shows contrasting correlation with temperature depending upon the presence of wonesite – inverse trend when
present; positive trend when absent. D) Plot of Mg# vs T in ilmenite which indicates a compositional dependency with
chlorite. When both phases are present, a positive relationship between Mg# and T is observed; outside the chlorite
stability field, ilmenite maintains a (generally) consistent composition.

5.3.2.4. Partitioning in SY3 set
The partitioning of Mg and Fe between co-existing phases was determined by the Mg#. This
elicited a clear pattern. In the chlorite stability field, the partitioning sequence was omp > chl >
ilm. With the appearance of garnet after epidote, the sequence was adjusted to omp > chl > grt
> ilm. Following the disappearance of chl and its replacement with an amphibole and a mica,
the partitioning sequence was again modified: won > kat > omp > grt > ilm. With the
disappearance of the wonesite phase, the same sequence remained except at 720°C when
omphacite recorded a higher Mg# than magnesiokatophorite.
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Figure 5.7 displays four partitioning plots of selected co-existing phases from the SY3
experimental set. Figure 5.7a plots Mg# partitioning between omphacite and garnet, with the
partitioning coefficient calculated using K D= (XompMg)(XgrtFe)/(XompFe)(XgrtMg).

Although Mg

preferentially partitioned into omphacite over garnet in all instances, the moderate correlation
revealed by the slope of the partitioning curve indicated that increased amounts of Mg were
sequestered into garnet with increasing temperature. Figure 5.7b examined Mg# partitioning
between the amphibole magnesiokatophorite and garnet. The partitioning coefficient was
calculated using KD= (XkatMg)(XgrtFe)/(XkatFe)(XgrtMg). A strong correlation was observed. Whilst the
amphibole was the preferred repository for Mg compared with garnet at all temperature
intervals, with increasing temperature Mg showed an increased affinity for garnet. Figure 5.7c
examined the partitioning behaviour of Mg# in ilmenite with two co-existing phases – omphacite
and

chlorite

using

the

equations

(XchlMg)(XilmFe)/(XchlFe)(XilmMg) respectively.

K D=

(XilmMg)(XompFe)/(XilmFe)(XompMg)

and

K D=

The dual plots revealed identical partitioning

behaviours. For the ilmenite-omphacite pair, Mg partitioning always favoured omphacite over
ilmenite but with increasing temperature, ilmenite accommodated increased amounts of Mg.

FIGURE 5.7. Relevant partitioning plots for SY3 bulk composition in Series 3 experiments
Figure 5.7a-c shows Mg# partitioning plots between selected co-existing phases in the SY3 experimental series. Each
show that Mg# partitioning changes with increasing temperature. Figure 5.7d examines Fe3+/ΣFe partitioning
between omphacite and ilmenite which shows a positive correlation.
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As for the ilmenite-chlorite pair, Mg partitioning strongly favoured chlorite over ilmenite, but
with increasing temperature, ilmenite attracted increased quantities. Whilst Mg and Fe were
identified in apatite, titanite and rutile, the quantities were insufficient to be included in
partitioning comparisons.
The partitioning of Fe3+ was determined by the Fe3+/ΣFe ratio. This series displayed a consistent
partitioning sequence. At low temperature, Fe3+ preferentially partitioned in the following
order: epi > omp > ilm. With the disappearance of epidote, this sequence was modified to
include garnet: omp > ilm > grt. With the introduction of amphibole following the breakdown
of chlorite, the sequence at all temperatures was: omp > kat > ilm > grt, and except for the run
at 700°C where garnet accommodated Fe3+ in preference to magnesiokatophorite, this
remained the partitioning sequence to higher temperature. Figure 5.7d showed Fe3+ partitioning
between omphacite and ilmenite with the partitioning coefficient calculated using KD=
(XompFe3+)(XilmΣFe)/(XompΣFe)(XilmFe3+). Fe3+ always displayed a consistent preference for omphacite
over ilmenite. However, with increasing temperature, Fe3+ showed an increased affinity for
ilmenite.
5.3.2.5. Summary of findings from the SY3 experimental set
Phase relations and chemical composition of phases were used to determine mass balance of
each phase at each temperature interval. The summary of findings is listed in Table 5.5. Figure
5.8 illustrates the changing abundance of phases with increasing temperature.

TABLE 5.5. Summary of results for SY3 experimental set in Series 3
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FIGURE 5.8: Phase abundance with increasing temperature in SY3 experimental set.

5.3.3. SAMPLE SY4 (MG#=0.68)
The SY4 experiments determined nine data points at 3.0 GPa encompassing a temperature range
of 540°C to 800°C. Table 5.6 lists the experimental conditions and run products of these
experiments.

TABLE 5.6. Experimental conditions and run products for SY4 experimental set in Series 3
Run products – major (>5 wt%) in bold text; minor (1-5 wt%) in regular text; trace (<1 wt%) in italicized text.
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5.3.3.1. Changing phase relations with increasing temperature in SY4 set
The bulk composition of the SY4 sample comprised predominantly chlorite with minor apatite,
ilmenite and titanite as shown in Table 5.2b. The changing phase relations with increasing
temperature have been illustrated with six microphotographs in Figure 5.9.

FIGURE 5.9. Changing phase relations by temperature in SY4 experiments.
a) 540°C Omphacite and epidote, present in the starting mix, have disappeared. Titanite is in the process of
breakdown: b) 580°C Trace titanite remains. The Fe-Ti oxides commonly form an intercalated texture. c) 660°C
Titanite has reacted out, cpx has reduced its modal abundance. In this view, cpx and grt form an intercalated texture.
d) 700°C. Cpx has entirely disappeared following its reaction with chlorite. Ilm and mgt form larger grains. e) 760°C
Chlorite has commenced breakdown. f) 800°C. Chlorite has disappeared.

At 540°C (Figure 5.9a), chlorite was the dominant phase, interspersed with grains of apatite.
Titanite was approaching its upper thermal stability and was undergoing chemical reaction –
grains appeared proximal to the newly-formed clinopyroxene and the Fe-Ti oxides ilmenite,
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magnetite and rutile. These reaction products formed pseudomorphically in former titanite
grains (see Figure 5.9a, marked by orange, dotted lines). Epidote and omphacite, present in the
bulk composition, had disappeared by this temperature. At 580°C (Figure 5.9b), chlorite
comprised >80wt% of the phases present. Only tiny grains of titanite remained, again proximal
to the phases cpx and the three Fe-Ti minerals. Small crystals of garnet were present. At 660°C
(Figure 5.9c), titanite had entirely reacted-out and only trace cpx remained. Ilmenite, rutile and
magnetite formed as pseudomorphs in former titanite grains. Garnet crystals were larger and
more plentiful. At 700°C (Figure 5.9d), cpx had entirely disappeared. Chlorite comprised
<80wt% of the minerals present and apatite remained stable. Ilmenite and magnetite had
formed larger grains whilst rutile still formed tiny, elongate grains. Magnetite formed exsolution
lamellae within ilmenite grains (see Figure 5.9d, inside red circle). By 760°C (Figure 5.9e),
chlorite was nearing its thermal maximum for this bulk composition. Garnet, olivine, spinel and
fluid now became the stable phases after chlorite. The Fe-Ti oxides seemed unaffected by the
temperature increase. By 800°C (Figure 5.9f), chlorite had been replaced by garnet, olivine and
spinel. Ilmenite, magnetite and rutile maintained similar proportion as at lower temperature.
Mass balance indicated that apatite comprised slightly reduced proportion at this temperature,
possibly due to some grains forming inclusions in garnet (see Figure 5.9f).
5.3.3.2. Textural analysis of SY4
Experiments produced eleven run products which varied in accordance with temperature and
stability fields. No melt was observed.
Chlorite (chl) was the dominant phase in the chlorite stability field and comprised large laths up
to 50 µm in length and 30 µm in width which formed an agglomerated mass in run products.
Chlorite textures were little affected by changes in temperature.
Three phases appeared in all run products. Garnet (grt) formed subhedral-euhedral grains which
varied in size from 2-20 µm, with size increasing with increasing temperature. Smaller grains
tended to be more euhedral and homogeneous in texture with larger grains increasingly
poikiloblastic (see Figure 5.9f), especially following the disappearance of chlorite. Apatite (apa)
ranged in appearance from subhedral elongate, bladed grains up to 50 µm in length (see Figure
5.9a) to short, anhedral-subhedral blocky grains 5-10 µm (see Figure 5.9e), consistent with relict
textures from the starting material. All exhibited an homogenous appearance. Apatite coexisted with all other phases and no reaction rims were observed along grain boundaries.
Ilmenite (ilm) typically possessed a blocky, subhedral appearance with a grain size between 5-

152

15 µm. Some grains possessed a heterogeneous texture (see Figure 5.9d) indicative of
exsolution lamellae of co-existing magnetite.
At higher temperature (>700°C), the commencement of chlorite decomposition was evidenced
by the appearance of garnet, olivine and spinel as reaction products. Olivine (ol) grains varied
between 2-10 µm, with grain size increasing with increasing temperature. Olivine was generally
homogeneous in appearance with the occasional rim indicative of compositional variation (see
Figure 5.9f). Olivine always grew proximal to the garnet and spinel phases. Spinel (sp) formed
euhedral-subhedral grains of 4-16 µm with grain size strongly related to temperature. Spinel
possessed an homogeneous appearance (see Figure 5.9f) indicative of the attainment of
equilibrium.
Several phases occurred in only a few run products and in small quantities. Clinopyroxene was
produced in four experimental runs following the breakdown of titanite. The small grain size,
and proximity to garnet grains, made analysis difficult, although some larger crystals did form
(see Figure 5.9b,c). Magnetite (mgt) formed anhedral grains ranging in size from 1-20 µm. This
phase always occurred proximal to ilmenite, and exhibited an homogeneous texture. Titanite
(ttn) was observed in two experimental runs (C1542 and C5139) where it formed subhedral,
spear-like grains 5-10 µm in length (see Figure 5.9a, b). Titanite was close to its thermal
maximum at 580°C and was in the process of reacting-out. Titanite co-existed with cpx, ilmenite,
magnetite and rutile. Rutile (rut) was observed in two experiments (C1542 and C1539) although
mass balance calculations indicated it was present in minor amounts in most runs. Rutile formed
small subhedral, blocky grains ranging between 1-4 µm in length (see Figure 5.9a,c,d).
5.3.3.3. Compositional analysis of SY4
The SY4 experiments produced ten solid phases and one fluid phase as reaction products. All
solid phases were analysed using FE-SEM. Table 5.7 provides representative analyses of each
phase: a complete set of FE-SEM analyses can be found in the Chapter 5 Appendix.
Chlorite was the major phase in this experimental set. It maintained a consistent composition
throughout with an Mg# a mean 0.68, described stoichiometrically as (Mg 3.38 Fe1.43 Ca0.01 Mn0.01)
Al2.28 Si2.88 O12 (OH)8, near the mid-range of the clinochlore-chamosite solid solution. No
significant correlation was observed between Mg# and temperature – any variation was within
one standard deviation. The single exception to this pattern occurred with run C5136 (760°C)
where the Mg# rose significantly to 0.84. Mass balance calculations indicated just 15.5 wt% of
chlorite remained at this temperature, indicative of this phase approaching its thermal
maximum. Chlorite of lower Mg# had already decomposed leaving only the high-Mg# chlorite.
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With no evidence of newly-formed chlorite in this set of experiments, the high-Mg# chlorite
must have been present in the starting mix.

TABLE 5.7. Table of representative phase analyses for SY4 in in Series 3

Garnet was present in all run products and showed evidence of extensive compositional change
with temperature. The Mg# ranged from 0.20 at 540°C to 0.55 at 800°C (see Figure 5.10a) which
illustrated the changing composition from grossular-almandine garnet at low temperature to a
pyrope-almandine rich garnet at high temperature (see Figure 5.10b). Small amounts of Fe 3+
were accommodated by garnet at temperatures <700°C; above 700°C, however, no Fe 3+ was
required to obtain stoichiometric balance. All garnet scans contained between 0.5 and 2.0 wt%
titanium, lower than stoichiometric proportions of Al and Si, and above stoichiometric
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FIGURE 5.10. Relevant compositional plots for SY4 bulk composition in Series 3
a) Plot of Mg# vs T in garnet which shows a strong positive correlation. b) Plot of compositional change in garnet with
temperature: garnet becomes increasingly Mg-rich with increasing temperature. c) Plot of FeO vs T in apatite which
shows a strong, non-linear correlation. d) Plot of Mg# vs T in ilmenite which shows a strong positive correlation. e)
Plot of MnO vs T in ilmenite which shows a strong, inverse correlation. f) Plot of TiO2 vs T in ilmenite which shows a
weak but positive, non-linear correlation.

Olivine first appeared at 720°C marking the beginning of the thermal decomposition of chlorite.
The Mg# showed a strong correlation with temperature increasing from 0.68 at 720°C to 0.75 at
800°C. Spinel first appeared at 740°C in trace amounts. The Mg# displayed a significant increase
with increasing temperature – from 0.49 at 760°C to 0.59 at 800°C.
The Fe-Ti oxides magnetite, ilmenite and rutile were present in trace to minor amounts in all
experimental runs. Ilmenite showed an increase in Mg# with increasing temperature (see Figure
5.10d) indicating an increasing geikielite component. Several ilmenite grains showed evidence
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of exsolution lamellae of magnetite (see Figure 5.9d), most pronounced at lower temperature
runs. Magnetite was present in trace quantities, but analyses witnessed an increase in spinel
and ulvöspinel components (see Figure 5.10f) with increasing temperature. Rutile formed minor
quantities in most run products. The small grain size proved problematic for data collection
purposes with only a single accurate scan obtained. It contained a little over 1.3 wt% FeO.
Apatite was present in all experimental runs. Its composition remained remarkably consistent
across all experiments except for FeO and SiO2, each of which showed a strong non-linear
correlation with increasing temperature (see Figure 5.10c). Previous investigation of apatites
from Syros indicate that the hydrous component was a mixture of hydroxylapatite and
fluoroapatite and contained no Cl (Miller et al., 2009).
Clinopyroxene formed as a run product from the breakdown of omphacite present in the bulk
composition.

Small grain size meant that few accurate analyses could be obtained.

Nevertheless, Mg# was positively correlated with temperature: it increased from 0.73 at 540°C
to 0.76 at 580°C.
Titanite was observed in a single experimental run at 540°C after which it disappeared having
reached its maximum thermal stability.
5.3.3.4. Elemental partitioning in the SY4 set
A comparison of Mg# across co-existing phases in this experimental set yielded a consistent
pattern of partitioning of the elements Mg and Fe. At low temperature in the cpx+ttn stability
field, Mg partitioning occurred in the following sequence: cpx > chl > grt > ilm. Following the
disappearance of cpx and ttn, the remaining phases followed the same partitioning order: chl >
grt > ilm. In the chlorite stability field during the breakdown of chlorite, several new phases
were included: chl > ol > grt > sp > ilm. At temperatures above the chlorite stability field, the
sequence was modified to ol > sp > grt > ilm with Mg preferentially partitioning into spinel rather
than garnet.
Whilst magnetite, rutile, titanite and apatite each contained Mg and Fe, the quantities were
minute and so have been disregarded for this exercise.
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FIGURE 5.11. Relevant partitioning plots for SY4 bulk composition in Series 3 experiments
Figures a)-d) plot Mg-Fe partitioning between various coexisting phases, each showing strong correlation.

Figure 5.11 illustrated a selection of element partitioning plots arising from the SY4 experimental
set.
Figures 5.11a-d plot Mg-Fe partitioning between co-existing phases, each of which show strong
positive correlation. Figure 5.12a plotted Mg-Fe partitioning between chlorite and ilmenite
using the KD= (XchlMg)(XilmFe)/(XchlFe)(XilmMg). It showed a strong correlation, evidence of Mg
preferentially partitioning into chlorite over ilmenite but at a reduced rate with increasing
temperature. Figure 5.11b explored Mg# partitioning between olivine and garnet using the
coefficient KD= (XolMg)(XgrtFe)/(XolFe)(XgrtMg). Although only three data points were used, the trend
was unmistakable: Mg preferentially partitioned into olivine over garnet but with increasing
temperature, garnet sequestered increasing amounts of Mg. Mg# partitioning between chlorite
and garnet was displayed in Figure 5.11c using the coefficient K D= (XchlMg)(XgrtFe)/(XchlFe)(XgrtMg).
Whilst Mg always preferentially partitioned into chlorite over garnet, it was apparent that with
increasing temperature increased quantities of Mg favoured the garnet phase. Figure 5.11d
plotted Mg# partitioning between garnet and ilmenite using the coefficient KD=
(XgrtMg)(XilmFe)/(XgrtFe)(XilmMg). The strong correlation shows that Mg preferentially partitioned into
garnet over ilmenite but at a reduced rate with increasing temperature.
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No relationship was observed with Mn-Fe partitioning between garnet and ilmenite using a
recognised geothermometer (Powceby et al., 1991). Two reasons are offered. Firstly, the low
Mn:Fe ratio (1:11 and 1:40 respectively) meant that the geothermometer simply was not able
to identify any inherent partitioning pattern. Secondly, the presence of titanium produced an
unusual garnet stoichiometry which was not accommodated by this geothermometer.
Experimental studies have shown (Ackerson et al., 2017) that the incorporation of Ti into garnet
can lead to a deficit of Al and Si cations and a surplus of divalent cations, as with the current
results. This requires several unusual substitution mechanisms to achieve charge balance and
this likely affects the precision of the thermometer.
5.3.3.5. Summary of findings from the SY4 experimental set

TABLE 5.8. Table of results for SY4 experiments in Series 3.
Table displays, for each run, the experimental conditions, run products and their modal proportions as determined by
mass balance.

Phase relations and chemical composition of phases were used to determine mass balance of
each phase at each temperature interval. The summary of findings is listed in Table 5.8. Figure
5.12 illustrates the changing abundance of phases with increasing temperature.
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FIGURE 5.12. Changing phase relations by temperature in SY4 experiments.

5.3.4. HIGH TEMPERATURE SET (MG#=0.94)
Three isobaric (3.0 GPa) experiments were conducted between 1000°C and 1150°C to ascertain
the onset of melting in an ultramafic chlorite. The starting mix was identical to that for Series 2
starting mix examined in Chapter 4. Table 5.9 lists the experimental conditions and run products
of these experiments.

TABLE 5.9. Table of results for high temperature experiments in Series 3.
Run products – major (>5 wt%) in bold text; minor (1-5 wt%) in regular text; trace (<1 wt%) in italicized text.

5.3.4.1. Changing phase relations with increasing temperature in high temperature set
The bulk composition in this high temperature set comprised predominantly chlorite with
pyrope garnet seeds added as nucleating agent as described in Table 4.2 (chapter 4). The
changing phase relations with increasing temperature have been shown with six
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microphotographs in Figure 5.13. We see unequivocal change in both phase relations and phase
textures which track the development of melt.

FIGURE 5.13. Changing phase relations and textures in high-temperature experiments.
1000°C. a) The capsule contents have a slight heterogeneous appearance. b) At larger scale, garnet, olivine, opx and
spinel are in stable co-existence. 1100°C. c) Capsule contents have developed a distinct heterogeneous texture. Fluid
has aggregated at the hot end of the capsule. The denser phases such as garnet and spinel dominate the cold end. d)
At 100 µm scale, quench textures, interpreted as both vapour quench (‘fish eggs’) and solute quench (‘strings’), are
observed at the top end. 1150°C. e) Run products are well segregated in this view. Olivine and spinel are segregated
at the cool end of the capsule. At the hot end, melt, fluid and crystals have formed a ‘mush’. f) Garnet and opx have
disappeared. Melt textures present in this view: QM refers to “quenched melt”, identified by microvesicles throughout
the anhedral shape. QS refers to “quench solute”, identified by the sinuous crystalline shapes surrounding the melt.

At 1000°C, the run products of chlorite schist began to segregate within the capsule which
created a slight heterogeneous appearance. The ‘hot’ top end of the capsule witnessed
increased porosity compared with the ‘cool’ bottom end (see Figure 5.13a). This led to fluid
aggregation in the upper capsule whilst the denser phases aggregated in the lower regions.
Phase segregation is a potential precursor to the formation of melt. However, an examination
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of capsule contents at large scale (Figure 5.13b, 10 µm scale bar) showed that each of the phases
olivine, garnet, spinel and opx displayed equilibrated grain boundaries.
At 1100°C, a distinct transformation was apparent. At small scale (Figure 5.13c), the capsule
contents developed a distinct heterogeneity, undergoing full segregation with the ‘hot’ end
containing fluid and large crystals of olivine (Till et al., 2012a) whilst the ‘cool’ end was the
repository for the denser phases such as garnet and spinel. At larger scale (Figure 5.13d), the
change in texture was unequivocal. Quench textures dominated the ‘hot’ end adjacent to the
capsule walls. Numerous ‘fish-egg’ and ‘string’ features provided evidence of quench - the
former presumed to be a solute quenched from vapour whilst the latter represents a solute
quenched from either vapour or melt (Mibe et al., 2011; Green et al., 2012; Till et al., 2012a).
At the ‘cool’ end, none of these quench textures were observed.
At 1150°C, phase segregation was even more pronounced. The bottom section, which contained
the phases olivine and spinel, comprised ~1/3 of the entire capsule. Large olivine crystals
remained at the top end proximal to fluid. Most capsule contents formed in the central section
which contained a mixture of fluid, melt and crystal ‘mush’. Quenched melt (QM) is observed
for the first time (Figure 5.13f) along with other quench textures. In addition to the ‘fish egg’
and ‘string’ textures found at lower temperature, large rosette shapes and bladed crystals added
to the variety (see Figure 5.13e). At larger scale (see Figure 5.18b), melt was observed forming
at an intergranular level distal from capsule walls. No opx or garnet was observed at this
temperature.
5.3.4.2. Textural analysis of high temperature set
Olivine grains increased in size with temperature - typically, they were 10-30 µm at 1000°C and
>200 µm at 1150°C. Spinel inclusions provided a poikiloblastic appearance. Grains exhibited a
generally subhedral appearance at all temperature intervals; however, contacts with solid
phases sometimes formed euhedral edges and anhedral boundaries when contacting fluid (see
Figure 5.13b).
Spinel formed subhedral-euhedral crystals 5-10 µm across at 1000°C increasing to >30 µm by
1150°C. It displayed equilibrated textures with olivine in all views.
Garnet formed subhedral-euhedral crystals >10 µm in diameter at 1000°C. They frequently
possessed a poikiloblastic appearance. At 1100°C, the denser garnet phase was segregated to
the cooler end of the capsule, as evidenced by their absence at the ‘hot’ top of the capsule (see
Figure 5.13c). It increasingly adopted an anhedral appearance and a decrease in size. Mass
balance saw a decline in modal proportion at this temperature. At 1150°C, garnet was no longer
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stable; remnant grains were identified in the central ‘mush’ region of the capsule confirmed by
FE-SEM analyses that they no longer possessed the composition of stoichiometric garnet. Mass
balance confirmed the absence of garnet at 1150°C.
Opx was scarce at all temperatures in this series. When observed at temperatures <1100°C,
grains possessed a subhedral appearance, were distinctly poikiloblastic but co-existed in stable
form with olivine, garnet and spinel. At temperatures >1100°C, opx was segregated to the cooler
end of the capsule and underwent melting. By 1150°C, no opx was observed, confirmed by mass
balance which indicated this phase had entirely disappeared by this stage.
5.3.4.3. Compositional analysis of high temperature phases
The high temperature experiments produced four solid phases and two fluid phases as reaction
products. All solid phases were analysed using FE-SEM. Table 5.10 provides representative
analyses of each solid phase: a complete set of FE-SEM analyses can be found in the Appendix.
Each of the four phases present in the high temperature set of experiments displayed
compositional change with increasing temperature, with the largest change corresponding to
the commencement of melting.
Olivine maintained a consistent Mg# at 0.95 at both 1000°C and 1100°C, but increased to 0.97
by 1150°C. The increase in the forsterite component mirrored the commencement of melting
(at the intergranular level) as described above.
Garnet displayed an increase in pyrope component with increasing temperature, evidenced by
the Mg# rising from 0.90 to 0.91. It also showed an increase in the Cr# from 0.06 at 1000°C to
0.07 to 1100°C.
Spinel showed a marked increase in Mg# over the 150°C temperature increase, from 0.79 at
1000°C to 0.91 at 1150°C. An inverse pattern was observed with the Cr# - it decreased from
0.46 at 1000°C to 0.25 at 1150°C. The largest move occurred between 1100°C and 1150°C: Mg#
0.81-0.91, and Cr# 0.47-0.25, which corresponded with the modal decline of the garnet and opx
phases.
The Mg# of opx increased from 0.95 at 1000°C to 0.96 at 1100°C. Across the same temperature
interval, there was a decrease in Cr# from 0.15 to 0.11. This compositional change mirrored the
disappearance of opx through melting.
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TABLE 5.10. Table of representative phase analyses for high temperature set in Series 3

5.3.4.4. Partitioning in the high temperature set
The three high temperature experiments showed a consistent pattern of Mg-Fe partitioning. At
temperatures below 1100°C, the partitioning sequence was opx > ol > grt > sp. Above 1100°C
following the disappearance of opx, Mg partitioning continued to follow the same sequential
order: ol > grt > sp.
Figure 5.14a plotted Mg# partitioning between garnet and spinel following the breakdown of
chlorite. Whilst Mg always showed an affinity for garnet over spinel, the strong correlation was
evidence of spinel becoming increasingly Mg-rich with increased temperature. Figure 5.14b
showed the result of Mg# partitioning between garnet and olivine. Mg preferentially partitioned
into olivine over garnet in all instances. However, the absence of a significant slope in the plot
indicated that Mg partitioning between these two phases did not change with increasing
temperature following the disappearance of chlorite. Mg# partitioning between olivine and
spinel following chlorite breakdown in the garnet stability field was displayed in Figure 5.14c.
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Whilst Mg partitioning always favoured olivine over spinel, the strong correlation indicated that
Mg increased its partitioning into the spinel phase with increasing temperature. Figure 5.14d
examined Mg# partitioning between olivine and orthopyroxene after chlorite breakdown.
Chemical analyses showed that Mg partitioning marginally favoured opx over olivine. The
absence of slope indicated that Mg partitioning between the two phases underwent no
significant change with increasing temperature.

FIGURE 5.14. Relevant partitioning plots for high temperature set in Series 3 experiments
Figures 5.14a-d illustrates Mg# partitioning between various co-existing phases following the breakdown of chlorite
in the high temperature experimental set. Partitioning involving spinel shows a positive correlation. Other phases
show no change in partitioning behaviour with increased temperature.

Al-Cr partitioning also exhibited a consistent pattern throughout this experimental set as
follows: sp > opx > grt. With the disappearance of the opx and garnet phases after 1100°C, spinel
remained the only Al/Cr-bearing phase.
5.3.4.5. Summary of findings from the high temperature experimental set
Phase relations and chemical composition of phases were used to determine mass balance of
each phase at each temperature interval. The summary of findings is listed in Table 5.11.
Figure 5.15 shows the changing phase abundance with increasing temperature.
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TABLE 5.11. Table of results for high temperature experiments in Series 3.
Table displays, for each run, the experimental conditions, run products and their modal proportions determined by
mass balance. Note that the modal proportions for the melt phase are estimates only.

FIGURE 5.15. Changing phase abundance with temperature in high-temperature experimental set.

5.4. DISCUSSION
The discussion will comprise three parts. The first examines the approach to equilibrium. The
second part delves into the details of the mélange diapir model proposed by Marschall and
Schumacher (Marschall and Schumacher, 2012) investigating the stability of mafic chlorite schist
from Syros and the density of these rocks to test the feasibility of their model. The third part
explores the work of Till (Till et al., 2012a), examining their criteria for determining melt in
chlorite peridotite and the location of the wet peridotite solidus. The results of the current study
will be used to test the validity of their findings.
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5.4.1. APPROACH TO EQUILIBRIUM
Low temperature experiments tend to be characterised by sluggish kinetics which make reversal
experiments, the classic method to prove the attainment of equilibrium, unworkable.
Nevertheless, several alternative techniques were used to confirm phase equilibrium.
Textural observations in all three sets of experiments in this series revealed euhedral grain
boundaries (see Figure 5.5e and 5.9c,e) and triple junction contacts (see Figure 5.14f) especially
between garnet-olivine and spinel-olivine following the disappearance of chlorite. These
textures provide a simple confirmation of local equilibrium. Poikiloblastic grains typically
indicate that a phase is not fully equilibrated. Whilst garnet and ilmenite frequently possessed
a poikiloblastic appearance, multiple scans of the region surrounding an inclusion resulted in
analyses which were remarkably consistent. Small error bars in compositional plots further
illustrated the limited chemical variation in point analyses (see Figures 5.6a,c and 5.10a,c,e).
Garnet often forms zoned crystals reflecting either the incomplete resorption of relict pyrope
cores, or the progression of garnet growth of varied composition. Either pathway produces
garnet crystals which are not entirely homogeneous. Multiple analyses of the outer rims of
garnet proved to be quite chemically homogeneous, marking a distinct boundary between rim
and core (see Figure 5.5 e,f and 5.9d), thus showing local equilibrium had been attained.
Extensive chemical analysis of each phase showed a consistent variation in composition with
increasing temperature, a pattern expected in this experimental series. Generally, experiments
were separated by a narrow temperature interval (20°C-40°C) which enabled phase boundaries
to be tightly bracketed. The presence of a phase at one data point and its absence at the next,
or vice-versa, indicated that a chemical reaction had proceeded to completion, evidence of
equilibrium having been achieved (see chlorite in Table 5.5 and olivine in Table 5.8).
A strong indication of the attainment of equilibrium is revealed by patterns of major element
partitioning between co-existing phases. In each of the three sets of experiments in this series,
partitioning plots showed high levels of correlation and so provided convincing evidence of
equilibrated phases. In the SY3 set, Mg-Fe partitioning between omphacite, garnet, chlorite,
ilmenite and magnesiokatophorite showed a strong relationship; indeed, several plots displayed
almost perfect correlation (see Figure 5.7b,c), a robustness which could only occur if phases
were well-equilibrated. In the SY4 set, Mg-Fe partitioning plots between chlorite-ilmenite and
garnet-ilmenite were highly correlated (see Figure 5.9a,c,d)

The plot which illustrated

partitioning between Fe in garnet and Mn in ilmenite (see Figure 5.9f) showed an almost perfect
correlation and matched well a previously published geothermometer (Powceby et al., 1991).
In the high temperature set, partitioning plots of the garnet-olivine and opx-olivine pairs (Figure
166

5.14b,d) illustrated no change in partitioning behaviour over a 200°C interval, indicative of no
phase changes in that temperature range. The highly correlated trend which was observed with
the garnet-spinel partitioning plot, however, was due to the growth of spinel at the expense of
garnet with increasing temperature (see Figure 5.14a).
There was no evidence of Fe loss to the capsule in experimental runs, confirmed by mass balance
calculations; this meant that the oxygen fugacity remained close to the Ni-NiO buffer
throughout.
5.4.2. MAFIC CHLORITE SCHIST FROM SYROS, GREECE
This study will investigate two of the assumptions made by Marschall and Schumacher on the
behaviour of chlorite. Firstly, what is the maximum thermal stability of chlorite mélange of
varying composition? Secondly, is the density contrast between chlorite mélange and peridotite
sufficient to drive diapiric rise? Each of these questions will be addressed in turn. Finally, the
veracity of the mélange diapir model will be examined in light of these results.
5.4.2.1. Stability of mafic chlorite schist from Syros, Greece
Samples SY3 and SY4 were sourced from Syros in Greece, chosen as typical examples of chlorite
schist from this location. As suggested by their identifiers, SY3 with an Mg# of 0.50 was
characteristic of a Zone III assemblage, whilst SY4 with an Mg# of 0.68 was likely representative
of a Zone IV rock type (Miller et al., 2009; Pogge von Strandmann et al., 2015).
SY3 and SY4 were used to experimentally determine the maximum thermal stability of the low
Mg# chlorite. These results added to the experimental findings of high Mg# chlorite determined
in Chapter 4.
Figure 5.16 plotted three chlorite compositions, each with different Mg#, against temperature
which illustrated three key aspects of the stability of mafic chlorite schists. The first, represented
by the triangle symbols, plotted the maximum thermal stability of chlorite in a bulk composition
dominated by the chlorite phase. The second and third involved chlorite stability in a chloriterich schist which co-exists with plentiful omphacite and/or clinopyroxene, a typical bulk
composition in a subducted slab. The diamond symbols marked the upper boundary of the
chl+cpx reaction and thus the thermal maximum of chlorite. The square symbols marked the
lower boundary of the chl+cpx reaction and the thermal minimum of chl+cpx field and the
introduction of the garnet phase.
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The results of experimental set SY4 (Mg#=0.68) revealed that chlorite attained a maximum
thermal stability of ~780°C prior to its breakdown (blue triangle). Co-existing cpx disappeared
~680°C following its reaction with chlorite (blue diamond). Experimental set SY3 (Mg#=0.50)
exhibited a slightly reduced stability field. Due to the bulk composition, chlorite disappeared
near 650°C (red diamond) following its reaction with omphacite. Although the chlorite thermal
maximum could not be ascertained in this set of experiments, it would be expected to occur
near 765°C (red triangle). As a point of comparison, the experimental results on ultramafic
chlorite stability from Series 2 were also plotted in Figure 5.16. The maximum thermal stability
of chlorite (Mg#=0.94) occurred ~790°C (green triangle). The cpx-out temperature was located
near 745°C.

FIGURE 5.16. Maximum stability of chlorite of different Mg#
Results of three sets of chlorite experiments of differing Mg#. For each experimental set, three key locations are
displayed: the maximum thermal stability of chlorite (triangular symbol), the upper boundary of the chl+cpx reaction
(diamond symbol, relevant to Ca-bearing systems), and the lower boundary of the chl+cpx reaction (square symbol).
The maximum chlorite point in the SY3 set is estimated since this could not be determined experimentally. Note the
widening of the field between the two reactions as Mg# reduces – the classic banana-shaped plot.

These results confirm that as the quantity of Fe in chlorite increased, the thermal maximum of
chlorite reduced – from 790°C (Mg#=0.94) to 765°C (Mg#=0.50). In omphacite/cpx-rich chlorite
schists, this reduction was even more pronounced: from 745°C (Mg#=0.94) to 650°C (Mg#=0.50).
The overall effect is clearly observed in Figure 5.16. As the Mg# of two common schist
compositions decreases, the chlorite stability gap broadened.
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The significance of these findings is that chlorite schist of either mafic composition would fully
dehydrate at 3.0 GPa between 680°C and 780°C. This would lead to the escape of the entire
fluid component from chlorite schist, along with its chemical “signature”, at temperatures below
the melting of the garnet peridotite.
More broadly, these results show that monomineralic chlorite schists have greater thermal
stability than veins and fissures of chlorite schist which form proximal to eclogite-rich minerals
in the slab. The stability of chlorite in mafic systems stands in clear contrast to ultramafic
chlorite as examined in previous chapters.
5.4.2.2. Density of mafic chlorite schist
The experimental results of sets SY3 and SY4 indicated that the breakdown of mafic chlorite
schist at sub-arc depths (3.0 GPa) with increasing temperature produced a garnet peridotite of
higher density than the average lherzolite or harzburgite already present in the hanging wall of
the mantle wedge.
Table 5.12a and b provides the average density of chlorite schist at each experimental point in
set SY3 and SY4 respectively. Density of average peridotite has been based on published data
(Schmidt and Poli, 1998). Full calculations are provided in the Appendix.
Results from the SY3 set showed that the density of chlorite schist experienced a gradual
increase with increasing temperature which correlated with the modal increase of the garnet
and fluid phases (see Figure 5.17). At 500°C, density of the run products registered 3.22 g/cm 3.
This was lower than the average density of the harzburgite (3.29 g/cm3) or lherzolite (3.30 g/cm3)
in the hanging wall of the mantle wedge. Between 580°C and 640°C, however, a large jump in
density was registered. As the proportion of garnet rose from 6.1 wt% to 51.5 wt% and free
fluid from 0.6 g/cm3to 4.0 g/cm3over this temperature interval, so too did the density of the bulk
composition rise from 3.27 g/cm3 to 3.54 g/cm3. At this temperature, although ~10 wt% of
chlorite remained, the products already registered significantly higher density than the
overhanging peridotite. With the disappearance of chlorite, the density of the former schist
remained high, varying between 3.59 – 3.63 g/cm3.
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TABLE 5.12. Density comparison of mafic chlorite schist and average peridotite at 3.0 GPa.
a) Density of each experimental point in set SY3. b) Density of each experimental point in set SY4. Mass of each phase
is taken from mass balance calculations for this study. Phases marked with an asterisk denote that density is
calculated using the phase composition for that experiment. H 2O densities are removed from total density figures
listed. Shaded column indicates the P,T location at which schist density exceeds that of average peridotite. Refer to
the Appendix for full set of calculations.
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A similar pattern emerged with the experimental results in SY4. At 540°C, the density of run
products registered 2.99 g/cm3, considerably lower than the overriding peridotite. Density
registered a gradual increase with increasing temperature, again corresponding to the increased
proportion of garnet and fluid. Between 740°C and 760°C, as chlorite breakdown was in
progress, density of run products jumped from 3.05 g/cm3 to 3.33 g/cm3. The final experimental
data point at 800°C, with no chlorite remaining, had the garnet peridotite registering 3.38 g/cm 3.
The presence of Fe in the chemical system is known to expand the garnet stability field to lower
pressure which impacts the location of the spinel to garnet transition. An established spinelgarnet geobarometer (O’Neill, 1981) shows that for each 0.1 reduction in the XolMg, the position
of the spinel-garnet transition is reduced by ~0.2 GPa. Olivine formed in the SY4 experimental
set possessed a XolMg value of 0.75 at 800°C which would place the garnet-spinel transition near
1.0 GPa. We have seen in Table 5.12 that as chlorite approached its thermal maximum at subarc depths, the density of the breakdown product phases increased dramatically in accordance
with the modal increase of garnet. The geobarometer informs us that this effect commences
near 35 kms depth in the upper fore-arc. This would dramatically affect the buoyancy of mafic
chlorite schists with the transformation of spinel peridotite to garnet peridotite occurring at
much shallower conditions.
The low-temperature density contrast which exists between chlorite schist and the over-riding
peridotite in the mantle wedge, which may initiate diapiric upwelling, will entirely disappear
prior to the complete breakdown of chlorite. Indeed, at the point of complete transformation,
garnet peridotite is denser than the mantle peridotite. This would cause the newly-formed
garnet peridotite to sink back through the mantle peridotite due to the changed density
contrast. Based on the experimental evidence determined in this study, Syros rocks would not
be able to form diapirs able to penetrate the mantle wedge.
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FIGURE 5.17. Water release from mafic chlorite schist by temperature.
a) Quantity of water released with increasing temperature at 3.0 GPa in SY3 composition. Phase in brackets denotes
the phase-in reaction with chlorite which releases the corresponding quantity of water. Bulk of water release occurs
with chlorite breakdown. Note that ~6 wt% of the original water is retained in the amphibole phase beyond 740°C.
b) Quantity of water released with increasing temperature at 3.0 GPa in SY4 composition. Around 1 wt% water is
released following chl+cpx reaction; the remaining 8.9 wt% is released upon chlorite breakdown.
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5.4.2.3. Further implications for the mélange diapir model
Marschall and Schumacher have intentionally applied their mélange diapir model to the forearc section of the subduction channel at pressures below 2.5 GPa. This is within the spinel
stability field, which they confirm with several key measures: chlorite is stable to ~900°C, chlorite
breakdown products are ol, opx and spinel; their Figure 2 provides a P,T plot with a scale
advancing only to 2.5 GPa. Chlorite mélange at P<2.5 GPa is more buoyant than average
lherzolite or harzburgite, and following the dehydration of chlorite, the product spinel peridotite
also remains less-dense than the overlying peridotite. Therefore, the buoyant upwelling of
chlorite mélange at P<2.5 GPa is both possible and internally consistent with their model.
However, there are two potential problems which arise concerning the mechanism of diapiric
flow. The first concerns the ability of diapirs to transport mélange through the mantle wedge.
The second concerns the total reliance upon corner flow to drag the rising mélange at an oblique
angle into the mantle such that it is positioned below sub-arc volcanoes.
A density contrast requires that as the less-dense, buoyant chlorite mélange rises, the denser
peridotite must descend to fill the volume formerly occupied by the schist. If we assume the
subduction channel is entirely filled with chlorite mélange prior to the start of any upwelling,
then the channel itself would quickly be filled with peridotite and the subduction channel would
cease to exist. This is not what has been viewed in exhumed subduction channels (Angiboust et
al., 2012) and not what geophysical investigations have shown (Hacker et al., 2003; Abers, 2005).
However, a density contrast may, of itself, be insufficient to transport cold, chlorite mélange
through dense peridotite. This can be illustrated with a simple analogy. A helium-filled balloon
is less-dense than the air surrounding it. Due to the density contrast, it will therefore rise
upward of its own accord. If the same balloon is released inside a room, it will quickly rise to
the ceiling but is prevented from further rise due to the intervention of the ceiling. The balloon
will remain at that point, unable to penetrate the denser ceiling. Or will it? If we accord with
the Marschall and Schumacher model, and continue to fill the balloon with helium, it could
become sufficiently large and buoyant to cause the ceiling to bulge, fracture and then it would
be free to continue its upward journey. Returning to their actual model, such a vast ‘bulge’ of
chlorite schist would be required to achieve the buoyancy needed to penetrate a peridotite
‘ceiling’ up to 70 kms thick that the concept lacks plausibility.
Diapirs require normal faults and fractures to act as conduits through dense overhead rocks.
Seamounts and serpentinite diapirs can penetrate the crust courtesy of normal faults and
fractures found in the fore-arc region (Tatsumi, 2003; Osada et al., 2004; Schuiling, 2011).
Diapirs are commonly a shallow geological feature rising only a few kilometres. The Marschall
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and Schumacher model, by contrast, suggests that cold diapirs could form at much deeper levels
and rise buoyantly, intercepting large volumes of dense peridotite without the advantage of
faults to enable passage.
Cool, ascending diapirs disrupt corner flow. As the diapir moves upward through the mantle
wedge, it disrupts the downward progression of corner flow, the broader convective process
which mixes rocks in the mantle wedge (Kelemen et al., 2002; Hasenclever et al., 2011). As the
cooler ascending material passes upward through the mantle, the temperature reduction redirects corner flow into a much-reduced convective cell on each side of the diapir. Experimental
work has shown this to be a permanent disruption (Hasenclever et al., 2011). Consequently,
whilst the initial diapir may be dragged inwards at an angle oblique to the subduction channel
due to the action of corner flow, this cannot be the case with any subsequent plumes as that
flow has been stemmed. Therefore, any subsequent diapiric upwellings would rise vertically,
not inwardly towards the hottest part of the mantle. In this way, chlorite within the diapir would
entirely dehydrate, not melt, and this would change the chemical ‘signature’ of the buoyant
parcel. In addition, with a vertical rise, the diapir would not be spatially associated with the
location of arc volcanoes but be much closer to the fore-arc trench.
Application of the H2O/Ce thermometer to fluids in arc magmas reveals that the intrusion of cold
mantle diapirs rising from the subduction channel would cool the mantle wedge too much,
leading to the cessation of convective corner flow (Cooper et al., 2012). The Marschall and
Schumacher model offers a neat method for bringing together fluid sources from sediment, slab
and mantle sources, where they are mechanically mixed in the subduction channel. However,
the H2O/Ce thermometer negates the possibility that diapirs could transport this mix of fluids to
arc magma chambers.
Marschall and Schumacher offer no explanation as to why they restrict their model to fore-arc
pressures. They acknowledge that numerous geophysical studies show buoyancy contrasts
extending beyond 150 kms depth along a subduction channel (Marschall and Schumacher, 2012,
p. 863 and references therein). So why refer only to the upper section? It may well concern the
changes which occur beyond 2.5 GPa.
From ~2.0 GPa, garnet begins to replace spinel as the main Al-bearing mineral with increasing
pressure - the spinel-garnet transition. In the case of chlorite mélange, the breakdown of
chlorite means the product rock progressively changes from a spinel peridotite to a garnet
peridotite with increasing pressure. Garnet peridotite has a significantly greater density than
spinel peridotite due to changed phase relations. Therefore, at pressures >2.5 GPa, a chlorite
mélange has sufficient buoyancy to permit a diapiric upwelling to form. With the progressive
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breakdown of chlorite with increasing temperature, garnet peridotite forms which has a greater
density than the average lherzolite and harzburgite in the overriding mantle wedge. Its
buoyancy would stall even before all chlorite had disappeared, and upon exceeding the chlorite
thermal boundary, garnet peridotite, being denser, would begin to sink back through the original
mantle rocks.
Marschall and Schumacher further claim that Syros chlorite is stable to near 900°C and the wet
peridotite solidus occurs near 810°C (Marschall and Schumacher, 2012 - see Figure 2, panel 4).
This temperature interval is important to the working of their model. Chlorite contacting the
mantle rocks on the outer layer of the diapir will begin to melt prior to dehydration. The partial
melt provides thermal protection for the inner parts, delaying chlorite dehydration. Once the
inner melange reaches 900°C, the diapir has ascended well into the hot mantle wedge such that
upon full dehydration, the released fluids intermingle with the surrounding melt and not as free
water. In this way, the water contents of chlorite go immediately from bound form to melt with
no ‘free’ water released upon chlorite breakdown. The experimental results from the current
study indicate this is not the case. Syros chlorite, at best, possesses a thermal maximum near
3.0 GPa, 780°C (SY4 - Mg#=0.68). At 760°C, just 15.5 wt% chlorite remains meaning that over
80% of the original chlorite has already dehydrated. Even if one accepts that the wet peridotite
solidus is located near 810°C (this question is addressed in the next section of this chapter), then
a >30°C gap remains between chlorite dehydration and the onset of melting where free water
has completely dispersed. This substantially lower temperature means that chlorite will have
commenced thermal breakdown prior to being encased in a diapir. Since the model requires
chlorite dehydration and chlorite melting to occur within the confines of the diapir, this is a
substantial weakness and means that at pressures above 2.5 GPa, the Marschall and
Schumacher model has no application.
5.4.3. THE ONSET OF MELTING IN GARNET PERIDOTITE
The results of the high temperature experimental set determined that the onset of melting in
garnet peridotite, the product following chlorite breakdown in chlorite schist, was bracketed
between at 3.0 GPa between 1100°C and 1150°C. Evidence will be provided by an examination
of two key points: changing phase textures and changing phase composition, both of which will
follow a short section defining the characteristics of quench textures. This section will conclude
with a short critique of the work of Till (Till et al., 2012a) regarding their positioning of the wet
peridotite solidus due to incorrect interpretation of their own experimental results.
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5.4.3.1. Quench textures
Fortunately, the high-temperature experiments conducted in this series were conducted in the
P,T region below the SCEP and therefore a simple classification is possible. Three main types of
quench textures have been identified, labelled in short by QF, QM and QS after Mibe (Mibe et
al., 2011). Quench textures which assume a smooth, spherulous habit or have a fish-egg
appearance are considered to be solute quenched from a fluid (QF) (Adam et al., 1997; Carter
et al., 2015). In contrast, anhedral-spherulous shapes containing multiple voids, microvesicles
(Carter et al., 2015) or bubbles are considered to be melt, the bubbles indicating fluid exsolved
from the melt at quench (QM) (Spandler et al., 2007; Klimm et al., 2008; Mibe et al., 2011). The
third quench type - elongate sinuous, crystalline ‘strings’ and ‘wisps’ (QS) - indicate exsolved
solute (Stalder, 2012) but it is indeterminate as to whether or not they have derived from fluid
or melt or both. Consequently, the presence of QS is not a distinguishing characteristic of the
presence of melt.
5.4.3.2. The appearance of melt textures
This set of high-temperature experiments successfully bracketed the wet solidus in garnet
peridotite at 3.0 GPa between 1100°C and 1150°C.
Figure 5.18a-c provides a series of microphotographs at 820°C, 1100°C and 1150°C respectively
which tracked the changes in phase texture with increasing temperature to illustrate the first
appearance of melt. Since the starting material used in this set was identical to that used in
Series 2 experiments (Chapter 4)., it has been possible to provide visual evidence of these
changes over a wider temperature interval.
At 820°C (Figure 5.18a), some 30°C above the experimentally-determined chlorite-out
boundary, no melt was visible within the capsule contents. Olivine and poikiloblastic garnet, the
dominant phases present, generally formed large grains (>10 µm) and possessed subhedraleuhedral grain boundaries. Smaller garnet and olivine grains (<5 µm) were randomly distributed
throughout the field-of-view along with minor spinel and opx. There was no evidence of phase
segregation at this temperature. Porosity (vapour) did not show a gradation towards the hot
end of the capsule. Taken together, these textures indicated a complete absence of melt at this
temperature.
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FIGURE 5.18. The onset of melting in chlorite peridotite illustrated by phase textures.
a) Capsule contents at 820°C in current study. No evidence of melt textures. b) Capsule contents at 1100°C in current
study. Plentiful spinel, QF (quench fluid) spherules, and QS. c) Melt forms at a triple junction at the cooler end of the
capsule. d) Reproduction of microphotograph from Figure 2 in Till (Till et al., 2012a) of capsule contents at 3.2 GPa,
1100°C. A comparison of images in b) and d) reveal good agreement between phase textures in both studies.

At 1000°C, some slight textural changes were detected. Olivine and garnet formed slightly larger
grains (>15 µm) and appeared a little more homogeneous although garnet remained
poikiloblastic. At larger scale, a density contrast had begun to form (see Figure 5.13a) as well as
a porosity gradient, both of which favoured the hot end of the capsule. However, no melt
textures were observed anywhere within the capsule.
At 1100°C, an unmistakable change in appearance was observed. Phase segregation had created
a distinct density contrast with fluid and large olivine grains restricted to the hot end of the
capsule and the denser phases compacted at the cooler end (see Figure 5.18b). The presence
of multiple spherules (QF) and sinuous shapes (QS) adjacent to the hot end of the capsule wall
signalled newly-formed quench products (see Figure 5.13d). Importantly, no melt quench (QM)
was observed anywhere in the capsule contents. Mass balance indicated a slight reduction in
phase abundance of both garnet and opx at this temperature and its replacement by an
estimated 2wt% melt although none was observed.
At 1150°C, melt textures were confirmed with the presence of all three types of quench – QF,
QS and QM. At small scale (see Figure 5.13f), vesicular, anhedral blobs of melt quench were
observed surrounded by strings of melt quench. At large scale (see Figure 5.18c), the same
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textures were observed forming in triple junctions between olivine grains in cooler parts of the
capsule. Garnet and opx had entirely disappeared at this temperature with an estimated
>20wt% melt present in capsule contents.

FIGURE 5.19. Mg# vs temperature - current study compared with Till et. al.
a) Current study. Mg# for six phases plotted against temperature. Three solid black lines mark location of sudden
rise in Mg# indicating a phase change. The last of these, near 1125°C, indicates the wet peridotite solidus. b) Till et.
al. study. Mg# vs temperature showing key phase changes as well as the location of the wet peridotite solidus near
810°C – over 300° lower than in this study.

5.4.3.3. Changes in phase composition signal the location of the wet solidus
This set of high-temperature experiments showed the onset of melting in garnet peridotite
occurred at 3.0 GPa between 1100°C and 1150°C which indicates the location of the wet
peridotite solidus. Since sudden changes in Mg# over a small temperature interval typically
indicate a phase boundary, the Mg# of each phase in this experimental set was plotted against
temperature, shown graphically in Figure 5.19a.
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The Mg# of all six solid phases were plotted against temperature between 700°C and 1150°C,
integrating the results from Series 2 (chapter 4) with the high-temperature set. The solid vertical
lines marked the location of sudden jumps in Mg#. The first jump, near 740°C, marked the
disappearance of the cpx phase and the appearance of garnet. At this point, the Mg# of both
olivine and opx rose by 0.02. The next sudden rise in Mg# was registered near 790°C. This coincided with chlorite breakdown and the introduction of the spinel phase. Co-existing phases
olivine, opx and garnet registered corresponding rises of 0.1, 0.2 and 0.4 respectively. The next
major jump occurred after a large temperature interval of ~300°C. Between 1100°C and 1150°C,
the Mg# of the two remaining phases olivine and spinel rose by 0.02 and 0.10 respectively. This
interval saw the disappearance of both garnet and opx and the appearance of melt, thereby
marking the location of the wet peridotite solidus.
Figure 5.19b is a reproduction of Fig.3 from the Till et. al. article. Its inclusion here enables a
direct comparison of compositional data from both sets of experiments. At first glance, they
appear quite similar.
5.4.3.4. The location of the wet solidus
The location of the wet peridotite solidus at 3.0 GPa between 1100°C and 1150°C is in good
agreement with previous experimental work into the partial melting of saturated peridotite
(Green, 1973, 1976; Millhollen et al., 1974; Kessel et al., 2005) and of saturated, amphibolebearing peridotite (Niida and Green, 1999; Fumagalli et al., 2009; Pirard and Hermann, 2015b),
when adjusted for differences in bulk compositions.

However, these results contrast

significantly with another group of experimental researchers who claim the wet peridotite
solidus occurs some 300°C lower (Mysen and Boettcher, 1975; Gaetani and Grove, 1998; Grove
et al., 2006).
The most recent experimental study published by this group (Till et al., 2012a) argued that melt
was observed at 3.2 GPa, 810°C in experiments using a chlorite peridotite bulk composition.
Unfortunately, no photographic evidence and limited data was supplied to support this claim at
these P,T conditions (Green et al., 2012; Stalder, 2012).

The Supplementary datafile

accompanying the published article contained sparse information in general and no data on
experimentation below 880°C (at 3.2 GPa) making it impossible to verify this interpretation.
With the aid of a microphotograph from the current study, shown in Figure 5.18a, capsule
contents at 3.0 GPa, 820°C were examined for signs of melt. According to Till et. al., melt
textures should be present. As already discussed above, there was no evidence, either texturally
or chemically, of melt contained in capsule contents at these P,T conditions.
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A photograph of capsule contents at 3.2 GPa, 1100°C, however, was provided in the Till study,
reproduced here in Figure 5.18d. The similar P,T conditions and bulk composition of both studies
allowed a photographic comparison of phase textures to be made. Two microphotographs from
the current study, therefore, have been included showing capsule contents at 3.0 GPa, 1100°C
(Figures 5.13d and 5.18c). All three images possessed strikingly similar phase textures which
suggested strong agreement between both sets of experimental results. However, textural and
compositional data have been interpreted in significantly different ways in each study, and in
the case of the Till study, this has led to the incorrect placement of the wet peridotite solidus.
5.4.3.5. Further implications for the location of the wet peridotite solidus
Till, Grove and Withers (Till et al., 2012a) claimed to have experimentally determined the wet
peridotite solidus at 3.2 GPa, 810°C, some 300°C lower than determined in most previous
studies. Two commentaries soon followed (Green et al., 2012; Stalder, 2012) along with replies
from the authors (Till et al., 2012b, 2012c). Each reviewer responded to numerous issues arising
from the original paper and each produced a comprehensive critique, making it unnecessary for
me to repeat these points here. Neither reviewer seemed especially concerned with the study’s
methodology or the results obtained. Instead, their concerns involved the interpretation of the
results, and the sparsity of evidence provided in support of their claims.
The key finding of their study regarded the changed location of the wet peridotite solidus. This
should have been easy to support. Firstly, the textural evidence. How simple would it have been
to provide two microphotographs – one at 3.2 GPa, 780°C which showed the absence of melt,
and a second at 3.2 GPa, 840°C which showed the presence of melt?

Secondly, the

compositional evidence. How easy would it have been to include compositional data on each
co-existing phase at these same P,T locations to show the sudden jump in Mg# corresponding
to the phase change incurred by the appearance of melt? This evidence was not presented in
the text of the article, nor in the Supplementary material. Indeed, what is most interesting about
this article is not what was included as supporting evidence but rather what was not. There
appears to have been some serious inverse cherry-picking involved. By their own admission (Till
et al., 2012a, p. 1084-5), their desire to produce research of “…great importance…”, irrespective
of what the actual results showed, seems to have compromised their ability to draw sound,
scientific interpretations of their findings.
Stalder concludes his commentary stating that even with the scant data Till et. al. made
available, their results point to the actual location of the wet peridotite solidus being nearer
1100°C than 810°C, and their interpretation that it is at lower temperature does not accord with
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their own data or the bulk of previous experimental studies (Stalder, 2012), a view with which I
wholeheartedly agree.

5.5. CONCLUSIONS AND IMPLICATIONS
The three sets of experiments in this study provided new findings on the stability of chlorite of
mafic composition, as well as the melting behaviour of chlorite schist at high temperatures.
Eighteen experiments were conducted at sub-arc pressure (3.0 GPa) using two samples of mafic
chlorite schist from Syros, Greece, SY3 (Mg#=0.50) and SY4 (Mg#=0.68). The results showed, in
the SY3 set, the maximum thermal stability of chlorite was determined at 765°C. In more cpxrich compositions, chlorite stability was reduced to 650°C. In the SY4 set, the maximum stability
of chlorite occurred ~780°C whilst in omphacite-dominant compositions, it was reduced to
680°C.
As chlorite became increasingly Fe-rich, its stability field reduced and the gap between the
cpx+chl reaction and the terminal chlorite reaction widened.
The phase composition from the same two sets of experiments showed the changes in density
with increasing temperature. In SY3, a major jump in density occurred between 580°C and
640°C which corresponded to the disappearance of chlorite. In SY4, a similar jump in density
occurred between 740°C and 760°C which also corresponded to chlorite disappearance.
At low temperatures, experiments revealed that mafic chlorite schists were buoyant and could
form diapiric upwellings through the overhanging mantle peridotite.

In both instances,

however, even before the complete disappearance of chlorite, the transformed garnet
peridotite was denser than the mantle rocks and as such buoyancy would cease.
These results show that although the Marschall and Schumacher model had application at forearc pressures, albeit with several weaknesses, density and stability data from the current study
showed that it had no function at sub-arc depths.
The third experimental set determined the wet peridotite solidus in ultramafic chlorite schists
(Mg#=0.94). The results showed the onset of melt occurred between 1100°C and 1150°C. This
was confirmed by the presence of all three types of quench textures, the absence of garnet and
opx phases, and by a jump in Mg# in ol and sp, the only remaining solid phases at that
temperature.
These experimental results dispute those of Till et. al. who insist that the wet peridotite solidus
was located ~810°C.
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CHAPTER 6 : SUMMARY, IMPLICATIONS AND FUTURE RESEARCH

This program of research was directed by three inter-related aims surrounding the stability of chlorite
in the subduction zone. This chapter revisits these aims in turn: each provides a summary of research
findings, the implications of these results and the identification of possible future research directions.

FIGURE 6.1: Comparison of bulk compositions used in this study
a-d) Chemographs of each of the bulk compositions used in this study: Bulk 1 (blue), Bulk 2 (red), Bulk SY3 (green) and Bulk
SY4 (orange) respectively. Coloured tie-lines link each of the phases included in each starting mix. e) A compilation of all
four bulk compositions in the same compositional space enabling ease of comparison. Phase abbreviations as previously
denoted.

Three separate series of experiments were undertaken, using contrasting chlorite compositions from
natural samples, to constrain the stability field of chlorite within a subduction setting. The varied
compositions have been shown in Figure 6.1. In three-component compositional space, Figure 6.1ad shows the location of each bulk composition and the minerals comprising each starting mix. Figure
6.1e shows all four bulk compositions as an overlay to enable comparison of starting mixes.
Series 1 experiments (Chapter 3) studied chlorite in an ultramafic chlorite mélange schist (chlorite
Mg#=0.94), typically formed in the subduction channel between the downgoing slab and the hanging
wall of the mantle wedge. This series examined the two dehydration reactions relevant to this
lithology: chl = ol+opx+sp+H2O (Reaction 1), applicable at low pressure, and at high-pressure: chl =
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ol+grt+sp+H2O (Reaction 2). This study is the first to examine these reactions relevant to a chlorite
mélange schist.
Series 2 experiments (Chapter 4) studied chlorite peridotite (chlorite Mg#=0.94) typically formed from
metasomatic action in the mantle wedge. A fertile chlorite lherzolite was examined using the model
reaction for this lithology: chl+cpx = ol+grt+H 2O (Reaction 3), whilst chlorite harzburgite was studied
using the model reaction chl+opx = ol+grt+H2O (Reaction 4). Reactions 3 and 4 were studied together
here for the first time. Series 3 (Chapter 5) examined two samples of mafic chlorite schist (chlorite
Mg#=0.50 and 0.68) typically formed metasomatically within the downgoing slab. Reactions 2 and 3
were used to guide the relevant chemical reactions.
Ninety-five (n= 29, 45, 9, 9 and 3 respectively) piston cylinder experiments were conducted at a range
of pressures (1.0 GPa to 6.2 GPa) and temperatures (500°C to 1150°C). The resulting data was used
to explore the three aims upon which this thesis was based.

6.1 SUMMARY OF FINDINGS
6.1.1 AIM 1: TO CONSTRAIN THE STABILITY FIELD OF CHLORITE IN CHLORITE SCHIST, CHLORITE
LHERZOLITE AND CHLORITE HARZBURGITE
Experimental results enabled the stability field of chlorite to be closely constrained in three
contrasting chlorite lithologies. The maximum pressure stability of chlorite schist and chlorite
peridotite was determined at 6.2 GPa, some 40 kms deeper than determined by previous research. A
phase diagram combining results from Series 1 and 2 is displayed in Figure 6.2. Each of the highpressure Reactions 2-4 possessed similar gradients but were thermally separate.
Series 1 results determined the location of the terminal chlorite Reactions 1 and 2 relevant to chlorite
mélange schist. A plot of those results, shown in green in Figure 6.1, produced a curve described as
follows: a steep positive Clapeyron slope to 2.3 GPa, 850°C, then a near-vertical rise to ~3.4 GPa,840°C,
a slight backbend dipping steeply negative to near 5.7 GPa, 735°C, a further moderate backbend to
6.2 GPa, 675°C, then a sharp backbend to 6.3 GPa, 610°C. Up to ~3.5 GPa, this curve closely resembled
numerous previous studies of chlorite stability. In this study, however, the chlorite stability boundary
rose more steeply which created a chlorite stability field at least 0.8 GPa higher than determined in
any previous study.
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FIGURE 6.2: Comparison of phase relations in chlorite peridotite and chlorite schist
Phase relations for Series 5 (chlorite peridotite) shown in black; Series 1 (chlorite schist) shown in green. The dotted line
indicates the low P-T boundary of the MgS phase due to solid solution. The chlorite stability field in chlorite schist is shifted
to higher temperature compared to chlorite peridotite due to contrasting compositions. Phase abbreviations as previously
denoted.

Series 2 results marked the curves of Reactions 3 and 4 relevant to chlorite lherzolite and chlorite
harzburgite respectively, shown in black in Figure 6.1. Reaction 3 possessed a slightly steeper gradient
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compared with Reaction 4 and the thermal separation between both reactions diminished with
increasing pressure: from ~50°C at 2.5 GPa to zero where they converged at Invariant Point K near 6.2
GPa, 635°C. Reaction 4 was explored in both Series 1 and 2. The slope of each curve was very similar,
however compositional differences meant that in chlorite peridotite, Invariant Points A and D were
shifted such that the chlorite stability field was slightly reduced. The resulting Invariant Point A’ was
located some 0.4 GPa and 20°C lower than Invariant Point A, and Invariant Point D’ located some 0.2
GPa higher and 35°C lower. This meant that Reaction 4 commenced at lower pressure and terminated
at higher pressure compared with chlorite schist compositions, but its thermal stability was always at
lower temperature.
Series 3 experiments determined constraints only at 3.0 GPa with thermal maxima recorded at 780°C
(Mg#=0.68) and 765°C (Mg#=0.50), a further 15-30°C lower than in Series 2. Overall, these results
showed that the stability field of chlorite extends to higher pressures and temperatures than shown
in any previous chlorite study. Furthermore, chlorite mélange has a considerably higher thermal
stability than other ultramafic and mafic chlorite lithologies.
Two key observations can be made regarding chlorite stability.
Chlorite possessing the same Mg# had contrasting thermal stability in differing compositions. The
terminal Reaction 2 (Mg#=0.94), studied in chlorite schist, showed a maximum thermal chlorite
stability at 3.0 GPa of ~850°C. Reaction 4 (Mg#=0.94), as occurs in depleted harzburgite, showed that
in the presence of opx, chlorite recorded a thermal maximum at 3.0 GPa of ~790°C. Reaction 3
(Mg#=0.94), relevant to fertile lherzolite, revealed that chlorite attained a thermal maximum of
~750°C at 3.0 GPa.

Therefore, chlorite in chlorite lherzolite breaks down a full 100°C lower

temperature than does chlorite of the same Mg# in a chlorite schist.
High Mg# chlorite had a higher thermal stability than compositions with a lower Mg#. In Series 3, two
contrasting mafic chlorite schists were examined. Sample SY4 (Mg#=0.68) had a thermal maximum at
3.0 GPa of ~780°C whilst the SY3 sample (Mg#=0.50) reacted out at 3.0 GPa by 765°C. Therefore,
increasing quantities of Fe in chlorite can result in an 85°C difference in the maximum stability of
chlorite.
Chlorite stability was affected by the elements present in the bulk composition. The Series 1 bulk
composition contained minor chromium and iron which enabled their impact upon chlorite stability
to be determined. The addition of Cr enhanced the chlorite stability field to higher pressure and higher
temperature. This effect was maximised at high-pressure, low-temperature locations. The inclusion
of Fe, however, had different effects depending upon the P,T conditions. Under low-pressure, high-
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temperature conditions, the chlorite stability field was reduced to lower temperature. Conversely,
under high-pressure, low-temperature conditions, the chlorite stability field was expanded to higher
pressure. The resultant effect was to significantly steepen the Clapeyron slope of the chlorite-out
boundary which increased its thermal stability with increasing pressure. The Series 2 bulk composition
contained minor calcium in addition to Fe and Cr. The effect was to shift the chlorite stability field to
lower temperature by a consistent 35°C regardless of the pressure.
6.1.2 AIM 2: TO INVESTIGATE IF CHLORITE BREAKS DOWN INTO ANHYDROUS OR HYDROUS
MINERAL ASSEMBLAGES
Perhaps the most significant finding from these experimental studies was the appearance of
unexpected hydrous phases which formed as a breakdown product of chlorite.
The breakdown of chlorite in chlorite mélange schist accorded with Reaction 2 at pressures below 5.7
GPa. At higher pressures, chlorite breakdown produced the 11.5Å-phase (~12.1 wt% H2O). This phase
has an extensive stability field to at least 12 GPa, 1000°C (Cai et al., 2015) but has never before been
found in experiments using natural minerals as starting materials. Due to the presence of a small
amount of opx, Mg-sursassite (~7.1 wt% H2O) also appeared above 6.0 GPa, 700°C. It possessed a
narrower stability field but it did extend to higher pressures and temperatures.
In chlorite lherzolite, chlorite breakdown followed the Reaction 3. However, in chlorite harzburgite,
the breakdown of chlorite followed Reaction 4 only to 4.9 GPa. At higher pressures, Mg-sursassite
replaced garnet as the stable Al-bearing phase. Its stability field was extended to lower pressure and
higher temperature likely due to the presence of calcium in the system.
In mafic chlorite schist, the disappearance of chlorite witnessed the appearance of the amphibole
magnesiokatophorite (~2.04 wt% H2O) and the mica wonesite (~4.2 wt% H2O), the former thermally
stable beyond 740°C at 3.0 GPa.
The formation of these hydrous minerals after chlorite breakdown provides potential for large
volumes of water to be sequestered beyond sub-arc depths and released into the deeper mantle upon
thermal breakdown. Up to 25 % of the total water repository in chlorite can be retained in the 11.5Åphase following chlorite breakdown whilst up to 8 % could be retained in the MgS phase.

187

6.1.3 AIM 3: TO EXAMINE THE IMPLICATIONS OF CHLORITE STABILITY UPON SLAB DIAPIR AND
MANTLE MELTING MODELS
In unaltered mafic lithosphere, lawsonite is the dominant stable hydrous mineral, hosting bound
water to very high pressure. As the slab continues its downward journey, though, metasomatism acts
to chloritize large swathes of mafic rocks, sequestering large volumes of water which vastly increases
their capacity to transport water to greater depth. However, as experimental findings in this study
showed, the stability of chlorite in mafic lithologies varied according to Mg# and furthermore, mafic
chlorite always liberated water before ultramafic chlorite schists.
Experimental results in Series 3 showed that the stability field of mafic chlorite is shifted to lower
temperatures compared to ultramafic lithologies. In the SY3 set, the maximum thermal stability of
chlorite at 3.0 GPa was determined at 765°C. In cpx-dominant compositions, chlorite stability was
reduced to 650°C. In the SY4 set, the maximum stability of chlorite occurred at 3.0 GPa near 780°C
whilst in omphacite-dominant compositions, it was reduced to 680°C. As chlorite became increasingly
Fe-rich, its stability field reduced and the gap between the Reaction 3 and Reaction 2 widened.
Experimental data enabled the density of mafic chlorite schist to be determined. Within the chlorite
stability field, chlorite schist of any composition was less dense than the proximal peridotite situated
in the mantle wedge indicating that chlorite mélange diapirs could form. However, as chlorite began
to breakdown, the more buoyant chlorite schist began its transformation into dense garnet peridotite
and any buoyancy contrast was lost. In SY3, a major jump in density occurred between 580°C and
640°C which corresponded to the disappearance of chlorite. In SY4, a similar jump in density occurred
between 740°C and 760°C which also corresponded to chlorite disappearance. These results
indicated that whilst mélange diapirs could form, subsequent density changes meant they could not
operate as fluid transport vehicles through the mantle wedge.
The high-temperature experiments determined that the wet peridotite solidus in chlorite peridotite
occurred at 3.0 GPa between 1100°C and 1150°C. This was confirmed by observation of phase
textures, the presence of varied quench textures, and the sudden increase in Mg# of solid mineral
phases. No evidence of the onset of melting was observed near 810°C (Till, Grove and Withers, 2012)
thereby disputing the existence of chlorite melting in hydrous peridotites.

6.2 IMPLICATIONS OF INCREASED CHLORITE STABILITY FIELD AND WATER TRANSPORT
This was the first comprehensive experimental study of chlorite stability at high pressure. It was the
first study to show a clear delineation between Reaction 3 and Reaction 4, relating to fertile and
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depleted peridotite respectively, and the chlorite terminal reactions, Reactions 1 and 2, relevant to
chlorite schists.
Numerous implications arose from these results:
Increased stability field of chlorite. Chlorite has a more extensive stability field than recognised in
previous studies. These results confirm chlorite stability to at least 6.2 GPa, 675°C in chlorite mélange
schist and 6.2 GPa, 735°C in chlorite peridotite, equivalent to ~190 kms depth.
Complex phase relations at high pressure. The presence of the hydrous minerals chlorite, 11.5Å
phase and MgS to high pressures and temperatures indicated a significant change to phase relations
than expected by the model formulae (Reactions 1-4).

This could alter future experimental

undertakings.
Reactions 2 and 4 more important than Reaction 3. At high pressure, chlorite breakdown in fertile
peridotite follows Reaction 3 (chl+cpx=ol+grt+H2O). In contrast, chlorite breakdown in depleted
peridotite does not follow Reaction 4 (chl+opx=ol+grt+H2O), producing instead the hydrous phase
MgS in lieu of garnet. Similarly, chlorite dehydration in chlorite mélange does not accord with the
terminal Reaction 2 (chl=ol+grt+sp+H2O) producing instead the 11.5Å-phase in lieu of spinel. The
overall effect is that Reactions 2 and 4 extend the hydrous stability field. Therefore, Reaction 3 is less
important than Reactions 2 and 4 regarding water transport.
Bulk composition affects chlorite stability. These results confirmed that high Mg# chlorite has higher
thermal stability than low Mg# chlorite. The presence of Ca reduces thermal stability, Cr increases
chlorite stability to higher pressure and temperature, and Fe reduces thermal stability at low pressure
but increases it at high pressure.
Naturally-occurring minerals. This study was the first to use only naturally-occurring minerals. The
appearance of the uncommon, hydrous minerals 11.5Å-phase and MgS at high pressure suggests that
they could be found in naturally-occurring rocks. Furthermore, the absence of 10Å-phase in any
experimental run may be related to the use of natural minerals in the starting materials.
Up-temperature shift in the hydrous-anhydrous boundary at sub-arc depths. The elevated stability
field of chlorite, 11.5Å-phase and MgS shifted the hydrous-anhydrous boundary to higher
temperature. At 6.2 GPa, this led to a significant increase of 150°C in chlorite peridotite and 200°C in
chlorite schists.
The location of the ‘anhydrous nose’ related to bulk composition. The change to the chlorite stability
field leads to a shift in the location of the ‘anhydrous nose’. In chlorite peridotites, it is located near
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4.9 GPa, 710°C, which indicates a down-pressure change of 1.3 GPa but an up-temperature shift of
130°C. The shift is even more significant in chlorite schists. In this lithology, the ‘anhydrous nose’ is
located near 5.7 GPa, 735°C, a down-pressure shift of 0.5 GPa and a thermal increase of 155°C.
Patterns of water release. These experimental results demonstrated that chlorite breakdown
produced free water over a small temperature interval. In contrast, the breakdown of 11.5Å-phase,
MgS and magnesiokatophorite liberated water over a wider temperature range.
Water transport to the deep mantle. With each of the hydrous phases chlorite, 11.5Å-phase and MgS
shown to be stable above 6.0 GPa, bound water can be transported beyond sub-arc depths to the
deep mantle. Around 8 % of the water contained in chlorite is sequestered in MgS following chlorite
breakdown whilst ~25% of water contained in chlorite is retained in the 11.5Å-phase.
Quantity of water transport dependent upon location of hydrous phases. Where the hydrous phases
chlorite, 11.5Å-phase and MgS form impacts their capacity to transport water to the deeper mantle.
Chlorite mélange schist forms on the slab surface. Geophysical modelling (Arcay, Tric and Doin, 2007;
Syracuse, van Keken and Abers, 2010) indicated that chlorite in this lithology can feasibly survive
subduction but only on the coolest of slabs since the ‘anhydrous nose’ at 5.7 GPa, 735°C forces chlorite
dehydration prior to the formation of 11.5Å-phase in warmer slabs. In contrast, chlorite peridotite
forms in the interior of the down-going hydrated oceanic lithosphere, where the thermal profile
remains much cooler than the slab surface. Geophysical modelling (Arcay, Tric and Doin, 2007;
Syracuse, van Keken and Abers, 2010) showed that chlorite and MgS formed within the slab would
remain stable at all P,T conditions experienced in the sub-arc, thus ensuring the successful transport
of sequestered water into the deeper mantle.
Recalibration of the water budget. With bound water able to be subducted beyond sub-arc depths,
a recalibration of the water budget is required to accommodate the additional water sequestered in
these hydrous minerals within the deep mantle. It follows that the sub-arc water budget also needs
to be adjusted as chlorite does not necessarily dehydrate at sub-arc depths which leads to a reduction
of water volume at these depths.
Peridotite composition determines the quantity of water liberation. Fertile lherzolites can contain
twice the quantity of chlorite compared with depleted harzburgites (Schmidt and Poli, 1998) and
therefore twice the volume of sequestered water. This is due to the higher levels of Al in lherzolite
required to form chlorite in the first instance. However, lherzolites also contain Ca and experimental
results in Series 2 showed that bound water in lherzolites is liberated along Reaction 3 whilst water
liberation in harzburgites occurs with Reaction 4. Reaction 3 is shown to have lower P,T stability than
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Reaction 4 and so lherzolites will liberate twice the volume of water compared to harzburgites but at
lower P,T conditions. Furthermore, this means that harzburgites are more successful water transport
repositories than lherzolites, but they only transport half the quantity. Chlorite mélange schists still
have the highest P,T stability of any of the chlorite lithologies studied therefore they will be able to
transport water to greater depth where water liberation occurs.
Mantle rheology. Small amounts of water added to high-pressure, high-temperature mantle rocks
have a profound impact upon rheology, phase relations and their geophysical responses. This
research highlights the need to assess the impact of additional hydrous minerals at depth and to more
fully understand the process of water liberation in the deep mantle. In turn, this would require the
recalibration of existing geophysical models to account for these changes.
Chlorite schist is more buoyant than peridotite. The results showed that chlorite schist of any
composition is more buoyant than peridotite. Therefore, it is theoretically possible that they could
form diapiric structures in the subduction channel.
Mafic chlorite schist dehydrates prior to melting. These results show that the maximum stability of
chlorite in a mafic chlorite schist is ~780°C which is ~300°C lower than the onset of melting in this
lithology. This means that a large thermal gap exists between the liberation of water from chlorite
and the onset of melting of the protolith. Therefore, bound water in chlorite schist would be released
long before being incorporated into melt.
Corner flow is disrupted by diapiric rise. According to the Marschall and Schumacher model
(Marschall and Schumacher, 2012), corner flow acts to drag a rising diapir obliquely into the hottest
part of the mantle wedge positioning it directly underneath arc volcanoes. However, the rise of cool
diapirs through the mantle wedge has been shown experimentally to permanently disrupt corner flow.
This means that any subsequent diapir would rise vertically into the cooler fore-arc region with no
spatial association with arc volcanism. Consequently, corner flow is not the key mechanism in mass
transport through the mantle wedge.
The Marschall and Schumacher model has no application at sub-arc depths. Due to the density of
garnet peridotite, the disruption to corner flow and the lower stability field of mafic chlorite, it is
apparent that the mélange diapir model proposed by Marschall and Schumacher (Marschall and
Schumacher, 2012) has no application at sub-arc conditions.
Wet peridotite solidus determined at 3.0 GPa between 1100°C and 1150°C. This indicates that the
initial transport of fluid bound in hydrous minerals from sediments, slab or mantle rocks must occur
in ways other than as melt. These results confirm the bulk of previous research on this theme and
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serve to dispel the research of Till (Till, Grove and Withers, 2012) who argued that the wet peridotite
solidus was located at a considerably lower temperature.

6.3 FUTURE RESEARCH DIRECTIONS
Whilst numerous data points were determined in this suite of experiments, there remain several
avenues of research to establish a fully constrained chlorite stability field.
Additional high-pressure chlorite experiments. Further experiments need to be conducted at
pressures above 6.2 GPa and temperatures below 675°C to fully constrain the upper stability boundary
of chlorite. Prime among these is Reaction F2/E6 (chl=MgS+ol+11.5Å) which currently has no highpressure constraints. Although several data points were experimentally determined for Reaction
B6/E2 (chl=grt+11.5Å+ol+H2O), more precise constraints are required.
Any future experimentation planned at higher pressures would need to be conducted on a multi-anvil
device as these pressures are very near the maximum possible on the UHP apparatus.
Low-pressure constraints on 11.5Å-phase. Further experiments are required to determine more
precise constraints on the stability field of the hydrous 11.5Å-phase and MgS, including their
delineation from each other in P,T space. Schreinemakers analysis identified several important
reactions involving these phases to higher pressure: Reaction F1 (opx+11.5Å=MgS+ol+H2O), Reaction
K1

(MgS+cpx+ol=grt+opx+H2O),

Reaction

E1

(ol+MgS=grt+11.5Å+H2O),

Reaction

B1

(ol+sp+H2O=11.5Å+grt).
Experiments at high pressure using SY3 and SY4. According to the findings from Series 1 experiments,
an increase of iron in the bulk composition should substantially increase the chlorite stability field at
high pressure. It would be interesting to see if that did occur by undertaking further piston cylinder
experiments using this bulk composition.
Al in chlorite. The addition of aluminium to (normally Al-free) minerals is known to alter their stability
fields. Does chlorite of varied Al-concentration impact the chlorite stability field? Piston cylinder
experimentation would provide insight into this phenomenon.
Role of minor elements in Mg-sursassite. Experimental results revealed two trends in MgS
composition: a strong inverse correlation between Ca and Fe cations and increasing pressure, and a
positive correlation between Cr cations and increasing pressure. This trend may be the result of using
natural minerals in the starting material, but the role of minor elements seems not to have been
studied by other researchers and warrants further investigation.
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Melt experiments using varied chlorite composition. It is envisaged that the location of the wet
solidus would change if chlorite of different Mg# or chlorite-bearing schists of varied mineral
composition were used in experimentation. Whilst it is anticipated that the results would have limited
impact upon the veracity of the Marschall and Schumacher model, or of the work of Till et al., this
would be an interesting exercise in more fully understanding the behaviour of natural chlorite schists.
Recalibration of chlorite values in thermodynamic databases. The experimental results from this
study reveal chlorite of different compositions have varied stability fields, particularly at high pressure.
Commonly-used thermodynamic databases (Holland and Powell, 2011) accommodate high-pressure
chlorite, but do not account for the presence of chromium in chlorite. This study shows the need to
recalibrate thermodynamic databases using chlorite of varied composition.
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