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ABSTRACT 

 

Marion Island is a sub-Antarctic island which lies 300 km south of the South West 

Indian Ridge. The island is extensively affected by two periods of volcanism with the oldest 

erupting during the Pleistocene and the younger during the Holocene period. This study 

focused on inclusions present within several enormous megacrysts retrieved from a scoria 

cone on Marion, named Pyroxene Hill. Microfocus CT, electron microprobe, and Raman 

spectroscopy are used to identify all the mineral phases present within the clinopyroxene 

megacrysts as well as to determine their textural relationships in order to visualise their 

internal features without obliterating any of these rare megacrysts. Inclusions of olivine, Fe-

Ti-Al-Cr oxides (magnetite, chromite, and ilmenite), rhomb oxides (hematite) and sulphides 

were identified. Amphibole was also identified as secondary product. Their textural 

relationships are used to determine the major magmatic processes and formation mechanisms 

influencing their formation and preservation. Dehydrogenation-oxidation process was found 

to be the primary magmatic process driving the formation of mineral phases present. Water 

was also identified as a crucial phase required in the magmatic system to accelerate rapid 

growth of the clinopyroxene megacryst. 
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CHAPTER 1 – GENERAL INTRODUCTION 

 

The cycling of material within the Earth‟s interior has a profound effect on the growth 

and evolution of oceanic islands dotted across the world. Through the constant and 

continuous transfer of heat from the outer core and inner mantle, the mantle-derived material 

is steered through the Earth‟s interior and, in other instances, discharged to the Earth‟s 

surface along injector paths and fractures as buoyant melt migrates upward. These extrusive 

products are often preserved along the islands‟ landscapes and provide important evidence 

critical in understanding how the Earth‟s heat engine functions. They also allow us to 

establish the processes which lead to the eruption. Megacrysts of clinopyroxene have also 

become recurrent extrusive products of many volcanic deposits across the world. These large 

crystals are often associated with alkaline basaltic lavas and may often be accompanied by 

peridotite and pyroxenite xenoliths (Woodland & Jugo, 2007). Marion Island hosts 

clinopyroxene megacrysts in several scoria cones dotted around the island. These hold a 

record of the island‟s magmatic history as well as evidence of the processes at play during 

their formation. Studying its eruptive behaviour, melt migration and chemical composition of 

samples collected from the scoria cone may potentially assist in determining the rate at which 

the megacrysts evolved as well as their residence history in the magma chamber. 

 

1.1. Positioning of Marion Island 

Marion Island together with Prince Edward Island makes up the Prince Edward Island 

Group of the Southern Indian Ocean. These are relatively young islands with a lifespan of 

less than 1 My (McDougall et al., 2001). Marsh (1948) gave a poetic account of his first 

sighting of the island describing its landscape and geology as follows: 

“She rose, a jade jewel, out of the sea. Her lush green coat was fringed with the black 

lace of the cliffs and her heights draped in scintillating snow.” 

 

The Prince Edward Islands together with South Georgia, South Sandwich, Iles Crozet, 

Kerguelen, Bouvet, Heard and McDonald islands are the only land masses located within the 

40
o
 and 60

o
 South latitudes of the Southern Ocean (Bergstrom et al., 2006). The islands are in 

close proximity to each other and are arranged in a sub- Antarctic volcanic chain (Figure 1.1). 
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Figure 1. 1: The positioning of the Antarctic Peninsula (centre) with its surrounding islands. Also 

shown are islands located in the South Indian Ocean between the 40
o
 and 60

o
 South latitudes 

(Prince Edward, Crozet, Heard, St Paul, and Kerguelen island) (Fraser et al., 2012). 

 

Marion Island, located at 46
o
54‟S, 37

o
45‟E, is a sub-Antarctic island which lies 

300km south of the Southwest Indian Ridge (McDougall et al., 2001; Hall et al., 2011). It lies 

adjacent to Prince Edward Island, and both islands emerge from a flat-topped submarine 

highland as shield-like volcanic edifices (Boelhouwers et al., 2008). The island‟s aerial extent 

is about 293km
2
 and it stretches to about 19km in length (SANAP, 2015a). Its highest peak 

climbs to 1230m and is covered by enduring ice sheets and snow (Figure 1.2). The island is 

classified as a Hawaiian-type volcano as relicts of a shield volcano are speckled across its 

topography (Mahoney et al., 1992). Marion Island is considered a hotspot volcano as it is 
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situated at the tip of an ocean intraplate boundary within the Antarctic and African tectonic 

plates. Numerous studies suggest that it is part of a hot-spot track which extends to the east 

coast of Madagascar, a volcanic chain formed as a moving plate shifts across a relatively 

stationary plume. Madagascar formed the focal point of the plume and is also responsible for 

separating Great India from Madagascar 88 My ago (Storey et al., 1995). 

 

 

Figure 1. 2: Positioning of Marion Island relative to South Africa and Prince Edward Island (SANAP, 

2015a). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

© University of Pretoria 



4 

 

1.2.  Historical background of Marion Island 

At the time of its accidental discovery by the Dutch ship, Maerseveen, in the late 

1600s (SANAP, 2015b), no attempt was made to land on the island. It was then rediscovered 

by a French explorer named Marion du Fresne whilst in pursuit of discovering the Southern 

continent (SANAP, 2015b). It took another five years for another explorer to come across and 

officially annexe the islands. Captain James Cook named both the islands Prince Edward 

Islands but later changed the name of the bigger island to Marion to pay tribute to Marion du 

Fresne (Potgieter and duPlessis, 1970). The South African flag was later hoisted on the island 

by Governor General G. Brand van Zyl on 4 January 1948 when annexed to fall under Cape 

Town and the the administration of the Western Cape Province (Hutson, 2003). 

 

Economically, early shippers and sealers were attracted to the rich biodiversity of 

birdlife and seals on the island. This resulted in the unrestrained exploitation of elephant seals 

for oil and fur (Green, 1965), ultimately resulting in them almost becoming extinct locally 

(Hofmeyr et al., 1997; Cooper and Headland, 1991). This eventually sparked concerns over 

the biological welfare of animals on the island which resulted in the halting of most 

harvesting activities by the early 1900s. 

 

Considerable efforts aimed at protecting the diverse birdlife, penguins and albatross 

species found on the island eventually led to the declaration of Marion Island as a Special 

Nature Reserve in 1995 under the Environment Conservation Act, Act No. 73 of 1989 

(Hutson, 2003). A management committee has been set in place by the Department of 

Environmental Affairs of South Africa to monitor and protect the fragile ecosystem of the 

island and to also engage and attract scientists to conduct numerous researches on the islands. 

Research on Marion Island is primarily focussed on weather and climate studies, the 

collaboration between marine and terrestrial systems, the life histories of seals, seabirds and 

killer whales, the life histories of birds found on Marion, the formative framework and 

functionality of terrestrial and near-shore ecosystems (SANAP, 2015c). The numerous 

research programmes have since been moved to the Department of Science and Technology 

under the supervision of the National Research Foundation with new scientific structures and 

policies set in place. A meteorological station has also been erected on Marion Island which 

serves as a world-class weather forecasting unit for South Africa. It has played a major role in 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

© University of Pretoria 



5 

 

the differentiation of the mid- latitudinal climate as well as the provision of a substantial 

amount of evidence for change in climatic conditions over the Southern Indian Ocean (le 

Roex and McGeoch, 2008; Boelhouwers et al., 2008). 

 

1.3.  Land surface processes/ geological background 

 

Figure 1. 3: A simplified geological map of Marion Island, showing its volcanic and glacial evidence 

that assists in differentiating the two eruptive periods of the island (Holocene and 

Pleistocene). Taken from McDougall et al. (2001). 

    

Marion island is extensively affected by two periods of volcanism: the oldest 

eruptions during the Pleistocene (2.6-0.01 Ma), which are masked by the younger lavas 

which erupted during the Holocene (< 0.01 Ma) (Figure 2.2). Geological investigations have 

revealed that the earliest eruptive period is associated with a succession of grey lavas, which 

in turn correlate with alkaline basalts, pyroclastic beds and intercalated till (Verwoerd et al., 

1981).These older Pleistocene lavas are also typified as having distinct westerly and easterly 

flows and also show indentations of glaciations, hence making the Pleistocene eruptions a 

contemporary event that took place during the interglacial period. The younger black lavas 
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are predominantly composed of blocky lava, a‟a and pahoehoe flows, and subsequently, lead 

to the formation of copious scoria cones and tuff cones which conceal evidence of the 

preceding glacial event (Verwoerd, 1971; McDougall et al., 2001). The mineralogical 

composition of the black lavas is fairly identical to that observed in the grey lavas (Verwoerd 

et al., 1981). The grey lavas are characterised by minerals such as olivine, alkali feldspar, 

pyroxene ±plagioclase, whereas the black lavas (and the Red Scoriae) have spinel as an 

additional phase (Prinsloo et al., 2010). 

 

Volcanic ash deposits with compositions similar to that of basaltic rocks have also 

been identified on the island. Marion Island can thus be classified as a typical example of 

ocean island basalts (McDougall et al., 2001). Plotting representative samples of these rocks 

on a total alkali vs. silica (TAS) diagram indicates that they form a typical alkaline series 

(Figure 1.4). 

 

 

Figure 1. 4: A total alkali-silica (TAS) diagram for a sample suite consisting of volcanic rocks from 

Marion Island. The samples typically form an alkaline series, as indicated by the red arrow (le 

Roex et al., 2012). 
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Marion Island is considered an active volcanic centre. Its surface topography is 

sectioned by radial faults with erupting centres emerging as scoria cones along the fault 

planes (Verwoerd, 1971; Hall, 2002). Previous studies hypothesise that volcanism on the 

island is triggered by changes in isostatic rebound due to the unloading of ice at the end of the 

Last Glacial Maximum (Hall, 1982; 2002). This unloading is further believed to have 

initiated the formation of thrust faults in areas covered with thick layers of ice (Hall, 1982). 

 

A comprehensive study on the nature of these eruptive centres is supplemented by the 

re-evaluation of the proposed fault structures, volcanic rocks and the disseminated palaeo-

glacial material exposed along the escarpments. Detailed field investigations of the much 

anticipated fault structures revealed that erosional scarps were mistaken for thrust faults (Hall 

et al., 2011). This finding is supported by the lack of major fault indicators such as breccia or 

cataclasite (Hall et al., 2011). Although evidence of slickensides, identified in the black and 

grey lavas, does prove that there is active faulting on the island, a mere 2mm variance in 

direction of movement and fault displacement of as little as 2 mm cannot account for the 

dislodgement that will cause the formation of escarpments on Marion Island (Hall et al., 

2011). It is further argued that the perception that volcanism is stimulated by deglaciation is 

rather improbable when adapting Anderson‟s theory of faulting (Anderson, 1951; Hall et al., 

2011). In order for normal faults to form, the principal stress (ơ1) should be vertical with 

fractures dipping at an angle more than 45° (Suppe, 1985). This arrangement triggers a down-

dipping slip, thus creating grounds for horizontal extension. However, as in the case on 

Marion Island, isostatic alteration leads to the vertical extension during the unloading of 

glacial ice (Hall et al., 2011). Thus, it can be resolved that the orientation of principal stresses 

and the lack of horst and graben structures on Marion Island are an unbefitting configuration 

for the formation of normal faults (Hall et al., 2011). 

 

Volcanism on Marion Island has always been episodic. This observation is supported 

by the occurrence of unconformities and time gaps in the geologic sequence and rocks dated 

within the past 500 thousand years. McDougall et al. (2001) reconstructed the geochronology 

of Marion Island and identified in total, eight periods of volcanism using K-Ar age dating 

(Figure 1.5). These are as follows: 
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Period I – Ages from 450 ±4 ka at the base of the sequence to 418 ±5 ka at the 

uppermost part of the sequence. It is only present in the Santa Rosa Valley and 

consists of eight successive subaerial lava flows. 

Period II – An average age of 350 ka was determined from a flow that overlies and is 

3 km south of the sequence identified at the Santa Rosa Valley. This sequence 

also rests directly on top of an unconformity at Crawford Bay. 

Period III - A basal flow located at Ship‟s Cove together with a coastal outcrop at 

Macaroni Bay gave an age of 240 ka. 

Period IV – Nine age determinations were run for three broadly-spaced localities 

(Macaroni, Ship‟s Cove, and Triegaardt Bay) giving an age of about 170 ka. 

Period V – A succession of lava flows located between Skua Ridge and Tafelberg 

gave an approximate age of about 110 ka. 

Period VI – Two lava flows from Santa Rosa Valley and Triegaardt Bay were 

sampled and analysed giving an approximate age of 85 ka. These flows 

unconformably overlie the above-mentioned sequence and cut through the 

older rocks at an angle. Though the distance between the two localities is 

large, this might mean that this volcanic episode is wide-spread. 

Period VII – Lavas positioned at higher altitude on the island make up this sample 

suite. More than 15 age determinations were conducted and have given an 

average age of 50 ka. 

Period VIII – This sample suite is made up of the Holocene black lavas and represents 

volcanism to date on the island. These lavas erupted after the Last Glaciation 

and overlie glacial moraines. An approximate K-Ar age of <10 ka was 

determined. 
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Figure 1. 5: The chronology of glacial and volcanic rocks of Marion Island (McDougall et al., 2001). 

 

Marion is the only island among the Prince Edward Islands which still has its glacial 

record preserved (Boelhouwers et al., 2008). A glaciation period dated at 50000-15000 years 
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separates the two eruptive periods of the island (le Roex et al., 2012). The evidence is much 

more noticeable in the older Pleistocene grey lavas, despite having most of the deposits 

buried beneath a succession of lava flows (Verwoerd et al., 1981; Boelhouwers et al., 2008). 

This burial limits the visibility of older flows to areas with coastal cliffs, escarpments and 

rivulets, showing evidence in the form of striations, glacial till, intra-glacial lavas and 

fluvioglacial deposits (Hall, 1982; McDougall et al., 2001). Previous studies related to 

Marion‟s glacial history revealed only three glacial periods, but technological advancements 

in K-Ar age determination of volcanic materials from Marion Island has permitted scientists 

to further investigate the geochronology of intercalated glacial tills (Boelhouwers et al., 

2008). In addition to the three cold periods identified by Hall (1982), the total number of 

glacial periods has now been revised to five (McDougall et al., 2001), as shown in Figure 1.5. 

 

1.4. Problem statement 

There is very little detailed geological literature available on Marion Island. This is 

amplified by extreme sampling restrictions on the island, thus resulting in a significant gap of 

knowledge and research aimed at understanding the geological evolution of the island. This 

study focuses on a small set of giant clinopyroxene megacrysts provided by previous visitors 

to the island. 

 

1.5. Aims and objectives 

The objective of this research is to determine the various types of inclusions present 

within the sampled clinopyroxene samples and to provide new data for these crystals using 

various analytical tools. The study is also aimed at understanding the physical, chemical and 

morphological properties of the inclusions present. This is also geared towards determining 

any morphological or chemical changes to the clinopyroxene megacrysts during magma 

ascent. This will assist in the creation and evaluation of its evolution history and in 

determining the magmatic processes responsible for the formation and preservation of the 

inclusions present. Ultimately, we will determine what processes led to the formation of the 

megacrysts. 
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1.6. Research approach 

In order to meet the set aims and objectives, numerous assessments needed to be 

carried out. The first set of assessments is used to determine the mineralogy and 

morphological properties of inclusions present within the megacrysts using a microfocus X-

ray computed tomography (µCT). Pore size distribution and the surface area of the samples 

will also be determined. The second set of assessment involves the characterisation of 

minerals present using Scanning Electron Microscopy (SEM), Electron Probe Microanalysis 

(EPMA) and Raman spectroscopy. This is crucial in laying out the mineralogical constraints 

on the origin of the mineral phases present and in identifying the processes and conditions of 

formation necessary to crystallise such large crystals. This will also involve making 

comparisons between clinopyroxenes and olivines derived from both a mantle source and 

crustal source. Lastly, the effect of water, oxygen fugacity and pressure and temperature 

constraints leading to their formation will be addressed. 
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CHAPTER 2 – LITERATURE REVIEW 

 

2.1. Crystal chemistry of the clinopyroxenes 

The pyroxene group is an important group of rock-forming minerals stable in both 

igneous and metamorphic rocks. They are found in a wide variety of rocks with 

compositional ranges from ultramafic (mantle rocks) to felsic (rhyolite). In their most basic 

form, pyroxenes have a generalised chemical formula of M2M1T2O6 and are classified as 

inosilicates consisting of single SiO3 chains of linked SiO4 tetrahedra (Nesse, 2000). The M 

cations of the octahedral layer can either be positioned in the M1 structural site (where 

cations lie between the apices of the SiO3 chain) or the M2 structural site (where cations lie 

between their bases) (Deer et al., 1997). 

 

 

Figure 2. 1: An ideal pyroxene chain. It forms a single chain with the M1 and M2 cations creating 

edge-sharing octahedral chains between the peaks of the tetrahedra and the bases of the 

tetrahedral respectively (Putnis, 1992). 

 

The M2 structural site refers to cations with an irregularly shaped octahedral 

coordination. It is occupied by cations that are positioned at the base of the tetrahedra in a 6-
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fold coordination for Mg or 8- fold for Ca and Na coordination (Morimito et al., 1988). This 

site may also be filled with Na
+
, Fe

2+
, Mn

2+
, Mg

2+
 and Li

+
 to sum to 1.00. The M1 structural 

site consists of cations with a steady octahedral coordination (Deer et al., 1997). This 6-fold 

structural site lies between oxygen peaks of the adjoining chains (Morimoto et al., 1988). It is 

reserved for Al
3+

 and Fe
3+

 which is in excess of the T site with the addition of Ti
4+

, Cr
3+

, V
3+

, 

Ti
3+

, Zr
4+

, Sc
2+

, Mg
2+

, Fe
2+

 and Mn
2+

 until it can be summed up to 1.00 (Morimoto et al., 

1988). The T structural site refers to cations in a tetrahedral coordination and is filled by Si
4+

 

with Al
3+

 and Fe
3+

 in some rare cases (Morimoto et al., 1988). 

 

 

Figure 2. 2: A ternary diagram showing the pyroxene classification diagram and their compositional 

ranges and accepted names (Morimoto et al., 1988). The major end-members are enstatite 

(magnesian end-member), ferrosilite (iron end-member) together with wollastonite at the 

apex. However, it is uncommon to find a pyroxene with a CaSiO3 content more than 50%. 

Thus, a quadrilateral classification scheme is used. 

 

The pyroxene structure is made up of alternating I-beam unit structures. This is 

important in determining whether a pyroxene has an orthorhombic or monoclinic crystal 

system (Morimoto et al., 1988). Its monoclinic form, commonly referred to as clinopyroxene 

subgroup, is made up of I-beam structures with M1 octahedron in (+) orientation and also 

lying in the same direction along the (001) view. Clinopyroxenes contain a bit more Ca than 

orthopyroxene, where Ca makes up more than two-thirds of the M2 site. It is important to 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

© University of Pretoria 



14 

 

note that the M1 void is smaller than the M2 site. The M1 site is positioned at the apices of 

the chains and filled with Mg and Fe (Nesse, 2000). The M1 octahedra together with the 

silicate tetrahedra share the apical oxygen atoms. The tetrahedral chain above the M1 site 

tends to be offset and also has the same effect on the M2 slabs, thus compensating and 

resulting in a monoclinic unit cell. The M2 void is larger and its shape is a lot more distorted. 

It can either form an octahedral when it contains a smaller cation or create 8-fold sites when 

occupied by a larger cation that is positioned between the bases of the tetrahedra (Putnis, 

1992). 

 

Complete solid solution occurs between the most common monoclinic pyroxenes. 

These form a four-component end-member system which consists of the following Ca-Fe-Mg 

pyroxenes: CaMgSi2O6- CaFeSi2O6- Mg2Si2O6- Fe2Si2O6 (diopside-hedenbergite-enstatite-

ferrosilite) (Figure 2.2). There are some occurrences through which Ca-rich clinopyroxenes 

may contain less Ca, more Mg or Fe in the M2 site in addition to the appreciable amount of 

Al in the M1 site. This compositional confine closely depicts an augite.  

 

2.2. Review of clinopyroxene megacrysts from around the world 

Irving (1974) evaluated over 150 clinopyroxene megacrysts from around the world 

and compared them to those collected from soils at Pliocene-Holocene basalt cones of the 

Newer Basalts province of Victoria and South Australia, and a few others from basaltic rocks 

of south-eastern Australia. Clinopyroxenes within this compilation are typified as vitreous in 

appearance and chemically homogeneous, with Mg/Mg+Fe
2+

 ratios ranging between 75 and 

90. This indicates that the crystals could have formed from primitive basalt which originated 

from a deep mantle source (Irving, 1974). 

 

Minor inclusions of apatite, sulphides and spinels were also observed in megacrysts 

from Dish Hill, California (Binns et al., 1970; White, 1966) and Besolles, France (Irving, 

1974). Titaniferous spinels and Ni- and Cr- bearing iron sulphides of Victoria occur as 

spherical or ellipsoidal grains regularly distributed along curved planes within the 

clinopyroxene megacrysts (Irving, 1974). No apatite or olivine inclusions have been 

recognised in clinopyroxene megacrysts from the Newer Basalts. Spherical sulphide 

inclusions have also been identified within the augitic clinopyroxene megacrysts collected 
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from a spatter cone on Nunivak Island, Alaska. The clinopyroxene is compositionally zoned 

with sulphide inclusions being quite similar in composition to those reported by Irving 

(1974). Pyrrhotite is the predominant sulphide which also has significant amounts of Ni 

(Peterson and Francis, 1977). 

 

The Central Massif can be used as a typical example of continental intraplate alkaline 

magmatism. It is made up of volcanic fields which are Tertiary-Holocene in age. Amongst all 

volcanoes reported at Central Massif, Mont Briancon is most relevant to this study. It is a 1.6 

±1 My old scoria cone which lies along the NW-SE trending Devès plateau (Lorand et al., 

2003). The rocks of this occurrence consist of a coarse aggregate of clinopyroxene and 

olivine. Most clinopyroxene megacrysts from this region are vesicular, rounded and can be 

up to 22.5 mm in size. Woodland  and Jugo (2007) reported that the olivine in this aggregate 

has high forsteritic content with some minor Ni concentrations. The paper further endorse 

that this type of olivine is analogous to a mantle-derived olivine, and hence cannot have been 

derived from a peridotite source, but rather must have crystallised contemporaneously with 

the clinopyroxene. This paper concluded that the olivine-clinopyroxene aggregate must have 

crystallised at shallow mantle depths. Euhedral crystals of apatite and sphene have also been 

reported within some megacrysts (Woodland and Jugo, 2007). 

 

The rare clinopyroxene megacryst aggregates from basalts of the Leizhou Peninsula, 

South China are also worth mentioning (Huang et al., 2007). Volcanism within this region 

started in the late Oligocene and lasted till the Holocene period. They occurred due to rifting 

in an east-westerly direction leading to the opening of the South China Sea Basin (Ho et al., 

2000). Clinopyroxene megacrysts were collected at the Yinfengling volcanic breccia (Yu et 

al., 2003). These megacrysts are unique in that garnet and orthopyroxene exsolves from 

clinopyroxene, forming lamellae, and thus can be used to reconstruct the thermal history in 

this region (Huang et al., 2007). Huang et al. (2007) suggest that the exsolution of garnet-

orthopyroxene is possibly due to the decrease in temperature conditions in the upper mantle, 

during the evolution from the spinel-pyroxenite field to the garnet-pyroxenite field. A garnet-

orthopyroxene-spinel cluster can be found within a granular zone of the clinopyroxene 

megacryst and probably formed due to downwelling of the asthenosphere during the thermal 

decay of the lithosphere (Yu et al., 2003). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

© University of Pretoria 



16 

 

 

2.3. Review of clinopyroxenes found along the Southwest Indian Ridge 

Johnson et al. (1990) determined the evolution history of the oceanic lithosphere by 

studying the chemical features of abyssal peridotites with respect to key incompatible 

elements. The authors studied the mantle melting dynamics of discrete diopsides from 

residual abyssal peridotites from fracture zones cutting through the Southwest Indian Ridge 

systems, which extend from the Bouvet Island to the Central Indian Ocean. This separates the 

African plate to the north from the Antarctic plate to the south. Bouvet Island and Marion 

Island both serve as surface expressions of hotspot volcanism rising upon a shallow seafloor. 

The clinopyroxenes exhibit some degree of orthopyroxene exsolutions. In the study, the 

authors concluded that abyssal peridotites sampled near the Marion hotspot have greater 

degrees of melting in the upper mantle and this is manifested in peridotites clinopyroxene 

compositions in which, the abundances of incompatible trace elements form a steeply sloping 

light to medium REE depleted patterns. 

 

2.4. Marion Island clinopyroxene megacrysts  

Marion Island clinopyroxene megacrysts were handpicked from a scoria cone, named 

Pyroxene Hill, located in the southern region of the island (Figure 2.3). The megacrysts occur 

as isolated, near perfect euhedral crystal with sizes ranging between 3 mm and 5 cm (Figure 

2.4). Most of the megacrysts are black to deep green in colour with a glassy lustre and 

polyhedral, equant habit. The majority of crystals appear to be symmetrical with 

macroscopically smooth surfaces. A few of the crystals are slightly weathered, rough with 

rounded margins and cavities possibly due to fracturing and melt reacting with the crystals en 

route to the surface. Some areas on the surfaces are slightly tinted (brown), possibly residual 

material from the scoria. A total of 18 crystals were chosen from 3 kg worth of material from 

the scoria cone to make up the sample suite of this study. The least weathered and most 

euhedral crystals were selected to make up the sample suite. 
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Figure 2. 3: A simplified geological map of Marion Island showing the sampling locality, Pyroxene 

Hill (circled in red) (Hall et al., 2011). 

 

Previous work conducted on the clinopyroxene samples used in this study 

distinguished that there is complex zoning in the clinopyroxene megacrysts. The Marion 

clinopyroxenes show irregular zoning patterns. Three compositional zones were identified 

within the crystals, based on clinopyroxene chemistry. The first type of zone represents 

clinopyroxenes that may have formed from the most primitive liquid. The other two groups 

are the most dominant type of clinopyroxene and crystallised from a slightly more evolved 

liquid (Botha, 2013). 
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Figure 2. 4: An image showing clinopyroxene megacrysts (dark green crystals) and red scoria 

samples (reddish-brown rocks) randomly picked on Pyroxene Hill. The most euhedral and 

least weathered clinopyroxene crystals were selected to make up the sample suite (Botha, 

2013). 

 

This variation in composition suggests that the megacrysts may have crystallised at 

different levels prior to ascent. The three growth stages are clearly depicted in Cr2O3 vs. TiO2 

vs. Al2O3 diagrams (Figure 2.5). According to Krause et al., (2007), more primitive magma 

would contain higher concentrations of Cr2O3 and lower concentrations of TiO2. As the liquid 

starts to crystallise, the Cr in the liquid will be incorporated into the crystal structure. Relative 

to the Cr2O3 concentration of the liquid, the TiO2 concentration will increase. The majority of 

the microprobe results plot in the lower Cr2O3 and higher TiO2 range, thus implying that the 

majority of the crystal growth occurred in a slightly more evolved liquid rather than a purely 

primitive mantle melt. 

 

The Nimis and Taylor (2000) geobarometer was used to determine a possible 

crystallisation pressure based on the partitioning of Cr and Al in the clinopyroxene crystal 

lattice. This produced a pressure range of about 15 and 25 kbar which corresponds to depths 

of about 50 to 75km (Figure 2.5). However, the reliability of the barometry results is 
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questionable as the calculations made no reference to the Fe
3+

 content of the samples, which 

is present in large amounts. 

 

Figure 2. 5: Al2O3, TiO2 and Cr2O3 ternary diagram of clinopyroxene data taken from line analysis 

using an electron microprobe. This shows variation in composition within a single 

clinopyroxene megacryst and this data shows three distinct compositional classes (Botha, 

2013). 

 

2.5. Review of the selected characterisation techniques used for the analysis of 

the Marion Island clinopyroxene megacrysts 

2.5.1. Tomography 

X-ray computed tomography (CT) is a rapidly developing technology which has 

proven to add value to the earth sciences in recent years. Formerly developed for the medical 

field (in the early 1970s), this technology serves as a reconstructive and imaging application 

for soft tissue and bones (Ketcham and Carlson, 2001). X-ray CT is a quick and non-

destructive method that is easily adaptable in the geologic field of study, aimed at producing 

successive and adjoining slices through samples and merging them to create finely detailed 

images that are a true representation of the studied samples. This process involves generating 

3D and 2D images that can be used to study the porosity and permeability of sediments, 
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metamorphic textures, fluid flow dynamics, meteoritic as well as mammalian skulls in the 

paleontological field (Mees et al., 2003). This method has made the acquisition of qualitative 

and quantitative geological data easy with an added benefit of completing the analysis 

without obliterating valuable samples that can never be replaced. A disadvantage of the novel 

medical CT is that the resolution is too low for conducting a detailed scan of geologic 

materials. This limitation has been circumvented through the development of a microfocus 

CT (µCT) which employs the same principles used in a medical CT but provides a superior 

resolution which can be as low as 10µm x 10µm x10µm (Van Geet et al., 2000). 

 

X-ray CT can be defined as a non-destructive imaging technique which enables the 

user to visualise the internal structures within non-translucent objects (Van Geet et al., 2000). 

Some of the most fundamental elements of tomography are the X-ray source, the object 

through which the X-rays pass through, and detectors which measure the degree of X-ray 

attenuation within the objects (Ketcham and Carlson, 2001). An essential principle in 

tomography is to obtain a consecutive series of X-ray images and views (refers to the 

intensity measurements on all detectors for a given object position and scanner geometry) of 

the object over numerous angles of orientation taken from 0-360 degrees around the object. 

The resulting dimensional data is then used to create 2D slices through the object and 

resembles what one would see if one were to slice the sample along the scan plane (Ketcham 

and Carlson, 2001). However, this is highly reliant on the degree of X-ray attenuation within 

the objects (Van Geet et al., 2000).  

 

 

Figure 2. 6: Image shows how Beer-Lambert‟s 3rd law of optics can be applied to an object. It shows 

that an X-ray intensity passing through a sample with varying degrees of absorbency will 

decrease exponentially with length as it passes through the sample, l (Kimia, 2011). 

Consequently, the resultant x-ray intensity, I, will be much lower than the initial x-ray 

intensity, Io. 
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The Beer- Lambert Law of optics can be used to explain the interaction of X-rays 

with an object (Figure 2.6). This is a law that governs the absorption capacity of a material 

when a mono-energetic beam of X-rays passes through homogenous materials. In principle, 

the law asserts that the intensity of an X-ray passing through a material with wavelength, I 

will drop exponentially with l,  

 I = I0 exp [−µl] ,         (1)  

Where I0 is the initial X-ray intensity, µ is the linear attenuation coefficient of the 

scanned material, and l is the length of the x-ray path through the material.  

 

Most rock samples consist of more than one mineral thus the formula in this instance 

will become:  

I = I0      ∑           ,        (2) 

 

with each occurrence of an additional mineral phase being represented by i. Most CTs 

used currently are operated at X-ray energies ranging between 30 and 200 keV. This means 

that coherent scattering, Compton and photoelectric effects will occur. The linear attenuation 

coefficient (µ) for the above-mentioned energy field relies upon both the mass density (ρ) of 

the material as well as its effective atomic number Zef. The relationship between all three 

variables is represented by the formula below: 

           {                           
   

   

    
    

   
   

    
} ,  (3) 

 

Where NA is Avogadro‟s constant; E is the x-ray energy (keV); and Zef is the effective 

atomic number of the sample which can be calculated by summing up the electron 

concentration of the i
th

 component of the sample. The first variable within the brackets 

represents the Compton Effect, whilst the second and third variables represent the coherent 

scattering and photoelectric effect respectively. 
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Figure 2. 7: The graph illustrates the rationing relationship between the Compton and photoelectric 

effects. The upper region of the curve reflects that the Compton Effect is the dominant 

attenuation mechanism whilst at lower energies the photoelectric effect is more dominant, 

thus sensitive enough to distinguish between various minerals. (Duliu, 1999). 

 

 Geological samples are preferably scanned at X-ray energies less than 100 keV, thus 

resulting in the photoelectric effect becoming a notably crucial attenuation mechanism. This 

is supported by the veracity that photoelectric absorption is proportional to Z
4-5 

(where Z is 

the atomic number of the attenuating material), thus making low X-ray energies more 

sensitive to differences in composition in relation to those at higher energies (Figure 4.2). The 

Compton scattering is dominant for higher energy sources of up to 10MeV and with µ being 

proportional density (ρ) of the sample only (Markowics, 1993). 

 

2.5.2. Scanning electron microscopy 

Scanning electron microscopy (SEM) is an analytical technique often used to gather 

the morphological characteristics of a sample. This includes sample texture, the chemical 

composition of minerals, its crystalline structure and orientation (Swapp, 2012). SEM uses 

electrons for imaging at substantially high magnification and focus depths (Goldstein et al., 

2012). A sample is typically bombarded with a focussed electron beam (consists of electrons 

produced at the top of the column and passed through a combination of lenses and apertures) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

© University of Pretoria 



23 

 

with energies of up to 40 kV. The secondary and backscatter electron emissions from the 

analysed surface are of great importance when using this technique. These often vary 

according to differences in surface topography and composition (Goldstein et al., 2012). The 

emitted secondary electrons are then used to form micrographs of the targeted surface 

(Bogner et al., 2007). 

 

It is the quickest way of identifying the inclusions present even at resolutions of less 

than 1 nm within the megacrysts. This is dependent on the analytical and instrument settings 

of the SEM (Müssig, 2010). A scanning mode which generates a 2-D image, high-resolution 

images may be selected in order to show the spatial variation in chemical composition of 

minerals present in a sample. Energy dispersive X-ray spectroscopy (EDS) may be coupled 

with a SEM and is used to acquire element maps and to determine the chemical composition 

of minerals by performing a semi-quantitative analysis for a selected number of points. This 

technique requires minimal sample preparation and the acquisition is fast.  

 

2.5.3. Electron Probe Microanalysis 

Electron Probe Microanalysis (EPMA), which is informally known as an electron 

microprobe, is a routine quantitative and non-destructive method for performing precise 

elemental analysis of mineral species with elements from boron to uranium. This analysis is 

performed on surface materials commonly mounted on thin sections or briquettes to 

qualitatively identify and to quantify the composition of the mineral of interest at micrometer 

(µm) and nanometer (nm) scale (Goldstein et al., 2012). This technique is non-destructive, 

easy to use and it is relatively simple to interpret the results. This information is crucial in 

determining if there are any chemical variations within the analysed mineral. EPMA 

instruments are also fitted with imaging detectors such as SEI, BSE and miniCL, which 

permit simultaneous X-ray (WDS and EDS), SEM and BSE imaging. This technique is quite 

similar to SEM but provides far better results as it is more sensitive when analysing light 

elements and it also limits the risk of erroneous interpretation of qualitative spectra by using 

mineral standards. 
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2.5.4. Raman Spectroscopy 

Raman spectroscopy is a powerful vibrational spectroscopic technique commonly 

used to rapidly identify and to characterise various minerals ranging from iron-bearing 

mineral phases to rare minerals (Griffith, 1969). Scattered light from the Raman spectrometer 

is used to examine molecular vibrations which are crucial in determining the structural 

properties of the observed mineral phase. This is also important when inspecting crystal 

symmetry, electronic environment and molecular bonds (Willard et al., 1986). The 

phenomena of inelastic scattering effect, commonly referred to as the „Raman Effect‟, refers 

to the minute change or shift in wavelength as radiation is scattered by a molecule and known 

to have a frequency dissimilar to that of the incident beam (Raman & Krishnan, 1928). This 

shift in wavelength is controlled by the chemical structure of the molecules inducing the 

scattering process (Willard et al., 1986). According to Kaur (2006), inelastic light scattering 

results in the excitation and the deactivation of molecular vibrations in which either the 

photon may lose or gain some amount of energy, thus giving root to a shift in photon 

frequency. 

 

Raman spectroscopic studies provide detailed chemical and structural details of solid 

phases through the identification of a mineral‟s crystallographic plane. Raman spectroscopy 

can also be used in determining the local molecular structure with high spectral resolution 

(Hanesch, 2009). It provides basic information on mineral symmetry, elemental speciation 

and crystallinity estimates for the mineral of interest (Pasteris et al., 2001). There are also 

other techniques that can be used to gather this information or which have similar capabilities 

as the Raman. This technique stands out as the preferred technique because it is structure 

specific, quick and requires minimal sample preparation. What also makes it stand out is its 

ability to differentiate between different oxidation states. These are identified as elements of 

concern often absorbed onto iron oxide phases. 
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CHAPTER 3 – ANALYTICAL SETTINGS 

 

Several different analytical methods were used during this project to analyse the 

clinopyroxene megacrysts from Marion Island. Analytical parameters for each are given 

below. 

 

3.1. Morphological analysis 

3.1.1. Tomography 

Thirteen of the least weathered megacrysts were obtained and scanned using a 225kV 

microfocus X-ray CT system from Nikon Metrology, based at NECSA in Phelindaba, South 

Africa. The X-ray source was operating at energies ranging between 60 and 100 keV and at 

currents of between 80,100 and 170 uA depending on the dimensions of the sample. A 0-180⁰ 

scanning interval was used on each megacryst with an acquisition time of about 30 minutes. 

Al was used as a filtering material. A minimum of 500 radiographs were collected for each 

sample. VGStudio MAX 2.2 software package (a high-end product by Volume Graphics) was 

used for the visualisation and analysis of data derived from the CT system. This is inclusive 

of the construction of 3-D and cross-sectional images which are merged to create videos. 

 

3.2. Chemical analysis 

3.2.1. Scanning Electron Microscopy (SEM) 

SEM analysis was run using the JSM-8500 LV Scanning Microscope at the 

University of Pretoria, Physics Department on six clinopyroxene megacrysts on polished 

mounts. The EMITECH K950 coater was used to apply a thin film of carbon prior to 

analysis, to permit electron conductivity. The SEM‟s scanning mode was used to produce 

high-resolution images showing the spatial variation in chemical composition of the minerals 

present in the samples. A Thermo Scientific Noran System Seven (NSS) EDS was used to 

determine the chemical composition of the inclusions present by acquiring a semi-

quantitative analysis for a selected number of points. Analytical conditions used included an 

accelerating voltage of 20kV, 1.100 live time and 40s dead time. 
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3.2.2. Electron Probe Microanalysis (EPMA) 

Of the six polished mounts, five were selected for qualitative mineral analysis at 

Rhodes University using the JEOL JXA 8230 electron microprobe with the following 

analytical conditions: accelerating voltage of 15kV, a probe current of 20nA with 10s 

counting time on peaks and 5s for backgrounds on either side of the peak. The ZAF method 

was used for corrections. Before commencing with the analysis, samples were re-polished 

and coated with a thin film of carbon (~20nm thick) for electron conductivity. However, re-

polishing resulted in the removal of some sulphide inclusions. Four samples yielded accurate 

quantitative analysis for the identified mineral phases, and also line analyses, elemental maps, 

and BSE images of inclusions within the clinopyroxene megacrysts were made. 

 

3.2.3. Raman Spectroscopy 

Raman spectra were obtained on some inclusions at Ecole Normale Supérieure de 

Lyon, using a multichannel Raman microprobe (LabRam HR800 from DILOR) equipped 

with a confocal microscope configuration that enhances the signal-to-noise ratio by 

eliminating most of the parasitic light from sample and diamond fluorescence. Experiments 

were conducted in a backscattering geometry with a Mitutoyo objective that focused the 

incident laser spot to less than 2 μm in diameter. The scattered Raman light was focused 

through a 100 mm slit into a spectrograph equipped with an 1800 gr/mm grating and analysed 

by a CCD detector, giving a resolution of approximately 2.5 cm
–1

 (Auzende et al., 2004). The 

accumulation times for Raman spectra were typically 60–120 s over the spectral region from 

100 to 1250 cm
–1

. Precision on Raman peak position is typically 0.2 cm
–1

 (2s) for strong 

peaks; accuracy is 1 cm
–1

 with full-width at half maximum (FWHM) of about 0.5–1 cm
–1

. 
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CHAPTER 4 – MORPHOLOGICAL ANALYSIS 

 

Thirteen clinopyroxene (cpx) megacrysts were selected from the sample suite and 

scanned using a µCT (Figure 4.1). This application is the best approach as it provides means 

of examining the samples without destroying them. Porosity estimates, morphological and 

textural relationship of the associated minerals will be reported in this chapter. The 

megacrysts were arranged and analysed from smallest to largest based on sample diameter.  

 

 

Figure 4. 1: Image showing 13 megacrysts which make up the sample suite. These were analysed 

using a 225kV microfocus X-ray/CT system at NECSA. 

 

4.1.  Importance of structure 

Evaluating the internal and external morphological and textural properties of the 

megacrysts serves as one of the key elements in establishing the magmatic condition 

necessary for the growth and evolution of all mineral occurrences within the megacrysts. This 

provides compelling evidence on any adjustments to the environmental conditions or 

chemical composition having a considerable effect on both the growth rate and nucleation 

rate of the crystals (Corrigon, 1982). These chemical and environmental forces serve as 

motivating factors of magma solidification and are primary controls on both the textures and 

the compositional evolution of coexisting minerals and liquids (Welsch et al., 2016). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

© University of Pretoria 



28 

 

 

4.2. Implications of findings 

Some researchers argue that the near-perfect morphology, size of the crystals and 

subtle compositional variation may possibly indicate that the megacrysts grew at conditions 

of low supersaturation over long residence times and that crystallisation took place at a 

somewhat shallow subvolcanic magma reservoir prior to magma ascent to the surface 

(Stearns and Macdonald, 1942). Others researchers have further interpreted their occurrence 

as crystallisation products of the associated host rocks produced at high pressure and 

temperature conditions, and in other cases occurring as disaggregated xenoliths of an exotic 

origin entrapped in the effluent magma (Binns et al., 1970; Green and Ringwood, 1967; 

Schulze, 1987). This is critical when making a judgement on the degree of supersaturation. 

Contrary to normal belief, high levels of supersaturation should be associated with large 

crystals of cpx and olivine. Moreover, low levels of supersaturation should represent syn-

eruptive crystal growth (Welsch et al., 2016).  

 

4.3. Porosity estimates 

Porosity, which is defined as a measure of void spaces in a sample, is calculated from 

CT images by detecting pore spaces in a single scan by image segmentation techniques (Taud 

et al., 2005). The pore spaces are then extracted in accordance with the given scale 

corresponding to the CT image resolution and expressed as a percentage which may vary 

between 0 and 100% (Prokop et al., 2009). Segmentation is the first treatment applied to the 

images prior to analysis of the physical properties of the sample. It is used to set the 

dimensions of pore spaces and varies from micron to centimetre scale. Pore size and pore 

distribution estimates were made by highlighting the pore spaces with NIS elements (Figures 

4.2B and 4.2C). This is commonly referred to as the grey level method (Taud et al., 2005). 

The porosity estimation results are reported in Table 4.1. The reconstructed images revealed 

that the megacrysts are highly porous with the majority of pore spaces concentrated at the 

core of each crystal (Figure 4.2B). The crystals are highly fractured, featuring a network of 

minute veins which are, in some instances, interconnected to the pore spaces (Figure 4.2C).  

 

Determining the sample‟s pore estimates serves as quick indicator on the cooling 

conditions of the volcanic environment. It also reflects that the magma from which the cpx 
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megacryst formed had high volatile content and volatile saturation. This further suggests that 

reservoir pressurization led to the eruption incurred on Pyroxene Hill.  

 

 

Figure 4. 2: Images showing the distribution of pore spaces within the megacrysts. (A) An X-ray 

shadow image. Most of the porous spaces occur at the centre of the megacrysts (B) and are 

interconnected with each other by fractures (C). 

 

Table 4. 1: Porosity estimation by grey level method for selected clinopyroxene megacrysts. 
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4.4. Minerals present based on grey values 

At first glance at the µCT images, four different mineral phases can be identified 

based on differences in grey values. This discrimination is generally a reflection of the degree 

of attenuation of the object as well as differences in mass densities (Figure 4.3). Minerals 

with higher mass densities such as metallic minerals and sulphides often have high grey 

values (bright white) whilst those with lower densities (e.g. silicate minerals) have low grey 

values (shades of grey to black). Different minerals attenuate at different x-ray energies; 

however, overlaps may occur due to minerals having similar mass densities as an example; 

hematite and magnetite have densities of 5.25 g/cm
3
 and 5.20 g/cm

3
 respectively. 

 

 

Figure 4. 3: The graph shows the linear attenuation coefficient plotted against x-ray energy for some 

of the common minerals present within the Marion Island clinopyroxene megacrysts. Curves 

for the silicate minerals (forsterite and diopside), hematite and magnetite curves overlap 

because they have similar mass densities (5.25 g/cm
3
 and 5.20 g/cm

3
 respectively), suggesting 

that difficulties may arise when trying to differentiate these two minerals. The attenuation 

coefficients converge making the minerals indistinguishable from each other, thus for 

geologic sample the energy window should strictly be at energies less than 100keV. 

 

4.4.1. Phase relations of clinopyroxenes in CT images 

A gradational change in grey value of the cpx megacryst has been observed in several 

of the studied megacrysts (Figure 4.4A). A transect drawn within the megacryst using an 
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µCT shows that some regions have higher grey values than others (Figure 4.4A) with the 

lighter patches being associated with higher grey values and the darker regions corresponding 

with lower grey values (Figure 4.4B). This reflects that these are two different mineral phases 

and also indicates that these minerals have chemical compositions which vary significantly 

possibly due to melt crystallising within fissures of a skeletal crystal, during magma cooling. 
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Figure 4. 4: A line profile taken using XRCT which involves the collection of various X-rays during 

the rotation of a rock sample (A). This profile shows variation in composition with reference 

to grey values. There is a decrease in grey values from point A to point B with the darker 

regions and lighter regions being associated with low (lighter material) and high grey (denser 

material) values respectively (B). 
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4.4.2. Phase relations of olivine in CT images 

Euhedral to subhedral crystals of olivine (olv) were found within pore spaces of the 

cpx megacrysts (Figure 4.5 and Figure 4.7). Subrounded to well rounded olv crystals have 

also been identified and in some instances coexist together with the more euhedral olv 

crystals within a single cpx megacryst (Figure 4.5B). Olv makes up less than 6% of the total 

volume of the megacryst and is characterised by an orthorhombic crystal system and 

significantly high grey values when compared to those attenuated by the cpx megacryst. 

However, the somewhat rounded olv appears to have higher grey values than usual (Figure 

4.6). This observation can only be explained as an effect of other minerals exsolving along 

cleavage planes of olv. Averaging out the attenuation coefficients of the two mineral phases 

leads to the olv attaining higher grey values. 

 

 

Figure 4. 5: Images showing euhedral to subhedral crystals of olivine included within the 

clinopyroxenes megacryst. In Figure (A), olivine displays low grey values while in other 

instances olivine has high grey values (Figure B). This reflects that hematite exsolutions (high 

grey values) are found in some of the olivine whilst some may lack this mineral phase. 

 

4.4.3. Ancillary phases (Oxides and sulphides) 

There are minor occurrences of minerals attaining the highest grey values 

(corresponding to a bright white colour). This high grey value reflects that the mineral has the 

highest density in comparison to the other mineral phases present within the samples. The 
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identified ancillary minerals are present as either discrete euhedral crystals or blebs within the 

megacryst, or as minute precipitates in the somewhat rounded olv (Figure 4.6). These 

minerals account for about 2% the total volume of the megacrysts and also have crystal 

diameters which are less than 0.2mm. 

 

 

Figure 4. 6: Sulphide and oxide inclusions can be identified within the clinopyroxene matrices 

(yellow arrows). These obtained the highest grey attenuation values (bright white). The 

sulphides and oxides are easily distinguishable from each other as the sulphides often form 

blebs whilst the oxides are larger and occur as euhedral crystals. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

© University of Pretoria 



35 

 

 
  

F
ig

u
re

 4
. 

7
: 

S
ce

n
es

 f
ro

m
 a

 m
o

v
ie

 c
re

at
ed

 b
y
 l

o
ad

in
g
 s

li
ce

s 
o
f 

th
e 

m
eg

ac
ry

st
 t

ak
en

 u
si

n
g

 a
 µ

C
T

. 
T

h
e 

im
ag

es
 w

er
e 

p
ro

ce
ss

ed
 u

si
n

g
 

V
G

S
tu

d
io

 M
A

X
 2

.2
 s

o
ft

w
ar

e 
p
ac

k
ag

e.
 T

h
is

 a
ls

o
 s

h
o
w

s 
th

e 
p
o
si

ti
o
n
in

g
 a

n
d

 s
h
ap

e 
o

f 
o
li

v
in

e 
(r

ed
) 

an
d

 a
n

ci
ll

ar
y
 p

h
as

es
 (

b
lu

e)
 

p
re

se
n

t 
w

it
h
in

 t
h

e 
m

eg
ac

ry
st

. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

© University of Pretoria 



36 

 

CHAPTER 5 – MINERAL CHEMISTRY 

 

5.1. Clinopyroxene 

BSE imagery, X-ray intensity maps and analytical data reflect the petrographic and 

compositional characteristics of the megacrysts. The data reveals that the host cpx (cpx) 

megacrysts are compositionally homogeneous with elemental compositions that are 

consistent with diopside (Figure 5.1). The major element chemical composition of cpx is 

quite narrow with major element compositions that are between En42Fs09Wo48 and 

En46Fs08Wo46. The composition of the cpxs is presented in the Ca-Mg-Fe ternary plot with 

Wo-En-Fs end-member components expressed as percentages (Morimoto et al., 1988). Major 

element analyses show that the cpx megacrysts have high Fe2O3 and TiO2. The megacrysts 

also have low concentrations of Al2O3
 
(~5 and 7.5 wt.%), Na2O

 
(<0.5 wt.%) and Cr2O3 (<1 

wt.%). Ca/(Ca+Mg) and Mg/(Mg+Fe
2+

) ratios were calculated for the cpx megacrysts and 

have average values of 52.5 and 79.7 respectively. Na2O content is very low (<1% Na2O) and 

forms compact fields with Ca/(Ca+Mg).  

 

 

Figure 5. 1: A pyroxene ternary classification diagram showing the compositional characteristics of 

the Marion Island clinopyroxene megacrysts. The molar proportions of the megacrysts are 

expressed in terms of the Wo-En-Fs endmembers (Morimoto et al., 1988). 
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A compilation of cpx from peridotitic and crustal sources taken from the precompiled 

collection of cpx data hosted on the GEOROC repository can be used as a benchmark in 

determining the nature of the Marion Island cpx megacrysts (GEOROC,2016). There are 

apparent differences in chemical data of the cpxs (Figure 5.2 and Figure 5.3).The Marion 

Island megacrysts have significantly higher content of FeO, TiO2, Al2O3 and lower content of 

Na2O and Cr2O3. In contrast, most peridotitic cpx are high in Cr2O3 (up to ~5 wt.%) and 

cluster in the low-Fe and low-Ti regions. The Marion Island megacrysts and other crustal 

megacryst display similar compositional trends and crustal signatures; however, the crustal 

cpx are more enriched in Al2O3 (up to ~12 wt.%), FeO (between 5 and 10 wt.%) and Na2O 

(between 0.5 and 2.5 wt.%), and have low concentrations of CaO and TiO2 and little to none 

Cr2O3 (<0.5 wt.%). 

 

 

Figure 5. 2: Bivariate plots for clinopyroxene using MgO along the x-axis. Data of clinopyroxenes 

from a peridotite source and crustal megacrysts is given on the GEOROC database 

(GEOROC, 2016). 
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Figure 5. 3: Bivariate plots for clinopyroxene using SiO2 along the x-axis. Data of clinopyroxenes 

from peridotites and megacrysts was taken from the GEOROC database (GEOROC, 2016). 

 

Cr2O3 versus CaO and Na2O versus Ca# binary plots have also been used to analyse 

the peridotitic nature of the cpx grains and demonstrates that peridotitic cpx are particularly 

Cr-rich and subcalcic as expected relative to the Marion and crustal cpxs (Figure 5.4). 
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Figure 5. 4: Mineral chemistry binary plots of Cr2O3 versus CaO and Na2O3 versus Ca# for Marion 

Island clinopyroxene megacrysts and other clinopyroxenes with a crustal and peridotitic 

source. Data of clinopyroxenes from peridotites and megacrysts was taken from the 

GEOROC database (GEOROC, 2016). 
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5.2. Minerals present within the clinopyroxene megacrysts 

The interior of the Marion cpx megacrysts appear to be highly fractured and porous 

with inclusions. The definite existence of minerals such as olivine, Fe-Ti-Al-Cr oxides, 

ilmenite sulphides and amphibole within the walls of the cpx megacrysts were confirmed 

with a microprobe and are described in this section. 

 

5.2.1. Olivine 

 

Figure 5. 5: Figures showing olivine inclusions within megacrysts of clinopyroxene (cpx). Images of 

the smooth and well-rounded olivine grains (A and B) with a euhedral crystal of magnetite 

included in olivine (A). (C) Oxidation of olivine producing hematite along the weak cleavage 

planes of olivine. (D) Secondary amphibole forming a flame-like rim between clinopyroxene 

and olivine (blue arrow). An intact chromite crystal is also seen within the olivine interior. 

 

Minute sized crystals of olv constituting <5% of the total volume of the sample were 

identified along pore spaces of the megacrysts (Figure 5.5). These predominantly occur as 

aggregates of grains which are subrounded to well rounded, with conchoidal fractures 

producing curved surfaces. These vary in size from 200 to ~500μm. Both elemental maps and 

analytical data reveal that the olv inclusions are characterised by more Mg-rich compositions 

with an average composition of Fo82.8-Fa16.9-Te0.2 (Table 5.2 through to Table 5.4). The olv 
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inclusions are essentially forsterite with molar proportions ranging between 79 and 83 wt.%. 

The olv inclusions also form compact fields and cover a broad range of iron mole fractions 

that are between 0.12 and 0.27. Mg# and NiO contents vary from 0.79 to 0.90 and 0.11 to 

0.27 wt.% respectively. A variation in Ti content of between 0.069 and 0.810 wt.% is also 

noted. 

 

 

Figure 5. 6: Mineral chemistry binary plots for olv inclusions present within the cpx megacrysts and 

peridotites. MgO is used along the x-axis. Data used for the peridotitic olivine is taken from 

the GEOROC database (GEOROC, 2016). 

 

Figures 5.6 and 5.7 show that there are apparent differences in chemical data for olv 

present within Marion cpx megacrysts and data for peridotitic olv taken from the GEOROC 

database (GEOROC,2016). Peridotitic olv are higher in NiO (<1.0 wt.%) and Cr2O3 (<0.4 

wt.%). Differences are also apparent in TiO2 versus MgO bivariate plots whereby TiO2 of 

peridotitic olv falls within a restricted field of about 0-0.5 wt.%. TiO2 content for the olv 
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inclusions stretches across the field up to ~0.9 wt.%. No significant chemical differences are 

observed for Al2O3 and K2O. 

 

Figure 5. 7: Mineral chemistry binary plots for olv inclusions present within the cpx megacrysts and 

peridotites. SiO2 is plotted along the x-axis. Data for the peridotitic olivine is provided on 

GEOROC database (GEOROC,2016). 
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5.2.2. Fe-Ti-Cr-Al Oxides 

Oxides occur in the form of fragmented crystals or euhedral crystals with intact 

crystal faces confined to olv grains. Spinel group minerals, hematite and ilmenite are clearly 

seen in both BSE images and elemental maps of the cpx megacrysts. Compositional 

variations between the identified oxide minerals are quite significant with all major element 

data reported in Table 5.5. All the identified phases are further described in the following 

sub-sections. 

 

5.2.2.1. Spinel group minerals 

Magnetite, ferrian pleonaste and chromite were observed as spinel phases in the 

studied cpx megacrysts and occur as euhedral or fragmented crystals within olv. Magnetite 

also developed as tiny blebs which may cluster to form a fine strip around the olv inclusions. 

These spinel group minerals have a wide range of compositions for Al2O3 (0.1 – 27 wt.%), 

MgO (0.3 – 13 wt.%) and TiO2 (1 – 9wt.%). The spinel phases are further characterised by 

very high Cr2O3 concentrations and very low contents of NiO (<0.3 wt.%) and MnO (<0.4 

wt.%). Cr# (Cr# = Cr/(Cr + Al)) was calculated for magnetite and ferrian pleonaste and 

ranges from 1 - 14 and 24 - 50 respectively (Figure 5.8). 

 

 

Figure 5. 8: A chemical classification diagram for spinel group minerals according to Gargiulo et al. 

(2013) classification. This classification is dependent on the exchange of the trivalent cations 

in the „X‟ structural site. 
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5.2.2.2. Ilmenite 

Ilmenite is found exclusively in a number of olv inclusions present within the Marion 

cpx megacrysts (Figure 5.5D). It occurs as single, euhedral crystals which may in other 

instances, occur as relict fragments. The ilmenite inclusions have a narrow compositional 

range with extremely low MgO values ranging from ~0.03 to 0.02 wt.% (Mg#= 0.06), Al2O3 

(0.09 – 0.11 wt.%), and moderate to high average FeO and TiO2 content of about 37.5 wt.% 

and 56.2 wt.% respectively. The electron microprobe results are reported in Table 5.3. 

 

5.2.2.3. Hematite 

Hematite precipitates orientated along weak cleavage planes in some of the olv 

inclusions (Figure 5.5C and Figure 5.5D). It typically forms irregular lamellae along poor 

cleavage planes on {010} and {110}, cross-cutting at an angle between 46 and 98
o
. Reliable 

Raman spectrum is given below as the lamellae are often too small for electron microprobe 

analysis (Figure 5.10). 

 

 

Figure 5. 9: A clear spectrum of hematite occurring along weak cleavage planes in olivine. A clear 

and distinct 2A1g 5Eg hematite vibrational mode is observed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

© University of Pretoria 



49 

 

 

 

T
a
b

le
 5

. 
5
: 

S
el

ec
te

d
 m

aj
o
r 

el
em

en
t 

d
at

a 
fo

r 
F

e-
T

i-
C

r-
A

l 
o
x
id

es
 o

cc
u
rr

in
g
 w

it
h
in

 t
h
e 

cl
in

o
p
y
ro

x
en

e 
m

eg
ac

ry
st

s.
 A

ll
 d

at
a 

is
 r

ep
o

rt
ed

 a
s 

w
t.

%
. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

© University of Pretoria 



50 

 

5.2.3. Sulphides 

Microscopic aggregates of sulphides are also identified within the cpx megacrysts. 

These cluster along the cpx-olv boundary also occurring as small isolated grains within cpx. 

Sulphides constitute <5% of the sample and have compositions which are compatible to 

pyrrhotite. Fe varies widely for the sulphide grains from 51 to 59 wt.%. Zn content is very 

low ranging between 0 and 0.06 wt.%. Ni/(Ni+Fe) ratios are distributed within a range of 9 

and 14. However, microprobe data shows that the sulphide mineral grains are slightly more 

Ni-rich (between 6.2 and 8.6 wt.%) than a typical pyrrhotite (Ni <1wt.%). This high Ni 

content suggests that the pyrrhotite aggregates denote Ni-poor monosulphides. Some 

limitations encountered when deriving geochemical data include the removal of some of the 

grains due to repolishing of the sample surface. Consequently, a limited number of analyses 

are reported in Table 5.6. 

 

Table 5. 6: Elemental analyses for the selected sulphide minerals is reported as wt.% and normalised 

to 100%. 

 

 

5.3. Amphibole 

The amphibole found along the cpx-olv boundary is secondary in nature. These have 

been recognised by means of microprobe analyses as Mg- and Fe-rich hornblende according 

to Leake et al. (1997) classification. No discrete grains were identified but rather occur as a 

secondary product likely due to replacement of cpx by hornblende during cooling in a 

somewhat hydrous environment, or a probable reaction took place between cpx and the mafic 

alkaline melt that transported the megacrysts to the surface. Due to difficulties in telling cpx 

apart from amphibole on BSE images, limited compositional data was collected and is 

presented in Table 5.5. However, elemental maps and transects taken using a microprobe 

show a distinct variation in composition along the cpx-olv boundary. This mineral phase is 
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strongly enriched in K, Al, Na and Ti, and depleted in Mg and Ca when compared to cpx and 

olv (Figure 5.11). 

 

Figure 5. 10: Amphibole classification diagram showing all amphibole microprobe data. These are 

plotted in accordance with the Leake et al. (1997) classification. 

 

Table 5. 7: Major element data for amphibole occurring within the studied samples. Element 

concentrations are presented as wt.%. 
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CHAPTER 6 – DISCUSSION 

 

Numerous suggestions have been made in determining the origin and formation 

mechanisms involved in developing such large cpx crystals. This is also relevant in 

determining the origin of the mineral phases present within the megacrysts. This makes 

comparing the peculiarities and differences in compositions of the Marion Island megacrysts, 

crustal megacrysts and peridotites worth evaluating. The influence of geological constraints 

on the formation of the clinopyroxene megacrysts will also be discussed in this chapter. 

 

6.1. The nature of the megacrysts based on its mineralogical constraints, 

formation mechanism and origin 

A cpx ternary diagram showing the composition of Marion Island cpx megacrysts 

depicts that the crystals are mainly diopside. The megacrysts have retained their non-typical 

euhedral shape and were previously interpreted as having a characteristic zoning pattern 

known as patchy zoning (Botha, 2013). Botha (2013) further suggests that patchy zoning 

occurs in different varieties and forms gradual or step-like boundaries within cpx, which is 

present in the form of diopsidic and augitic cpx. This type of zoning often indicates that 

diffusion processes were active as magma sought to re-equilibrate with the crystals along its 

pore spaces (Streck, 2008). This has led to the conclusion that the dominant process 

responsible for the formation of this uncommon zoning pattern is diffusion (Brugger and 

Hammer, 2010).The integration and re-evaluation of iron microprobe Al-, Si-, Ti-, Cr-,Mg- 

K-alpha chemical distribution maps (Botha, 2013), tomography images and geochemical data 

strongly suggests that the mineral previously identified as augite is actually an amphibole. 

This finding corresponds very well with the dark patches observed in the tomography slices. 

The major element compositional data for amphibole is reported in Table 5.4. Amphibole 

occurs as a secondary product likely formed by replacement during cooling. Another possible 

explanation for the formation of amphibole can be related to a mafic alkaline melt reacting 

with the megacrysts along its pores and fractures during transport to the surface. 

 

The host cpx megacrysts have a narrow compositional margin that is between 

En42Fs09Wo48 and En46Fs08Wo46. The cpx megacrysts are more Fe-rich and Ti-rich with 
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Cr2O3 concentrations ranging from 0.069 wt % to 0.81 wt %. The megacrysts also have a 

narrow Mg#, 79 – 82. Mantle cpx are typically less enriched in FeO when compared to 

crustal-derived cpx. These are also distinguishable from crustal cpx by the high Cr2O3 

concentrations with minimum and maximum values that are between 0.3 w.% and 0.9 wt.% 

(Selyatitsikii and Reverdatto, 2011). 

 

 

Figure 6. 1: Na-Ca-Cr-Fe ternary diagram showing distinct compositional differences between the 

Marion Islaned clinopyroxenes megacryst, crustal megacrysts and mantle cpx in peridotites 

(Quirt, 2004). This shows two distinct groupings which can be separated by an empirical field 

separator line created from a compilation of data from Fipke et al. (1989). 

 

The main differences in composition of cpx megacrysts from Marion Island, other 

crustal megacrysts and cpx from mantle peridotites are further summarised in Figure 6.1. The 

Na-Ca-Cr-Fe diagram clearly shows that the Marion Island cpx megacrysts predominantly 

have a crustal signature. We can further delineate that the cpx megacrysts have a mid-crustal 
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signature a as these can be discriminated from other crustal cpx megacrysts having much 

higher Fe concentrations and very little Cr. 

 

Olv is one of the most common minerals to crystallise in mantle-derived peridotites. 

These are directly sourced from the mantle and thus provide valuable information useful in 

unravelling the chemistry of the mantle. Olv inclusions are frequently ripped off the walls of 

the magmatic channels and conveyed to the surface by violent magmas. Carter (1970) 

published a research paper in which the textural and chemical nature of xenoliths from New 

Mexico is studied. The texture and chemistry of the xenoliths and xenocrysts were further 

cited as decisive factors in establishing a classification scheme for xenoliths. In the paper, the 

author states that a source olv inherited from a mantle would have a forsterite signature of ≥ 

88wt.%. Olv crystals which have rather crystallised from the melt will most likely have a 

lower forsterite content which is less than 86wt.%. High Fe- mole fractions that are between 

0.14 and 0.44 were also calculated for crustal olv. Fe-mole ratios of olv from mantle 

peridotites typically lie between 0.04 and 0.11 and often have NiO concentrations >0.3 wt.% 

(Selyatitsikii and Reverdatto, 2011). 

 

The Fe-mole ratio of the olv inclusions present within the cpx megacrysts range 

between 0.10 and 0.21. These are also characterised by very low concentrations of Cr2O3 (0 

to 0.04). The analysed olvs also have low NiO concentrations that are between 0.11 and 0.27 

wt.% and a forsterite content that is from 79 wt.% to 89 wt.%. These findings strongly 

suggest that olvs are sourced at different depths with some originating from the mantle and 

others derived at depths that are closer to the crust.  

 

It is quite evident from olv data and Figure 6.2 that Mg# for olv with hematite 

precipitates is higher compared to those without it. This provides important clues to the origin 

of the olv inclusions as well as providing useful information regarding processes that led to 

the formation of hematite. 

 

The oxidation of mantle olv often produces hematite precipitates within the interior of 

olv. The occurrence of hematite precipitates has further been reported in lab experiments and 

in nature with olv being oxidised at high temperatures (Champness, 1970; Kohlstedt and 
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Vander Sande, 1975). With the removal of Fe, its compositions become more Mg-rich. The 

recurring appearance of hematite lamellae within the olv crystals present within the Marion 

Island cpx megacryst suggests that oxidation is an essential mechanism that led to its 

formation (Hwang et al., 2008). Hematite is typically associated with an oriented silicate 

phase within olv and can be represented by the formula below: 

2Fe2SiO4 (olivine) + O2 = 2Fe2O3 (hematite) + 2SiO2. 

 

 

Figure 6. 2: MgO-FeO-TiO2
10

 ternary diagram showing the composition of olivine changing from 

ones with a constant initial Mg:Fe ratio to some becoming enriched in Mg. TiO2 

concentrations also vary significantly for the olivine inclusions suggesting that the olivines 

are metamorphosed. 

 

However, a silicate phase was not observed as an oxidation product in the present 

study. The lack of a silicate phase in association with hematite and the presence of hematite 

within olv in the studied samples presented difficulties in the application of numerous 

oxidation scenarios (Khisina and Wirth, 2002; Dyar et al., 1998 and Ingrin and Skogby, 

2000). The only convincing alternative relative to the formation of hematite precipitates in 

olv requires that the exhumation history of olv be taken into account (Hwang et al., 2008). 

Exhumation in this case, could be driven by magma ascent. Olv is transported by magma 

from mantle depths to shallower depths in the earth‟s crust where temperatures are between 
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550 ⁰C and 650 ⁰C. However, this process requires H to be incorporated within olv. H can be 

incorporated in the crystal lattice of an anhydrous olv during magma ascent to shallower 

depths. H diffusion and the oxidation of Fe
2+

 to Fe
3+

 will thus result in the precipitation of 

hematite along the weak cleavage planes or dislocations of olv (Hwang et al., 2008). This 

process is referred to as dehydrogenation- oxidation (Ingrin and Skogby, 2000). It forms the 

Fe
3+

 required for hematite to precipitate through the following reactions: 

2Fe
2+

 + OH

 = 2Fe

3+
 + 2O

2-
 + H2     (1) 

2Fe
2+

 + 2H
+
 = 2Fe

3+
 + H2      (2) 

 

Fe
3+

 would be released from the olv crystal lattice resulting in hematite precipitating 

within olv at shallower depths through the following reaction: 

x(FeMg)2SiO4 + 3O = Fe2O3 + yMg2SiO4. 

 

Dehydrogenation is often accompanied by the generation of secondary metamorphic 

olv (De Hoog et al., 2014). Secondary metamorphic olv is often marked by very high TiO2 

content of up to 0.85 wt.%, correlating with H2O of up to 0.7 wt.% being introduced into the 

system. The heavy fracturing of studied olv inclusions together with the occurrence of 

magnetite further supports the secondary nature of the olv inclusions. Variation in TiO2 

content of the olv inclusions is also worth mentioning (Figure 5.6 and Figure 6.2). Both 

images show a sparse distribution of TiO2 concentrations for olv. TiO2 ranges between 0 

wt.% and 0.81 wt.%. The olv grains can thus be subdivided into several generations based on 

TiO2 content. De Hoog et al., (2014) reported that early metamorphic olv is Ti-poor (0-0.025 

wt.%) and second generation metamorphic olv is Ti-rich with TiO2 content of up to 0.85 

wt.% .the olv inclusions found in sample 2 mostly fall can be classified as early metamorphic 

olv whilst the olv included in sample 4 and sample 6 fall within second generation olv group. 

 

Magnetite, chromite, spinel and ilmenite occur as discrete euhedral and fragmented 

crystals within olv. These are homogeneous in composition and tend to be less susceptible to 

oxidation. The euhedral nature of these mineral phases and also their presence within 

forsteritic olv suggests that these are primary phases. Magnetite appears as both euhedral 

crystals and also as blebs along the olv grain boundary. The latter points to magnetite 

crystallising after a volcanic eruption and the lava cools on the surface. 
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6.2. Geological constraints on the conditions of formation of the 

clinopyroxenes megacrysts 

In order to crystallise these giant crystals of clinopyroxene, a volatile-rich basaltic 

magma is required as means of triggering a large degassing event. The introduction of water 

to the system often has a great impact on seafloor magmatic processes (Feig et al., 2006). 

These processes range from partial melting to fractionation (Asimow and Langmuir, 2003). 

Water makes up a considerable fraction of the mantle, but just how much is present and how 

it is distributed within the mantle still remains a subject of debate. The mantle could be 

holding up to 0.2 % water with hydrous minerals and nominally anhydrous minerals such as 

olivine and pyroxene serving as storage sites in the form of structural defects within the 

crystals (Bhattacharya, 2012). However, water capacity of minerals often relies on 

temperature, pressure and mineral composition. Water often has a negative effect on the 

chemical bonds of minerals and thus disturbing their phase stability. 

 

 

Figure 6.3: A map showing the transform faults radiating from the South West Indian Ridge. Marion 

Island is positioned southwards along one of the faults. This also shows the hotspot track (the 

dotted line) which could be responsible for the formation of Marion Island (McDougall et al., 

2001). 

 

It only requires a percentile increase in water content of the magma to transition from 

dry to wet conditions in the mantle. The addition of water to dry systems tends to shift the 

solidus from higher temperatures to lower temperatures, resulting in an increase in the 

amount of melt, and also causing significant changes in the order of appearance in 

crystallising phases (Feig et al., 2006). Hypothetically, water could permeate from a shallow 
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water reservoir within the crust at depths of up to 15km through fractures which formed as a 

result of faulting. However, it is highly unrealistic to have so much water propagating such 

great depths within the mantle. This would only be plausible if the magma chamber was 

positioned at shallower depths within the Earth‟s crust. This is also supported by the notion 

that in order to form a volcanic edifice, magma should be supplied from a crustal magma 

chamber which is at a shallower depth (Gudmundsson, 2012). 

 

Marion Island has a very distinct tectonic setting. It is seated on top of a transform 

fault that radiates outwardly from the South West Indian Ocean Ridge (Figure 6.3). 

Transform fault scarring also occurs in this region extending to great depths within the 

Earth‟s mantle. The transform faults are suitable conduits of water into the system at shallow 

depths within the crust (between 0 and 15km). The water could be sourced from an 

underground reservoir within the crust or from seawater seeping through the earth‟s crust in 

areas where country rock behaves in a brittle manner. This serves as an acceptable conduit for 

water to enter into the volcanic system and thus triggering a degassing event. 

 

Another important parameter that might need to be taken into consideration is the 

effect of oxygen fugacity (fO2). This plays an influential role in the stability of oxide phases, 

mafic silicates, and minerals depleted in iron. With increasing water content, there is an 

increase in fO2, and this in turn has an effect on the stability of minerals. This further suggests 

that, in the case of Marion Island, the above average water content resulted in the formation 

of a highly oxidising environment.  
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CHAPTER 7 – CONCLUSIONS 

 

Several clinopyroxene megacrysts from Pyroxene Hill, which is situated on Marion 

Island, were studied in order to identify the inclusions present within the samples and to 

further determine their mineralogical and textural relationships. Their mineralogical and 

geological constraints in relation to formation mechanisms were also determined and the 

findings are summarised in this chapter. 

 

Advanced analytical technologies, including microfocus CT, were used to produce 2D 

and 3D slices of the megacrysts. This assisted in the identification of various inclusions 

present and in visualising internal structures and textural relationships between the various 

mineral phases present. Porosity estimations were deliberated using the grey level method 

and make up roughly 10% of the total volume of the samples. Differences in attenuation 

coefficients also made it possible to identify various types of inclusions present within the 

megacrysts. In total, four different mineral phases appeared to have different grey values 

which range from high (bright white) to low (grey-black). An array of differently shaped 

olivine crystals were identified within the megacrysts. However, some appeared to have 

higher grey values than usual. This is attributed to the effect of hematite exsolving along the 

poor cleavage planes of olivine thus increasing the overall grey values of olivine. Ancillary 

phases such as Fe-Ti-Al-Cr oxides and sulphides reached the highest grey values. Though 

these two phases have fairly similar densities which caused them to attenuate in the same 

manner, their textural properties made it easy to discern between the Fe-oxides, with some 

occurring as euhedral and fragmented crystals and others forming precipitates within the 

olivine inclusions. Sulphide blebs are restricted within the walls of clinopyroxene. 

 

Major element data for clinopyroxene strongly suggests that the clinopyroxene is 

mainly diopsidic with secondary amphibole neck lacing its margins. This phase likely formed 

by replacement process during cooling of a lava flow. A compilation of clinopyroxenes with 

a crustal and mantle source were used to delineate the source of these giant megacrysts. 

Major element data points toward the giant megacrysts having a mid-crustal signature. It 

forms distinct clusters in regions reflecting a strong crustal signature. 
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Olivine is derived from shallow mantle depths and affected by dehydrogenation-

oxidation process. This process is manifested by the precipitation of hematite along cleavage 

planes and dislocations of olivine. H was incorporated within the olivine structure thus 

providing the water needed to precipitate hematite. This process further drives the release of 

Fe
3+

 from olivine making it more Mg rich. The transfer of olivine to shallower depths, 

oxidation of Fe
2+

 to Fe
3+

 and long diffusion times led to the precipitation of hematite. 

Dehydrogenation of olivine has also led to olivine being metamorphosed. Two distinct 

generations of olivine were identified based upon Ti concentrations of olivine. Early 

metamorphic olivines are enriched in Ti whilst second generation metamorphic olivine have 

low Ti concentrations. 

 

Fragmented euhedral crystal of magnetite, chromite, spinel and ilmenite were 

identified as the Fe-Al-Ti-Cr oxides inclusions in olivine. Their euhedrality and fragmented 

nature distinguishes them as xenocrystic primary phases which were sourced from the mantle 

during the early stages of crystallisation. The magnetite and sulphide blebs identified along 

the olivine-clinopyroxene boundary and in the clinopyroxene megacrysts formed during a 

cooling of the lava flow. 

 

It can further be concluded that crystal growth is essentially driven by phase 

disequilibrium in the magmatic system. This prevents the reaction between crystals and 

magma and thus prohibits the formation of lozenge-shaped clinopyroxene crystals; a common 

indicator of a crystal quenched by melts during transportation to the earth‟s surface. Both 

water and supersaturation of the magmatic system accelerate rapid crystal growth of the 

Marion Island megacrysts and also restores equilibrium conditions in the system. Though 

previous authors have described the mantle as being under dry conditions, the exsolutions of 

hematite and the formation of these giant megacrysts suggest that dehydrogenation-oxidation 

formation mechanism led to the development of wet conditions in the magmatic system. This 

water is a crucial phase required in the formation of some of the mineral phases included in 

the clinopyroxene megacrysts and also making up a considerable fraction of the mantle, 

furthermore. It is also responsible for triggering the large degassing event required for the 

rapid growth of the clinopyroxene megacrysts.  
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