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Abstract 
Located in the centre of the Lesser Antilles intra-oceanic (island) arc, Dominica hosts 

three major stratovolcanic centres, a profusion of smaller lava dome complexes, and a series 

of pumiceous pyroclastic flow deposits (ignimbrites). Over the past 100 ka, Dominica has 

been the site of multiple silicic (andesitic-dacitic) eruptions including what is considered to 

be the largest eruption in the Caribbean in the past 200 ka, the Roseau Tuff eruption. This 

makes it a unique location in which to study the evolution of silicic volcanism in an island arc 

setting. Twenty new (U-Th)/He zircon and apatite ages obtained from 12 lava domes and 6 

ignimbrites range from ~4 to ~744 ka. Combined with published 14C and K-Ar ages, these 

ages suggest that Dominica has experienced at least 28 eruptions in the past 100 ka. 

Pyroclastic deposits throughout the south of the island have overlapping whole-rock, mineral, 

and glass chemistry making fingerprinting of individual eruptions extremely difficult. Thus, 

the Roseau Tuff (with a proposed volume of~53 km3) likely represents material from at least 

six smaller eruptions, dated between 24 and 61 ka, which were erroneously correlated based 

on overlapping geochemical characteristics. 

Petrographic and geochemical analyses of lava and pumice samples reveal that 

Dominica’s Late-Pleistocene to Recent volcanic deposits are almost entirely silicic (andesitic-

dacitic; ~57-67 wt.% SiO2) in composition and are characterized by wide ranges in mineral 

chemistry and a host of disequilibrium features. Mineral-mineral and mineral-melt 

equilibrium constraints indicate that three distinct components are involved in magma 

evolution and suggest that crystal recycling plays a major role in their petrogenesis. U-Th 

zircon rim ages show that most centres have experienced intermittent zircon crystallization 

over timescales of >350 ka. The preservation of variable zircon rim ages within individual 

samples implicates the existence of long-lived crystal mush beneath the island. Overlapping 

zircon age distributions within samples from centres up to 40 km apart on the surface suggest 

that this mush zone may be laterally extensive, reaching batholithic proportions. Geochemical 

and petrological constraints indicate that the mush is basaltic-andesitic in composition, and 

that the silicic composition of the erupted deposits results from entrainment of mafic 

antecrysts in interstitial rhyolitic melt. To the north, lavas additionally display evidence of 

assimilation, which is supported by the presence of Eocene zircons. Within Dominica’s 

southernmost centre, exclusively young (<50 ka) zircon rim ages suggest the possible 

development of a new magmatic reservoir.   

These findings indicate that the processes and timescales associated with Dominica 

magmatism are similar to those seen in continental arcs. This suggests that the Lesser Antilles 

represents a ‘mature’ island arc that is undergoing crustal maturation via magmatic 

accumulation and differentiation. 
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Chapter 1:         Introduction  

 

1.1 Overview 

Located in the centre of the Lesser Antilles island arc, the island of Dominica (750 km2; 

Figure 1.1) is the most mountainous island in the arc and is home to >72,000 people. Due to 

its rugged topography, the major population centres are built atop volcaniclastic flow fans, 

which provide some of the only flat ground on the island. Dominica’s general geology is well 

documented (e.g., Wills, 1974; Wadge, 1989; Lindsay et al., 2005a; Smith et al., 2013) and 

mainly consists of volcanic rocks and their associated weathering products. With 8 

potentially active centres, Dominica has one of the highest concentrations of potentially 

active volcanoes in the world and has experienced multiple dome-forming eruptions in the 

Holocene (Smith et al., 2013). Due to the humid climate, the island is covered by dense, 

tropical rainforest, and geologic outcrops are limited to sea cliffs, road cuts, river valleys and 

quarries. The lack of accessible outcrop has hindered efforts to date and correlate the volcanic 

deposits. Attempts to create a geochronologic framework for the island using 14C, K-Ar, and 

Ar-Ar methods have further been hampered by the degradation of carbonaceous material due 

to high rates of weathering (Wadge, 1989; Smith et al., 2013) and the presence of excess Ar 

in many of the collected samples (Monjaret, 1985; Samper et al., 2008). Hence, though the 

surface geology is well mapped, the volcanic stratigraphy of the island is poorly constrained.  

Dominica is thought to be the site of the largest eruption in the Caribbean in the last 

200,000 years, namely the Roseau Tuff eruption (Carey and Sigurdsson, 1980), and has 

experienced at least two eruptions in the past 600 years (Lindsay et al., 2005a). Together with 

the occurrence of recent seismic swarms in the southern (1998-2001) and northern (2003 and 

2009-2012) parts of the island, this makes the volcanic risk to the island’s inhabitants and the 

country’s economy and infrastructure relatively high (Lindsay et al., 2005a).  

 

1.1.1 Aims and objectives of the project 

The aim of this study is to carry out a thorough geochronologic and geochemical study 

of Dominica’s volcanoes in order to better understand the volcanic history of the island as 

well as the longevity and storage dynamics of magmas beneath it. The findings are then 

assessed in the context of intra-oceanic arc magmatism in general. Dominica was selected as 

a field site because: 1) the volcanic stratigraphy of the island is poorly constrained (Roobol 
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and Smith, 1989; Wadge, 1989; Lindsay et al., 2005a; Smith et al., 2013), yet a detailed 

volcanic history is necessary for hazard assessments; 2) volcanism is characterized by both 

effusive dome-forming eruptions and larger scale pumiceous pyroclastic flow (ignimbrite) 

forming eruptions, providing an opportunity to compare magmatic processes associated with 

differing eruption types; 3) previous geochemical and isotopic work on the island suggests 

that many of the centres may be related (Smith et al., 2013) and raises the question of 

whether a long-lived crystal mush zone exists beneath the island; 4) it is thought to be the 

source of the largest eruption in the Caribbean in the last 200,000 years, represented by the 

Roseau Tuff, making it of great interest with regard to volcanic hazards in the region; and 5) 

it provides an opportunity to study a long-lived magmatic system in an island arc setting.  

The project has three major objectives: 

1) To geochemically characterize the three major ignimbrite sequences (Sigurdsson 1972; 

Sparks et al. 1980; Lindsay et al. 2003) and their related domes emplaced on 

Dominica ~20,000 - ~40,000 years ago, in order to understand their relationship to 

each other and assess the magmatic processes occurring beneath the island. 

2) To develop a rigorous geochronological framework for silicic (andesitic-dacitic) 

volcanic and magmatic activity on Dominica by refining the eruption of ages of the 

ignimbrites and domes using zircon and apatite (U-Th)/He geochronology, and by 

using U-Th and U-Pb zircon dating to elucidate the timescales associated with storage 

of intermediate-silicic magmas in the crust beneath the island. 

3) To create a model for silicic magmatism beneath the island that explains the 

petrographic and geochemical data, with particular focus on crystal recycling, crystal 

and melt compositions, and equilibrium constraints.  

1.1.2 Significance of the work 

 While Dominica is considered the most active island in the Lesser Antilles arc, its 

volcanic stratigraphy and associated magmatic processes are poorly understood. Yet, it is best 

known for its large pyroclastic deposits, which provide evidence of Plinian activity. As such 

explosive activity is unusual for intra-oceanic arcs, the findings of this work have major 

implications not only for Dominica, but for the development of evolved magmatism in intra-

oceanic arcs in general. To provide a full context for the overarching implication of this study, 

an overview of intra-oceanic arcs including current theories of shallow magmatic processes, 

timescales of differentiation and storage, and crustal development, is provided in Sections 1.2 

and 1.3. 
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Figure 1.1: A) The Lesser Antilles island arc. Triangles show potentially active centres. B) Map of 
Dominica showing the major volcanic centres.  

1.2 Intra-Oceanic (Island Arc) Systems 

Modern intra-oceanic subduction zones (commonly known as island arcs) comprise ~40% 

of Earth’s convergent margins (Gill, 1981; Leat and Larter, 2003; Gerya, 2011). Along such 

margins, crust is both destroyed via recycling back into the deep mantle and generated via 

subduction-related volcanism. In general, arc magmas are created due to a complex process 

in which the descent of the subducting plate hydrates the mantle wedge, promoting partial 

melting and the generation of magmatic diapirs (Tatsumi and Eggins, 1995; Macdonald et al., 

2000). Due to differential buoyancy, these melt pockets migrate upwards until they reach the 

crust. From there, the magmas go through a series of shallow magmatic processes including 

ponding, stagnation, and recycling prior to reaching the surface as erupted volcanic material 

(Tatsumi, 2005). However, although these processes explain the mechanical evolution of arc 

magmas and the presence of volcanoes along subduction zones, they do not account for the 

range of geochemical signatures seen in arc magmas (Davidson, 1985; Defant and 

Drummond, 1990; Elliott, 2003). The composition of the primary parental magma, magmatic 

differentiation, the assimilation of subducted material and/or continental crust, as well as the 
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maturity of the arc system itself all play a role in the evolution and final composition of arc 

magmas (Hawkesworth and Powell, 1980; Tamura and Tatsumi, 2002; Davidson et al., 2005) 

 

1.2.1 Primary parental magmas  

Parental magmas in subduction zone volcanism are thought to be generated by melting 

in the mantle wedge due to H2O influx (Gill, 1981; Davies and Stevenson, 1992; Gaetani and 

Grove, 2003) (Figure 1.2). Trace element signatures seen in arc magmas, such as depletion in 

Nb and enrichment in large ion lithophile elements (LILEs), provide evidence of a MORB- 

  

 

Figure 1.2: A) Schematic cross-section through a subduction zone, showing structural features. 
Figure from Tatsumi and Eggins (1995) B) Diagram showing the magmatic processes occurring 
beneath the volcanic arc. Numbers refer to subheadings discussed in section 1.2 of the text.   

 

like source, which matches with the mantle isotopic compositions seen in most island arc 

magmas (Perfit et al., 1980; White and Patchett, 1984; Elliott, 2003). Although primary 

mantle-derived magmas can range from basalt to high magnesian andesite (Thompson, 1975; 
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Tatsumi and Eggins, 1995; Kelemen et al., 2003), MgO-rich volcanic rocks are rare in 

continental arcs and minor in island arcs. Their rarity has been attributed to density filtering 

and crustal processing of ascending magmas (Annen et al., 2006; Kent et al., 2010). During 

such crustal processing (e.g., storage, differentiation, assimilation, magma mixing), the 

mantle signature of the melt can be overprinted. Indeed, the majority of arc magmas have 

geochemical characteristics consistent with variable amounts of crustal contamination 

(Thirlwall et al., 1996; Davidson et al., 2005; Bezard et al., 2014). Within island arcs, such 

signatures have typically been attributed to the incorporation of subducted sediments into the 

mantle wedge (Plank and Langmuir, 1993), suggesting contamination of the parental source 

magma prior to shallow level processes.   

1.2.2 Lower crustal processing 

Modification of primary magmas prior to ascent into the upper crust has been invoked 

as one of the primary mechanisms involved in the formation of silicic (andesitic – rhyolitic) 

magmas in continental arcs (Hildreth and Moorbath, 1988; Annen et al., 2006). As mantle-

derived basalts are generally much denser than the silicic plutonic material that dominates the 

continental crust, they are thought to underplate rather than intrude the base of the crust 

(Huppert and Sparks, 1988; Bergantz, 1989).  The continental crust, therefore, creates a 

‘density filter’ through which only evolved, H2O-rich magmas can pass (Herzberg et al., 1983; 

Kent et al., 2010). This theory has led to the idea of regions within the lower crust where 

silicic melts are derived from parental basalts by differentiation and crustal assimilation 

(Figure 1.3; Hildreth and Moorbath, 1988; Annen et al., 2006). Originally coined as the 

MASH (Melting-Assimilation-Storage-Homogenization) model by Hildreth and Moorbath 

(1988), this theory was based on the variation of Sr isotopes in Andean magmas and the idea 

that lower crustal assimilation is a major component in magmatic evolution. However, Annen 

et al. (2006) suggested that the MASH model was not physically viable and instead proposed 

a new model based on thermo-mechanical constraints, the Lower Crustal Hot Zone model. 

This model, however, is not chemically supported. Thus, while both models provide different 

perspectives on the development of evolved magmas via lower crust processes, neither 

provides a holistic framework that incorporates all the available data. In addition, both 

models were developed for continental arcs. Thus, while geophysical studies of many island 

arcs indicate that the crust of the overriding plate can be complex and may even be similar to 

continental crust (Kodaira et al., 2007; Takahashi et al., 2008; Kopp et al., 2011), the 

relevance of these lower crustal models to intra-oceanic arcs is uncertain. 
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Figure 1.3: Conceptual diagram of a subduction zone, showing a lower crustal hot zone (not to scale). 
Magma is injected at various depths including at 1) the seismic Moho (boundary of the mantle and 
lower crust), 2) the lower crust and 3) at the Conrad discontinuity (the base of the upper crust). Melts 
ascend from the hot zone into shallow storage reservoirs, leaving restitic material in the lower crust. 
Figure taken from Annen et al. (2006). 

 

1.2.3 Crustal maturation in island arc systems 

Traditionally, the term ‘island-arc’ refers to a tectonic setting in which the overriding 

and subducting plates both consist of oceanic lithosphere (Leat and Larter, 2003). Studies of 

the Izu and Lesser Antilles arcs (Kodaira et al., 2007; Kopp et al., 2011), however, suggest 

that the overriding plates of some ‘island arc’ systems may never have consisted of pure 

oceanic crust, but are rather composites of crustal fragments related to earlier tectonic or 

magmatic activity (Pindell and Barrett, 1990; Kopp et al., 2011; Arai et al., 2013). Indeed, 

seismic surveys across both the Lesser Antilles and Izu arcs contain velocity variations within 

the middle arc crust that have been interpreted as regions of felsic composition (Kodaira et al., 

2007; Kopp et al., 2011). Petrological models have indicated that the ratio of plutonic 
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material to erupted material necessary to generate such felsic layers is 5:1 (e.g., White et al., 

2006). As such large quantities of plutonic material are not evidenced by geophysics, many 

authors have suggested either large scale delamination of cumulate material into the mantle  

(e.g., Kay and Kay, 1985) or that the ultramafic material has seismic properties similar to the 

mantle and is therefore seismically invisible (Jagoutz et al., 2006; Kodaira et al., 2007; 

Takahashi et al., 2007). When discussing ‘island arc’ systems, it is necessary to address the 

crustal maturity of the system and the impact of crustal structure on magmatic processes. 

Indeed, magmatism itself plays a key role in crustal development as crustal maturation is the 

process by which the crust is continuously thickened via magmatic injection and eventually 

evolves towards more continental compositions due to prolonged magmatic differentiation. 

 

1.2.4 Shallow crustal processes 

Upon reaching the crust, magmas either quickly ascend to the surface or stall prior to 

eruption forming magma reservoirs (Figure 1.2). The presence of such reservoirs has been 

inferred based on geophysical models of shallow melt zones beneath volcanic edifices (Lees, 

1992; Paulatto et al., 2012), geochemical trends influenced by differentiation processes 

indicating a period of crustal storage (Wilson, 1993), and the presence of exposed plutons 

beneath eroded volcanoes (Marsh, 2000; Bachl et al., 2001; Bachmann et al., 2007b).  Within 

such reservoirs, magmas pond and crystallize, fractionating out different crystalline 

components according to their composition. Known as fractional crystallization, this process 

requires that crystals be continually removed from the system (e.g.,  Wilson, 1993). In 

general, crystal-liquid separation is dependent on the density contrast between the crystals 

and the melt, the distribution of the crystals throughout the chamber, and the viscosity of the 

melt (Martin, 1990; Wilson, 1993; Hawkesworth et al., 2000). Removal of crystals is thought 

to occur either via gravitational settling through roof, wall, or floor-crystallization within the 

reservoir (Sparks et al., 1984; Marsh, 2000) or through liquid segregation in highly crystalline 

mushes (Sisson and Bacon, 1999; Bachmann and Bergantz, 2004; Bachmann and Bergantz, 

2006). As crystals are removed from the system, the remaining melt becomes more evolved, 

driving the overall magma towards more felsic compositions. Fractional crystallization, 

therefore, is one of the primary mechanisms invoked to explain the generation of intermediate 

to silicic magmas (e.g.,Wilson, 1993; Grove et al., 2005). Following this theory, if crystals 

were efficiently extracted, whole-rock geochemical trends would represent liquid lines of 
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decent, where SiO2 steadily increases with increasing amounts of differentiation 

(Hawkesworth et al., 2000). 

Evidence for progressive evolution of magmas via pure fractionation, however, is often 

ambiguous (Eichelberger et al., 2006). In fact, geochemical trends traditionally associated 

with fractionation may also result from the accumulation of discrete magma batches which 

were influenced by varying degrees of differentiation (Davidson et al., 1988; Spera and 

Bohrson, 2004; Eichelberger et al., 2006). As silicic magmas contain widespread 

disequilibrium features (e.g., Couch et al., 2001), it now thought that the majority of shallow 

magmatic systems are also subject to a wide range of processes such as concurrent crustal 

contamination and fractionation (AFC; DePaolo, 1981; Grove et al., 1982), magma mixing 

(Eichelberger, 1975; Anderson, 1976), simple magmatic convection (Couch et al., 2001), or a 

combination of mixing, assimilation, storage, and hybridization (MASH; Hildreth and 

Moorbath, 1988).   

One major line of evidence for open system processes is crystal heterogeneity, in which a 

wide range of crystal compositions that cannot coexist under equilibrium conditions is found 

in a single sample. Such heterogeneity is almost universally seen in andesitic-dacitic magmas 

(Devine et al., 1998; Murphy et al., 1998; Price et al., 2012). Studies of crystal populations 

within such magmas indicate that there are three major types of crystals: autocrysts, 

antecrysts, and xenocrysts (Miller et al., 2007; Jerram and Martin, 2008; Streck, 2008). 

Autocrysts are cogenetic crystals that are in equilibrium with the surrounding groundmass 

glass; while antecrysts are crystals that are thought to originate in the magmatic system (e.g., 

early sidewall crystallization) but have been recycled one or more times prior to eruption, and 

therefore may not be in equilibrium with groundmass glass.  Xenocrysts are entirely foreign 

crystals that were possibly assimilated from surrounding country rock.  

Although such crystal definitions can provide a useful framework to assess the 

relationship of apparently unrelated phases, many authors have noted that individual crystals 

can record multiple episodes of growth and reequilibration (Bindeman, 2005; Davidson et al., 

2007; Streck, 2008). As growth rates for many crystals range from days to hundreds of years 

(e.g., Turner et al., 2003b; Jicha et al., 2005), it is often difficult to fully understand the 

relationships between phases without chronologic information. Indeed, although the existence 

of multiple mineral populations and/or complexly zoned crystals suggests storage and 

recycling of magmas, without chronologic data it can be difficult to truly define ‘antecrysts’ 

and their role in magmatic processes (Bacon and Lowenstern, 2005; Miller et al., 2007; 

Schmitt, 2011). 
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1.3 Timescales of Magma Transfer and Storage  

In order to fully elucidate the role of storage and recycling in magmatic reservoirs, 

geochronologic studies have focused on isotopic systems involving radioactive elements such 

as uranium. Whole rock Uranium series (U-series) isotopes, for example, have been used to 

determine the timescales from magma genesis in the mantle wedge to eruption (Turner et al., 

2000; Bourdon et al., 2003; Turner et al., 2003a; Hawkesworth et al., 2004). Based on such 

isotopic studies, fluid release from the subducting slab, which preferentially fractionates fluid 

mobile elements such as U, is thought to occur anywhere from 1 to 100 ka prior to eruption 

(Turner et al., 2000).  However, in several arcs such as the Lesser Antilles and the Bicol arc 

east of the Phillipines, U-series work suggests transfer times from source to surface of >350 

ka (Turner et al., 1996; DuFrane et al., 2006).  

One major application for U-series isotopes is determining the nature of the last parent-

daughter U fractionation event. When discussing transfer times from the mantle wedge, the 

inherent assumption is that U fractionation occurred at the time of fluid release from the slab 

and that the magma has not experienced further U fractionation (and hence resetting) prior to 

reaching the surface (Allegre and Condomines, 1976; Condomines et al., 2003). As most 

magmas stall in the crust and experience multiple fractionation events which can affect the U 

concentration as well as open-system processes (e.g.,  Streck, 2008), determining the 

residence time of magmas using U-series isotopes can be convoluted (Condomines et al., 

2003; Reid, 2003).  

1.3.1 Timescales recorded in minerals 

To fully understand the timescales of shallow level differentiation processes, accurate 

dating of crystallization events is necessary (Charlier and Zellmer, 2000; Hawkesworth et al., 

2000; Hawkesworth et al., 2004). Such dating also provides important information about the 

relationship between eruptions and the sub-surface processes that ultimately generate them. 

To elucidate crystallization time scales, U-series chronology has typically been applied to 

bulk mineral separates (Hawkesworth et al., 2000) and generally indicates that crystallization 

of mineral phases occurs over a range of timescales from immediately prior to eruption 

to >100 thousand years before eruption. Such varying timescales suggest that magmatic 

systems could remain active over extended periods of time (Allegre and Condomines, 1976; 

Heath et al., 1998; Charlier and Zellmer, 2000). However in magmas with xenocrysts or 

multiple crystal populations, the geologic meaning of such U-series data is unclear (Volpe 

and Hammond, 1991; Bourdon et al., 1994).   
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1.3.2 The role of zircon 

To resolve this dilemma, in-situ techniques that allow fine-scale chronology of 

individual crystals were developed and applied to high-U mineral phases such as zircon 

(Davis et al., 2003; Schmitt, 2011). From these studies, it has emerged that individual crystals 

and crystal populations can record multiple crystallization episodes within a time period of 

<350 ka (Charlier et al., 2005; Bachmann et al., 2007a; Cooper and Reid, 2008; Claiborne et 

al., 2010; Schmitt, 2011). This has provided tangible evidence for the idea that magmas 

experience protracted storage and recycling prior to eruption. Today, zircon U-Th 

disequilibrium geochronology is one of the primary methods used to elucidate the timescales 

of magmatic activity and accumulation. A limiting factor of zircon, however, is that it tends 

to crystallize in highly evolved, relatively low temperature environments (Hanchar and 

Watson, 2003; Boehnke et al., 2013), which limits its application to dacitic to rhyolitic 

magmatic systems. Despite this, zircon studies have led to a major paradigm shift regarding 

the nature of magma genesis and storage in the crust. 

 

1.3.3 Magma storage and crystal-mush zones 

While long crystal residence times may bring to mind a picture of a continuously active, 

molten magma chamber, thermal modelling and the differing ages of individual zircon 

crystals within single samples suggests that after stalling in the crust, magmas experience 

cycles of partial solidification and remelting (Bachmann et al., 2007a; de Silva and Gosnold, 

2007; Karlstrom et al., 2010; Huber et al., 2011). Within stalled magmas, crystal growth and 

nucleation rates are strongly controlled by the magma cooling rate, which is in turn affected 

by chamber size and the thermal contrast between the magma and the surrounding country 

rock (Brandeis et al., 1984; Armienti et al., 1994). At first, when crystal growth begins, the 

melt phase can move freely throughout the chamber, often causing turbulent convection 

(Brandeis and Jaupart, 1986). However, as crystallization continues and the crystal fraction in 

the melt reaches >50%, a critical mechanical threshold is reached. Above this threshold, 

crystals begin to touch each other and form a rigid interlocking framework (Marsh, 1981; 

Hildreth, 2004). Known as crystal mush, such frameworks act as barriers to magma flow and 

effectively ‘lock-up’ the remaining liquid phase in interstitial melt pockets (Mahood, 1990; 

Bachmann and Bergantz, 2008; Huber et al., 2011). As crystallization continues, these 

interstitial melt pockets become highly evolved and are thought to segregate from the mush 
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via a variety of methods such as micro-settling (Miller et al., 1988), compaction (McKenzie, 

1984) and/or gas-sparging (Sisson and Bacon, 1999; Bachmann and Bergantz, 2006). This 

upward movement thus creates a layer of rhyolitic melt at the top of the chamber. Such 

evolved layers have been recorded at the roof of extinct subvolcanic batholiths (Figure 1.4; 

Bachmann and Bergantz, 2004). 

 

Figure 1.4: Schematic illustration of a mush model. xp = crystal-poor (0-6% crystals) rhyolite, xm= 
intermediate crystal content, xr = crystal-rich mush (12-55% crystals). Rigid sponge = rigid 
interlocking framework of crystals (>55% crystals). Black dikes represent mafic magma intruding 
into the magma reservoir. Black arrows represent the upward percolation of the interstitial melt 
phase. Figure modified from Hildreth (2004). 

 

1.3.4 Longevity and interconnectivity of crystal mush systems 

Based on U-Th and U-Pb zircon geochronology, estimated storage times for magmatic 

systems in continental arcs and intra-continental systems range from 104-105 years (Reid, 

2003; Bachmann and Bergantz, 2004; Charlier et al., 2005; Costa, 2008; Wilson, 2008). 

Disparate zircon ages in a single sample have been attributed to prolonged crystallization in 

high-Si melt reservoirs (Reid et al., 1997; Charlier and Zellmer, 2000), temporary storage of 

zircons in other crystal phases (Storm et al., 2012), or residence in sub-solidus and/or low 

temperature (Watson, 1996; Schmitt et al., 2010) parts of the magma system. Zircon age 

distributions, therefore, provide clear evidence that long-lived crystal mush zones operate 

beneath most of the world’s silicic volcanoes (e.g., Charlier et al., 2005; Wilson, 2008; 

Bachmann and Bergantz, 2009). Such zircon age distributions indicate that mush zones are 

kept active  over extended time periods by periodic thermal rejuvenation and remelting, 
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which has been linked with recharge by a hotter, mafic magma (e.g., Huber et al., 2011). 

Without such thermal rejuvenation or other thermochemical change, crystal mush zones are 

expected to solidify and undergo “viscous death”, preventing eruption (de Silva and Gregg, 

2014). Thus, significant interest has been has been placed on tracking thermal changes in 

crystal mush systems, specifically using Ti-in-zircon thermometry (Fu et al., 2008; Storm et 

al., 2014). Even without direct temperature data, however, magmas with similar zircon age 

distributions are thought to have experienced similar thermal histories, and thus similar 

zircon distributions have been used as evidence for interconnectivity between magmatic 

systems (Charlier et al., 2003; Schmitt et al., 2010).  

Despite the widespread application of zircon age distributions to understanding the 

chronology of sub-surface processes, little zircon work has been done on intermediate 

(andesitic) magmas. This is partially due to zircon saturation dynamics which theoretically 

preclude zircon crystallization in magmas of andesitic compositions at typical temperatures 

(Hanchar and Watson, 2003; Boehnke et al., 2013). However, as many andesitic magmas are 

a combination of rhyolitic melt and mafic crystal cargoes (Streck, 2008; Price et al., 2012), it 

is very likely that zircons do exist within such rocks. A study of zircons from intermediate 

magmas could provide new insight into the compositional evolution of magmatic systems and 

is a major focus of this thesis.  

 

1.4 Thesis Structure 

This thesis assesses the timescales and magmatic processes associated with andesitic-

dacitic volcanism on Dominica. Whole rock, glass, and mineral chemistry are coupled with 

combined U-Th and (U-Th)/He geochronology to constrain the volcanic stratigraphy of the 

island and to create a model for its magmatic evolution. These findings are then discussed in 

the context of their relevance to the evolution of silicic (andesitic-dacitic) magmas in intra-

oceanic arcs in general.  

 Chapter 2:  Geologic Setting and Field Observations - This chapter outlines the 

geologic setting of Dominica, providing detailed descriptions and photographs of the 

studied volcanoes and a brief description of each of the 41 field sites visited as part of 

this study. Stratigraphic logs and photographs of the outcrops are included where 

appropriate.  

 Chapter 3: Methods - This chapter describes the techniques and equipment used to 

prepare the samples for analysis and to collect and reduce the data.  
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 Chapter 4: Re-evaluation of the Roseau Tuff Eruptive Sequence and Other 

Ignimbrites in Dominica, Lesser Antilles - This chapter discusses the geochemical 

characteristics and age of pyroclastic flow deposits on Dominica with specific regard 

to correlations and the volcanic stratigraphy of the island. These findings have 

implications for the correlation of off-shore tephra material to on-shore deposits in the 

Lesser Antilles. This discussion chapter is written in paper format and is published in 

the Journal of Quaternary Science.  

 Chapter 5: Timescales of Intra-Oceanic Arc Magmatism from Combined U-Th and 

(U-Th)/He Zircon Geochronology of Dominica, Lesser Antilles - This chapter presents 

(U-Th)/He eruption ages for dome lavas across the island and discusses the 

implications of the U-Th zircon crystallization ages. This chapter is written in paper 

format and was submitted to G3: Geochemistry, Geophysics, Geosystems in 

November 2014. 

 Chapter 6: Evolution of Young Andesitic-Dacitic Magmatic Systems Beneath 

Dominica, Lesser Antilles - This chapter assesses the roles of fractionation and 

assimilation in the genesis of Dominica andesites and presents a model to explain the 

petrographic and geochemical features seen in the rocks. In particular it focuses on 

mineral-mineral and mineral-melt equilibrium constraints as a way to geochemically 

determine the components involved in andesite genesis. This chapter is written in 

paper format and was submitted to Journal of Volcanology and Geothermal Research 

in November 2014. 

 Chapter 7: Synthesis, Conclusions, and Future Work - This chapter synthesises the 

findings of the overall study and provides a summary of its main conclusions. The 

chapter highlights the implications of this work for the maturation of intra-oceanic 

systems and makes recommendations for potential future work. 

 

Please note that because Chapters four to six are written as papers, there is significant 

repetition of material related to the geologic setting and methods.  

 

 

 

 

 



14 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



15 
 

Chapter 2:  Geologic Background  

2.1 Introduction 

This chapter details the tectonic setting and geology of Dominica, Lesser Antilles. It 

includes detailed descriptions and photographs of all the studied volcanic centres.  

2.2 Geologic Background 

2.2.1 The Lesser Antilles 

Tectonic setting 

Approximately ~850 km long, the Lesser Antilles island arc marks the westward 

subduction of the North American Plate beneath the Caribbean Plate (Figure 2.1). Although 

both plates are oceanic, the Caribbean plate is considerably thickened with an estimated 

thickness of 30-35 km (Macdonald et al., 2000; Leat and Larter, 2003). Extending from 

Grenada in the south to Saba in the north, the Lesser Antilles arc consists of  11 volcanic 

islands and several submarine volcanic centres (Lindsay et al., 2005). Towards the centre of 

its curvature, near Martinique, the arc bifurcates. Known as the Limestone Caribees, the older 

eastern arc was active from 38 to 10 Ma, until the axis of volcanism began migrating 

westward due the subduction of a buoyant Atlantic volcanic ridge, which caused a significant 

shallowing of the slab dip (McCann and Sykes, 1984; Bouysse and Westercamp, 1990). This 

migration was concurrent with a hiatus of volcanic activity in the northern part of the arc 

from the late to early Miocene. Volcanism resumed around 20 Ma with the development of 

the younger western arc, known as the Volcanic Caribees, and has continued to the present 

day (Briden et al., 1979).  

The currently active arc is segmented, with the northern segment trending at 330° and the 

southern segment trending at 020° (Wadge and Shepherd, 1984). There is a marked 

difference in the nature of subduction between the two segments. In the north, the Benioff 

zone dips at 50-60°, while in the south it varies from 50° to nearly vertical beneath Grenada 

(Wadge and Shepherd, 1984). The northern and southern terminations of the arc are typical 

step fault zones (Govers and Wortel, 2005). Pleistocene-Recent volcanism (<2 Ma) is 

restricted to a narrow 10 km wide zone that is ~270 km from the subduction front in the north 

and ~450 km away from it in the south (Maury et al., 1990). The increasing forearc distance 

towards the south is correlated with the increasing width of the Barbados wedge, an 

accretionary structure formed from sedimentary contributions of the Orinoco and Amazon 
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rivers (Figure 2.1; Bouysse and Westercamp). Ocean floor sediment thicknesses, known from 

deep sea drilling, also vary across the arc, ranging from 0.7 km in the north to 4 km in the 

south (Macdonald et al., 2000). Off shore drilling indicates that only the top 200 m of 

sediment are scraped off during subduction. This suggests that anywhere from 0.5 to 3.8 km 

of sediment is being subducted along the arc (Plank and Langmuir, 1993). The composition 

of these sediments has a much higher terrigenous to carbonate ratio than most other island 

arcs (Rea and Ruff, 1996). 

 

 

Figure 2.1: Tectonic setting of the Lesser Antilles. Bathymetry interval is 200 m and was modified 
from Bouysse and Westercamp (1990). Thick red line indicates the contact between the North 
American and Caribbean plates. Dashed lines indicate areas of faulting within the accretionary 
wedge. Fine red line traces the currently active arc. Arrows show direction of plate motion. Location 
of plate boundaries was taken from Feuillet et al. (2001). A-B Line indicates the location of the Kopp 
et al. (2011) seismic survey shown in Figure 2.2. The names of the eleven potentially active islands 
are shown in the inset on the lower left. Dotted line in inset indicates the previously active Limestone 
Caribees arc. 
 

Crustal composition 

The Lesser Antilles island arc sits atop the Caribbean plate on ~35 km of crust (Kopp et 

al., 2011). The origin of this plate is highly debated, with some authors suggesting it formed 
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in-situ  along the Caribbean spreading centre, a tectonic feature associated with the split of 

North America from Gondwanaland in the Jurassic-Early Cretaceous (Meschede and Frisch, 

1998; James, 2005), and others proposing its formation above the Galapagos hotspot, a large 

hotspot plume located in the Pacific (Pindell and Barrett, 1990). Supporters of the Pacific 

theory attribute the 30-35 km thickness of the Caribbean plate to the development of  the 

Caribbean plateau, an oceanic flood basalt province, in the mid-Cretaceous (Kerr et al., 

2003). After plate formation, a series of subduction zones formed along the eastern edge. The 

Avis Ridge, a submerged bathymetric high to the west of the active arc, is inferred to be a 

remnant of such subduction (Figure 2.1). The Lesser Antilles arc itself has grown above the 

accretionary prism of the Avis Ridge system (Macdonald et al., 2000). 

Using seismic refraction, Kopp et al. (2011) imaged the thickened crust in the central 

part of the Lesser Antilles and suggested a three layer structure, where lavas and 

volcanogenic sediments sit atop intermediate to felsic crust which in turn sits above plutonic 

lower crust (Figure 2.2). No evidence of a high density ultramafic cumulate layer such as 

those seen in the Izu arc (Kodaira et al., 2007) was found (Kopp et al., 2011). Seismic 

modelling further suggests that the upper plate contains a large portion of mafic magmas, 

which previous authors have suggested derive from the oceanic flood basalts of the 

Caribbean Plateau (Kopp et al., 2011). Evidence from oxygen and radiogenic isotopes shows 

that Lesser Antilles magmas derive from a modified MORB-source mantle wedge mixed with 

an ancient cratonic component, which suggests that the Lesser Antilles may sit atop thinned 

continental crust (Davidson, 1985; Bezard et al., 2014).  

 

Figure 2.2: Two-dimensional velocity model of the Lesser Antilles arc showing three clear velocity 
layers. Figure taken from Kopp et al. (2011). Location of cross section is shown as Line A-B on 
Figure 2.1. 
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Volcanic geology of the Lesser Antilles 

Volcanic deposits in the Lesser Antilles range from basaltic to dacitic. Although the most 

common type of activity in the arc are andesitic dome-forming eruptions similar to the 

ongoing eruptions on Montserrat (Watts et al., 2002), eruption style varies from north to 

south along the arc (Lindsay et al., 2005). The northern volcanoes from Saba to Saint Lucia 

are dominantly andesitic to dacitic stratovolcanoes associated with explosive eruptions. The 

southern islands from St. Vincent southward, on the other hand,  have small basaltic to 

basaltic-andesitic centres that generally experience effusive eruptions (Lindsay et al., 2005). 

As evidenced by thick widespread pumiceous pyroclastic flow deposits, the most explosive 

activity in the arc occurs on the central islands of Dominica, St. Lucia, and Martinique 

(Lindsay et al. 2005a). These islands are associated with a higher magma production rate (8-

40 km3) than either the northern or southern islands (0-5 km3) (Macdonald et al., 2000). 

Sector collapse of volcanic edifices is another important phenomenon in the Lesser Antilles, 

and extensive debris avalanche deposits are documented off the coasts of Martinique, St. 

Lucia, Dominica, and Montserrat (Deplus et al., 2001). 

2.2.2  Dominica 

Overview 

Located near the centre of the Lesser Antilles arc, Dominica is the most mountainous 

island in the region. With the exception of uplifted limestone located on the western side of 

the island, Dominica is comprised of volcanic rocks and their weathering products (Figure 

2.3; Lindsay et al., 2005a). Volcanic activity on the island began in the Miocene and 

continues to the present day, with the most recent dome-forming eruption occurring on the 

southern part of the island just ~600 years ago. The older centres are basaltic, while younger 

centres range in composition from basaltic to andesitic (Macdonald et al., 2000). Although 

Dominica appears to consist mainly of lava domes, it has two proposed calderas, Wotten 

Waven and Trois Piton (Figure 2.3). Both are located in south-central Dominica within the 

Central Graben, a fault bounded depression that occupies the core of Cochrane-Mahaut, an 

extinct Pliocene stratovolcano (Figure 2.3; Demange et al., 1985). Andesitic pumiceous 

pyroclastic flow deposits also outcrop across the island, suggesting a series of violent 

eruptions in the past (Figure 2.3). One such pyroclastic flow deposit, the Roseau Tuff, 

outcrops in the south of the island and is considered to represent the largest Caribbean 

eruption in the past 200,000 years (Carey and Sigurdsson, 1980). 
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Figure 2.3: Geologic Map of Dominica, from Lindsay et al. (2005). 
 

Volcanic stratigraphy – lava domes 

The volcanic stratigraphy of volcanic domes on Dominica can be subdivided into 3 

groups: 1) Miocene, 2) Pliocene, and 3) Late Pleistocene – Recent (Lindsay et al., 2005). The 

oldest Miocene group (5.22-6.92 Ma) outcrops on the eastern side of the island and consists 

of deeply dissected, low-K basalts (Monjaret, 1985). Little previous work has been done on 
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these centres. The Pliocene group (3.7-1.2 Ma) consists of 3 large stratovolcanic complexes:  

Older Morne Diablotins, Cochrane-Mahaut, and Foundland, located in the northern, central, 

and south-eastern parts of the island, respectively. Older Morne Diablotins and Cochrane-

Mahaut range from basaltic to andesitic in composition and represent the first subaerial 

volcanic activity on the island (Demange et al., 1985). Morne Espagnol, a small Pelean dome 

on the northwestern side of the island, is associated with Pliocene activity at Morne 

Diablotins (Lindsay et al., 2005). Located on the south eastern side of the island, Foundland 

is dominantly basaltic and consists of subaerial volcanic breccias interbedded with lava flows 

(Wills, 1974). The Late Pleistocene to Recent centres (1 Ma – present) comprise the main 

focus of this thesis and are detailed individually from north to south below.  

Morne aux Diables 

Located at the northernmost tip of Dominica (Figure 2.3), Morne aux Diables is a small 

volcanic complex comprising eroded lava domes, block-and-ash flow deposits, and a few 

unconsolidated pumiceous pyroclastic flow deposits (Figure 2.4). Its northern boundary, 

which also marks the northern boundary of the island, is fault controlled as evidenced by a 

steep 3.8 km long E-W trending cliff (Figure 2.3). Five parasitic domes cut across its 

southern flanks including East and West Cabrits, two lava domes which form a small 

peninsula just north of Portsmouth (Figure 2.3). Block-and-ash flow deposits from northern 

Morne aux Diables and West Cabrits yielded K-Ar ages of 1.72 ± 0.13 Ma  and 1.68 ±0.25 

Ma, respectively (Monjaret, 1985; Bellon, 1988). A single 14C age from a block-and-ash flow 

on the eastern side of the dome yielded an age of >46,740 years BP (Lindsay et al., 2005).  

Recent seismic swarms beneath the centre suggest that it may still be active (Lindsay et al., 

2005). 

 
Figure 2.4: Morne aux Diables volcanic complex looking northeast from Portsmouth. Photo from 
Lindsay et al. (2005a). 
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Diablotins 

The north-central topography of Dominica is dominated by Morne Diablotins, a 

stratovolcano that has been intermittently active since the Pliocene (Lindsay et al., 2005). 

Ages from this centre range from 1.77 ± 0.13 Ma to >46,620 years BP (Sparks et al., 1980; 

Monjaret, 1985; Bellon, 1988). Diablotins is composed of a series of eroded lava domes and 

lithified block-and-ash flow deposits. Although several small lava domes outcrop along its 

southern flanks, most are highly eroded. Three large pumiceous pyroclastic flow sequences, 

known as the Grand Savanne, Point Ronde, and Wesley Ignimbrites, outcrop on its western 

and eastern flanks and indicate a history of explosive eruptions (Sparks et al., 1980; 

Schneider et al., 2007; Smith et al., 2013).  

Trois Piton 

Located within the Central Graben, Morne Trois Pitons is a large volcanic structure 

consisting of three coalesced lava domes (Wills, 1974) inside a 6 km wide caldera structure 

known as the Trois Piton Caldera (Figure 2.5). Deposits associated with the formation of the 

caldera, such as the Layou Ignimbrite, are found in the river valleys just north of the main 

edifice (Wadge, 1989). It has been suggested that the ignimbrites sourced from this caldera 

cover an area >62 km2 (Lindsay et al., 2005). Analysis of block-and-ash flow deposits 

surrounding the dome yielded uncalibrated 14C ages of 17,240 (Wadge, 1989) and 25,310 

(Roobol et al., 1983) years BP. 

 

Figure 2.5: Geologic Map of the Central Graben area showing major volcanic centres and caldera 
outlines. Modified from Lindsay et al. (2005a). 
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Micotrin 

Morne Micotrin, a composite lava dome, is located just south of Trois Piton within the 

confines of the Central Graben (Figure 2.5). The dome sits within a SW-NE elongated (7 km 

by 4.5 km) caldera structure known as Wotten Waven caldera (Demange et al., 1985). This 

caldera is thought to have formed during the eruption of the Roseau Tuff (Demange et al., 

1985; Smith et al., 2013). Mictorin itself consists of two coalesced domes, located in the 

northern corner of the caldera, and a number of craters, including one 3.5 km in diameter 

(Lindsay et al., 2005). The space between the domes and crater rim (i.e., the ‘moat’) is now 

filled in places by lakes (e.g., the Boeri and Freshwater lakes). Charcoal from block-and-ash 

flow deposits located on the southern side of the dome yielded 14C ages of 26,500 ± 900 and 

1,160 ± 45 years (Wadge, 1989; Lindsay et al., 2005). Outside of the Plat Pays Volcanic 

Complex, Micotrin is one of the youngest volcanoes on the island.  

 

Grand Soufrière Hills 

Grand Soufrière Hills is the only Late Pleistocene – Recent volcanic centre on Dominica 

located on the eastern side of the island (Figure 2.3). It consists of a Pelean-style dome inside 

a 1.9 km wide circular crater that is open towards the sea (Figure 2.7). This crater is thought 

to have formed during a flank collapse event, and Carey and Sigurdsson (1991) describe a 

pyroclastic fan that extends southeast from the breached crater. Although it is poorly studied, 

charcoal from a block-and-ash flow at the mouth of the Pt. Mulatre river yielded an age of 

10,320 ± 40 years BP (Lindsay et al., 2005). 

Figure 2.6: Central Dominican volcanoes. Modified from Lindsay et al. (2005a). 
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Figure 2.7: The Grand Soufrière Hills centre (photograph taken from the east). 

Plat Pays Volcanic Complex 

The Plat Pays Volcanic Complex (PPVC) is located in the southwestern corner of 

Dominica and includes Morne Plat Pays, the Soufrière depression, and a score of smaller lava 

domes (Figure 2.3; Lindsay et al. 2003). Morne Plat Pays is a large stratovolcanic complex 

that dominates the southern landscape of the island (Figure 2.8). It is truncated on its 

southwestern side by a ~900 m high collapse scarp which forms the edge of a 3 km wide 

semi-circular depression known as the Soufrière Depression (Figure 2.9). The origin of the 

depression is a matter of debate. It is thought to have formed by flank sector collapse (Roobol 

et al., 1983; Deplus et al., 2001; Le Friant et al., 2002) or by a combination of caldera 

formation and flank collapse associated with the emplacement of the Grand Bay Ignimbrite, a 

large pyroclastic flow deposit that outcrops along the southern side of Dominica (Lindsay et 

al., 2003). This flank collapse is referred to as the Soufrière Event (Deplus et al., 2001; Le 

Friant et al., 2002), and its maximum age is constrained by a 6.6-6.9 ka andesitic pyroclastic 

flow deposit that outcrops on the eastern edge of the depression margin and the northern side 

of Morne Plat Pays (Le Friant et al., 2002). This andesitic pyroclastic flow represents the 

youngest event from Morne Plat Pays (Lindsay et al., 2003). Outside the depression, several 

smaller undated lava domes including Morne Vert and Morne Fous dot the flanks of Morne 

Plat Pays. Although Lindsay et al. (2005) suggested that these domes formed in-situ after the 

flank collapse of Morne Plat Pays, most are undated and their relationship to the surrounding 

volcanic centres remains unconstrained. Morne Plat Pays itself is believed to sit within the 

remains of a larger sector collapse (Figure 2.9). Known as the Plat Pays Event, this collapse 

has been dated between 28,000 and 100,000 years (Le Friant et al., 2002).  
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Figure 2.8: The Plat Pays Volcanic Complex: Morne Plat Pays and two of the younger domes. The 
edifice of Morne Plat Pays is truncated by the Soufrière depression scarp.  

 

Figure 2.9: A) Schematic sketch of south-western Dominica showing the location of 3 flank collapse 
scarps based on Le Friant et al. (2002). B) Aerial view of the domes within the Soufrière Depression. 
Post-collapse domes are labelled for reference. Photograph compliments of Lennox Honeychurch. 
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Within the Soufrière depression, a series of lava domes are distributed amongst large 

cohesive debris avalanche megablocks. Rouge, Crabier, and Patates formed after the 

Soufrière collapse event and are the only domes within the Plat Pays Volcanic Complex 

(PPVC) that are unanimously considered in-situ post-collapse domes (Wills, 1974; Lindsay et 

al., 2003; Lindsay et al., 2005).  Located on the southern side of the Soufrière depression, 

Morne Rouge forms an arcuate ridge that is parallel to the depression wall. The western side 

of the ridge is thought to represent a smaller sector collapse (Figure 2.9; Le Friant et al., 

2002). Exposure of the ridge is very poor, but surficial fragmental material suggests it is 

made mostly of block-and-ash flow deposits (Lindsay et al., 2003). At its southern end, the 

Morne Rouge Ridge merges with Crabier dome (Figure 2.9). Although little work has been 

done on this dome, a view from the south suggests that it consists of two domes, one inside 

the other. Just to the north of Crabier is Patates. The most youthful of the three domes, it was 

dated at 685 ± 55 years BP (Lindsay et al., 2003) and consists mainly of lava flows and 

uneroded block-and-ash flow deposits.  

 

Volcanic stratigraphy – pumiceous pyroclastic flow deposits 

Three major pumiceous pyroclastic flow deposits outcrop on the island of Dominica: the 

Grand Savanne Ignimbrite (Sparks et al., 1980), the Roseau Tuff (Carey and Sigurdsson, 

1980), and the Grand Bay Ignimbrite (Lindsay et al., 2003; Figure 2.10). All three have 14C 

ages between 20,000 and 40,000 years. The relationship between these deposits, together 

with their sources, is poorly understood and is a major focus of this thesis. As explosive 

deposits on the island have traditionally been referred to as ignimbrites, this terminology will 

be used throughout the thesis to refer to pumiceous pyroclastic flow deposits regardless of 

size. 

Grande Savanne Ignimbrite 

On the north-western coast of Dominica, a sequence of pyroclastic deposits known as the 

Grande Savanne Ignimbrite outcrops as a broad fan that extends 13 km off the coast into the 

sea (Sparks et al., 1980). The ignimbrite is generally crystal rich and was originally thought 

to consists of two pyroclastic flow units separated by a cross-stratified surge deposit (Sparks 

et al., 1980). Detailed mapping by Smith et al. (2013), however, separated this deposit into a 

lower sequence consisting of three separate ignimbrite units and an upper sequence 

dominated by pumiceous surge deposits. At low elevations, the ignimbrite is commonly 

welded and overlies a block-and-ash flow deposit correlated to Diablotins, a large 
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stratovolcano that dominates north-central Dominica (Figure 2.10; Smith et al., 2013). The 

age of this eruption sequence is poorly constrained.  14C dating of deposits above and below 

the ignimbrite yielded ages of >22,000 (Sparks et al., 1980) and 40,000 years, respectively 

(Wadge, 1989). Sparks et al. (1980) mapped the Grand Savanne Ignimbrite at 4 different 

locations in northern Dominica, and suggested Diablotins as the likely source of the 

ignimbrite based on field evidence (Figure 2.10). Recent work, however, indicates that the 

pyroclastic flow deposits outcropping to the north at Point Ronde beach and to the east at 

Londonderry beach are unlikely to be related to Grand Savanne Ignimbrite based on visual 

and textural characteristics (Schneider et al., 2007). Little petrographic or geochemical work 

has been done on either of the Point Ronde or Londonderry (Wesley) deposits, and their 

relationship to the Grand Savanne Ignimbrite remains unclear (Smith et al., 2013).  

 

Figure 2.10: Sketch map showing location and extent of large pyroclastic flow deposits on Dominica. 
Outlines of pyroclastic deposits taken from Sigurdsson (1980), Lindsay et al. (2003), and Smith et al. 
(2013). 
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Roseau Tuff  

The Roseau Tuff is a thick sequence of partly welded ignimbrites, pumiceous surges and 

pumice lapilli fall deposits (Sigurdsson, 1972) that outcrops in the Roseau Valley, an 8 km 

long valley that stretches eastward and inland, from the capital city of Roseau to Micotrin  

dome (Figure 2.11A). With an estimated volume of 58 km3 of erupted tephra, the Roseau 

Tuff is thought to represent the largest explosive eruption in the Lesser Antilles in the last 

200,000 years (Carey and Sigurdsson, 1980). Originally mapped at the Goodwill Quarry 

(Figure 2.11A), it consists of a plinian airfall deposit overlain by 3 pumiceous pyroclastic 

flow deposits, named Units I, II, and III (Sigurdsson, 1972). Unit I was described as the  

 

 

  

 

Figure 2.11: A) Extent of the Roseau Tuff modified from Sigurdsson (1972). B) Isopach 
map showing the extent and thickness of Unit I of the Roseau Tuff based on deep sea 
cores. Dots represent the location of sampled cores (reference numbers are given above 
each location, while the thickness of tephra found within each core is given beneath). 
Stippled field represents the distribution of subaqueous pyroclastic flow deposits in the 
Grenada Basin. Figure taken from Carey and Sigurdsson (1980).  
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largest eruption in the Roseau sequence, reaching thicknesses of up to 200 m in some places, 

and was considered the result of a caldera eruption. Units II and III are smaller in scale and 

were generally associated with the extrusion of Micotrin dome (Sigurdsson, 1972; Carey and 

Sigurdsson, 1980; Lindsay et al., 2005a). Outcrops of Unit I have been mapped on the eastern 

side of the island at Grand Fond as well as in the Layou Valley, a small valley to the north of 

Roseau (Figure 2.10; Whitham, 1989). Offshore drilling in the 1970s confirmed that ash 

related to Unit I of the Roseau Tuff could be found up to 250 km away from its source 

(Figure 2.11B; Carey and Sigurdsson, 1980). Using glass chemistry, Carey and Sigurdsson 

(1980) correlated deep-sea tephra layers to the unwelded exposure of the Roseau Tuff at the 

Goodwill Quarry, the type locality of the deposit. Using these correlations and isopachs based 

on tephra thickness in the cores (Figure 2.11B), they estimated the total tephra volume of the 

Unit I eruption as 58 km3 (unconsolidated) and suggested that the on-land portion of the 

ignimbrite represents only 5% of the total deposit.  

The age of the Roseau sequence is poorly constrained. Age estimates range from >46 ka 

(Sigurdsson 1972) to ~30 ka (Carey and Sigurdsson 1980). The large span of 14C ages, many 

of which do not overlap, led Smith et al. (2013) to suggest that the Roseau Tuff is actually a 

series of at least 7 separate, smaller eruptions. The source of the Roseau Tuff is also a matter 

of debate. Sigurdsson (1972) considered the source to be Micotrin volcano based on field 

evidence and petrology. Subsequent workers, however, have considered Wotten Waven the 

likely source of the Roseau Tuff eruption (Demange et al., 1985; Lindsay et al., 2005; Smith 

et al., 2013). 

 

The Grand Bay Ignimbrite 

To the east of Plat Pays Volcanic Complex, there are several outcrops of pumiceous 

pyroclastic flow deposits that are referred to as the Grand Bay ignimbrite based their type 

locality at Grand Bay beach (Figure 2.10; Lindsay et al., 2003). 14C ages of buried plant 

material taken from distal outcrops correlated to this ignimbrite at Stowe, Fond St. Jean, and 

the Wall House quarry indicate eruption ages of 27 – 42k Cal a BP (Lindsay et al., 2003). 

However, field mapping by Smith et al. (2013) indicates that these distal outcrops may not be 

lateral equivalents of the Grand Bay ignimbrite. Therefore, the age of the Grand Bay 

Ignimbrite is unconstrained.  On land, the deposit is estimated to be between 0.5 and 1 km3 in 

volume and crops out over an area >20 km2. Bathymetry off the coast of Grand Bay, 

however, indicates that a submarine fan extends up to 7 km off shore (Lindsay et al. 2003). 

Although the whole rock and isotopic chemistry of the deposit are nearly identical to PPVC 
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lava domes (Lindsay et al. 2005b), there is still some debate about the source of this 

ignimbrite. Based on the distribution and character of the deposit, Lindsay et al. (2003) 

concluded that the vent was located within the Soufrière Depression. Based on topographic 

observations, however, Smith et al. (2013) proposed the Wotten Waven caldera as the likely 

source of the Grand Bay Ignimbrite.  
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Chapter 3:  Methods 
 

3.1 Introduction 

This chapter details the fieldwork and analytical methods used to achieve the aims 

outlined in Chapter 1. Fieldwork was undertaken over the course of two trips to Dominica in 

2011 and 2012, respectively. Outcrop selection and sampling methods are described below. 

Field observations, including descriptions of the 41 field sites, photographs of the outcrops, 

and stratigraphic logs can be found in Appendix A. Sample preparation, X-ray Fluorescence 

(XRF) analyses, and Electron Microprobe analyses were carried out at the University of 

Auckland (UoA). Trace element analyses by Laser Ablation Inductively Coupled Mass 

Spectrometry (LA-ICP-MS) were carried out at Australia National University (ANU). 

Uranium series (U-Series) isotopes were determined at Macquarie University. Uranium-

thorium (U-Th) geochronology of zircon was carried out at the University of California, Los 

Angeles (UCLA), and uranium-thorium-helium (U-Th-He) geochronology of zircons and 

apatites was undertaken at the University of Texas, Austin. Detailed methods including 

sample preparation, sample analysis, machine operating conditions, and data reduction 

procedures are presented below for each technique. Standard data is also presented and 

critically discussed with regard to the accuracy, precision, and reproducibility of each 

technique.  

3.2 Fieldwork: Outcrop Selection and Sampling  

Silicic volcanic centres on Dominica have produced two major types of primary volcanic 

deposits: pumiceous pyroclastic flow deposits and related air fall deposits derived from 

explosive activity and dome scree/talus and block-and-ash flow deposits derived from more 

effusive, dome-forming eruptions (see Roobol and Smith (1989)  for detailed discussion of 

these deposit types in the Lesser Antilles). Although these two types of deposits were the 

focus of field work in this study, several samples of basaltic lava representing the more mafic 

centres on Dominica were also taken.   

Field locations were chosen based on a variety of factors (e.g., their inclusion in previous 

studies, their relation to known eruptions and/or major volcanic features, and the accessibility 

of outcrops). Due to the high level of vegetation on the island, most exposures were located at 

the beach or near the road. For pumiceous pyroclastic flow deposits, 4-5 pumice clasts (10-

100 cm) were collected at each outcrop. For tephra fall deposits >20 lapilli clasts (1-5 cm) 
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were collected, and for lava flows and block-and-ash flow deposits, at least 5 kg of lava was 

collected per outcrop.   

3.2.1 Field locations 
This study is based on field observations and material collected from a total of 41 field 

locations (Figure 3.1). Table 3.1 details the field locations including outcrop names, 

coordinates, location information, and the number of samples taken. Detailed descriptions of 

each individual outcrop are given in Appendix A. All field location numbers correspond to 

those presented in Figure 3.1. 

3.3 Whole Rock Analyses 

3.3.1  X-Ray Flourescence (XRF) 

Between October 2011 and April 2013, 170 samples were analysed for major and trace 

elements using X-Ray Flourescence (XRF) at the University of Auckland. 

Sample Preparation 

Crushing 

Prior to crushing, selected samples were washed and dried. Any rinds, weathered 

surfaces, or visible inclusions were removed using a rock splitter. Samples were then split 

into 1-3 cm3 pieces using a jaw crusher. About 10-20 grams of each sample were crushed 

using a tungsten carbide mill for >90 seconds, ensuring that they were powdered to <200µm. 

The mill was cleaned between runs using distilled water and methanol. Powdered samples 

were stored in sealed plastic vials.  

Weighing 

Four grams of each powdered sample were weighed into pre-weighed ceramic crucibles 

and placed in an oven set at 105°C. Samples were left in the oven overnight in order to burn 

off any residual water present in the powder. The crucibles were then reweighed and placed 

in a 850°C furnace overnight. After this, the crucibles and remaining sample were weighed 

again in order to determine the loss on ignition (LOI). LOI gives an indication of the 

crystalline water content and total volatile content of the sample. In most cases, the LOI is 

negative, indicating that volatiles were lost during the heating process. In some cases, 

however, the LOI is positive. This is attributed to oxidation gain which occurs when iron-

bearing samples become oxidized (e.g. FeO becomes Fe2O3). Once the LOI had been 

determined, 2 grams (+/- 0.0005) of ignited powder were added to 6 grams (+/- 0.0005) of  
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Table 3.1: Field location information for mapping and/or sampling sites. For complete list of samples see Electronic Appendix 1. 
Field 
Location 

Reference Name Coordinates  
(Lat/Long) 

Location Description Samples  
TH-DM-    

AU 
Number 

1 
 

Goodwill Quarry N15°18.506 
W61°23.067 

Road outcrop just outside of Goodwill Quarry 1.1 – 1.5 AU66028-
AU66032 

2 Link Road Sequence N15°18.256 
W61°22.465 

Road outcrop along Santa Romet Road 2.1 – 2.14 AU66034-
AU6047 

3 Link Road Base N15°18.034 
W61°22.663 

Road outcrop on opposite side of Roseau river from Santa Romet Road No samples taken  

4 Layou N15°23.859 
W61°25.607

Road outcrop just north of Layou river 4.1 – 4.6 AU66048-
AU66053

5 Salisbury Beach N15°26.147 
W61°26.340 

Beach outcrop located north of Salisbury 5.1 AU66054 

6 Grande Savanne 1 N15°26.191 
W61°26.276 

Road outcrop located stratigraphically above TH-DM-5 along inland coast 
road 

6.1 – 6.2 AU66055-
AU66056 

7 Grande Savanne 2 N15°26.349 
W61°26.379

Road outcrop located 500m north of TH-DM-6 on inland coast road 7.1 – 7.2 AU66057-
AU66058

8 Anse de Mai N15°35.531 
W61°22.836 

Road outcrop on the right side of road just before Anse de Mai 8.1 AU66059 

9 Londonderry N15°33.614 
W61°17.832 

Beach outcrop just north of Londonderry river 9.1 – 9.8 AU66060-
AU66067 

10 Micotrin [Freshwater] N15°20.459 
W61°18.586

Outcrop near Freshwater Lake 10.1 AU66068 

11 Micotrin [Road 1] N15°20.109 
W61°18.958 

Road outcrop on southern side of Micotrin dome 11.1 – 11.2  AU66069-
AU66070 

12 Micotrin [Road 2] N15°19.572 
W61°21.321 

Lower road outcrop on southern side of Micotrin dome 12.1 – 12.3 AU66071-
AU66073 

13 Trois Piton Quarry N15°23.367 
W61°18.738 

Trois Piton Quarry on northern side of Trois Piton 13.1 – 13.2 AU66074-
AU66075 

14 Rosalie N15°22.093 
W61°15.415 

Road outcrop on southern side of Rosali village 14.1 – 14.4 AU66076-
AU66079 

15 Geneva Quarry N15°14.951 
W61°19.020 

Geneva Estate Quarry 15.1 – 15.5 AU66080-
AU66084 

16 Grand Bay Beach N15°14.553 
W61°18.701 

Grand Bay beach  - type locality 16.1 – 16.3 AU66086-
AU66088 

17 Fond St. Jean N15°14.652 
W61°16.978 

Fond St. Jean beach, east of Grand Bay beach 17.1 AU66089 

19 Plat Pays [Depression 
Margin] 

N15°14.161 
W61°20.608 

Eastern edge of depression wall, outcrop along Nature Trail 19.1 AU66091 

20 Wall House Quarry N15°16.976 
W61°22.663 

Wall House Quarry, south of Roseau 20.1 – 20.2 AU66092-
AU66093 
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21 La Falaise Quarry N15°16.186 
W61°22.534 

La Falaise Quarry on the western side of the island 21.1 AU66094 

22/23 NPAsh N15°14.053 
W61°21.826 

On road between Pt. Michel and Soufrière. Near margin of depression.  22.1 AU66095 

24 Enigmatic Outcrop N15°13.457 
W61°21.078 

On road between Galion and Soufrière.  24.1 AU66097 

25 Patates Dome N15°13.720 
W61°21.173 

On road between Galion and Soufrière. Closer to Soufrière than TH-DM-
24 

25.1 AU66098 

26 Crabier Dome N15°12.788 
W61°21.592 

30 minutes up southern end of Waitukubuli Nature Trail. Across the valley 
on the U-turn after Seg 1.10 

26.1 – 26.2 AU66099-
AU66100 

27 Foundland 1 N15°14.632 
W61°17.232 

Road outcrop on the coast road before Fond St. Jean. 27.1 AU66101 

28 Foundland 2 N15°15.121 
W61°17.035

500 meters further along the road from location 27. Inside part of scoria 
cone. 

28.1 AU66102 

29 Grand Soufrière Hills N15°16.615 
W61°15.371 

Quarry on left of road after river ford before Point Mulatre. 29.1 – 29.3 AU66103-
AU66105 

30 Grand Savanne B&A N15°26.943 
W61°26.846 

Right side of road on curve when the road cuts down after Salisbury. 30.1 AU66106 

31 East Cabrits N15°35.044 
W61°28.179

Edge of eastern dome along Cabrits trail. Near old english drawbridge site. 31.1 AU66107 

32 Aux Diables PF N15°38.093 
W61°27.500 

Located on northern tip of coast road near Bellevue. 32.1 AU66108 

33 Aux Diables 1 N15°37.942 
W61°27.584 

Right side of road just south of Bellevue. 33.1 AU66109 

34 Aux Diables 2 N15°37.108 
W61°27.812 

Left side of road south of Clifton in small quarry. 34.1 AU66110 

35 Aux Diables 3 N15°36.465 
W61°27.819 

South-western side of Aux Diables where the road goes through a series of 
steep switchbacks. 

35.1 AU66111 

36 Aux Diables 4 N15°37.352 
W61°26.173 

Where the road that crosses Aux Diables reaches the volcano’s summit. 36.1 AU66112 

37 Morne Espagnol N15°31.694 
W61°27.992 

North-eastern side of Morne Espagnol, 20 meter below the summit.  37.1 AU66113 

38 Morne Fous N15°12.803 
W61°20.233 

Southwestern side of Morne Fous within forested area behind Petit 
Coulibri estate. On an old hunting trail on edge of cliff 

38.1 AU66114 

39 Morne Rouge  N15°12.763 
W61°20.779 

Left side of road approaching Coulibri estate from….. 39.1 AU66115 

40 Plat Pays [Mt. Lofty] N15°15.347 
W61°20.931 

Northwestern side of Morne Plat Pays at Mt. Lofty estate. 2 minutes walk 
along trail behind estate house. 

40.1 AU66116 

41 Diablotins N15°29.354 
W61°25.123

~2 hours along track towards Kachibona Lake.  Track begins at the top of 
the circular road that leaves Colihaut.

41.1 AU66117 
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Figure 3.1: Map of Dominica showing field locations discussed in Table 3.1. Major volcanic centres 
are labelled in white boxes for reference. Lettered boxes (a-d, e) refer to close-up maps shown in 
Appendix A. 
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Lithium Borate Spectrachem 12-22 flux, which was pre-weighed into small glass vials with 

plastic caps. Care was taken to ensure that the flux and sample powder were well mixed by 

tapping and rolling the glass vials. 

Disk Preparation 

The mixed powder and flux were transferred to platinum crucibles and heated to 1100°C 

in order to melt the sample. The liquid sample was then transferred to a circular mould and 

quenched using compressed air, resulting in a homogenous glass disk. 

Machine Analysis 

Prepared disks were analysed using a Siemens SRS3000 sequential X-ray spectrometer 

with a Rh tube and Brucker SPECTRA-plus software (V1.51). In this technique, fluorescent 

radiation is produced from the X-ray tube and directed towards the sample disk. The X-rays 

cause characteristic excitation patterns in the form of X-ray photons. The X-ray detector 

converts the energy of these photons into electrical current pulses, allowing them to be 

measured above a discrimination threshold as counts per second. Intensities are quantified by 

comparison to rock standards (see below) and reported as wt.%. For a full explanation of the 

procedure see Norrish and Chappell (1977). 

Calibration and Standards 

Thirty four international standards were used to calibrate the machine. Calibration of the 

signal intensity to wt.% was done in the SPECTRA-plus software via a method of variable 

alphas. Three internal standards (USGS BCR-2, AGV-2, and GSP-2) were prepared in the 

same form as the samples and run as unknowns. Six disks of each standard were run over the 

course of 3 months. Representative analyses and calculated accuracy and precision for major 

and trace elements are presented in Table 3.2. Full standard data is presented in Electronic 

Appendix 2. Accuracy was determined by taking the average value of standards analyzed as 

unknowns and comparing it to the true standard values. While accuracy values <5% are 

considered ideal, values of <10% represent acceptable error. Based on the internal standards, 

all major elements analyzed by XRF achieve an accuracy of <3.5% with a precision of <2 

standard deviations. The high level of precision in the major elements suggests that the 

machine is stable over extended periods of time. Accuracy within the trace elements varies. V, 

Cu, Zn, Y, Rb, Sr, and Nb achieve <5% accuracy. Ni, Zr, Ba, La, and Th have <10% 

accuracy, and Cr, Ce, and Pb all have >10% accuracy. Due to a fire in the XRF in June 2012, 

analyses taken after this date require a Ba correction. Using the internal standard data, the 
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correction factor was calculated as 1.13 and applied to the Ba values of all XRF samples 

analysed between June 2012 and February 2013. Analysis of standards after February 2013 

show that the Ba values had returned to acceptable ranges. 

 

3.3.2 Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS) 

One hundred and seventy samples were analyzed for trace elements by LA-ICP-MS at 

Australian National University in Canberra, Australia. 

Sample Preparation 

Disks prepared and analyzed for XRF were kept and used for trace element analysis by 

LA-ICP-MS. Fifteen disks were combined in a stack and glued together with epoxy. Stacks 

were then sliced into quarter sections using a diamond saw. Two quarters from separate 

stacks were glued together on a thin section and sliced to the appropriate width, length, and 

thickness (2.5 cm by 4.5 cm by 0.6 cm).  Finished blocks consist of 30 samples, 15 on each 

side. Once sliced, all blocks were polished using 4 different grades of sandpaper for 5 

minutes each. This polishing flattened the surface, but left it rough enough for the laser to 

catch during analysis.  

Machine Analysis 

Six prepared blocks were analyzed using a quadropole ICP-MS (Agilent 770 CS) with an 

attached Excimer LPX 120 laser. The full details of this set-up can be found in Eggins et al. 

(1998). Samples were loaded into a special sample holder designed to hold 4 sample mounts 

and 3 standards. The holder was placed in a custom sample cell underneath the laser and 

flushed with He. Ar was then pumped into the cell in order to create an Ar-He stratified 

environment (30% He, 70% Ar) for ablation purposes. Blocks were placed in the holder and 

analyzed by running the laser along each stack (15 samples) at a scan speed of 20 µm/s. The 

spot size of the laser was set at 103 µm (denoted as size I). Material ablated by the laser was 

transferred to the ICP-MS by a custom-built transport system. Machine operating conditions, 

including a list of the isotopes chosen for analysis, are shown in Table 3.2. 

Calibration and Standards 

BCR2-G, prepared by ANU as a fused glass plug, was run as a calibration standard 

before and after each stack. Nist612, also prepared by ANU as a fused glass plug, was run at 

the beginning and middle of each block as an internal machine standard. USGS standards, 

prepared in the same form as XRF disks with Lithium Borate Spectrachem 12-22 flux, were  
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Table 3.2: Representative major element and trace element analyses for XRF standards: GSP-2, BCR-2, and AGV-2. Representative analyses, average 
analyses, accuracy, and precision are shown. Standard comparative values (highlighted in grey) were taken from the GeoRem database. The number in 
parenthesis indicates the total number of analyses per standard. Oxide values are given in wt.%; trace element values are given in ppm. Full standard data is 
available in Electronic Appendix 2. 

 

SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5 V Zn Rb Sr Y Zr Pb 

GSP-2 66.6 0.66 14.9 4.90 N/A 0.96 2.1 2.78 5.38 0.29 52 120 245 240 28 550 42 

TH-51 67.1 0.70 14.9 5.12 0.04 0.98 2.15 2.81 5.56 0.29 55 116 251 249 28 591 42

Average 67.2 0.68 15.0 5.05 0.04 0.98 2.11 2.81 5.52 0.29 55 115 251 250 29 595 42 

Accuracy  0.91 3.54 0.58 2.99 1.56 0.40 1.02 2.51 -0.98 5.77 4.31 2.38 4.31 2.38 8.09 0.00 

Precision 0.27 3.02 0.74 1.69 3.94 1.12 2.11 0.29 1.12 0.81 5.14 2.56 2.69 3.10 7.21 4.61 4.26 

BCR-2 54.1 2.26 13.5 13.8 0.19 3.59 7.12 3.16 1.79 0.35 416 127 48 346 37 188 11 

TH-53 53.9 2.27 13.4 14.2 0.20 3.55 7.04 3.14 1.79 0.35 406 132 50 342 36 187 12 

Average 53.9 2.27 13.4 14.3 0.20 3.55 7.02 3.14 1.79 0.35 407 132 51 347 37 192 11 

Accuracy  -0.46 0.22 -0.84 3.26 3.51 -1.07 1.38 -0.63 -0.09 0.52 -2.16 4.20 5.21 0.19 0.90 2.22 3.03 

Precision 0.17 0.93 0.74 1.45 1.05 0.42 0.94 0.40 0.84 0.43 0.98 1.56 2.17 4.65 8.07 7.96 26.6 

AGV-2 59.3 1.05 16.9 6.69 N/A 1.79 5.2 4.19 2.88 0.48 120 86 69 658 20 230 13 

TH-55 59.9 1.06 17.0 6.94 0.10 1.78 5.23 4.28 2.96 0.47 119 91 70 665 23 240 14 

Average 59.9 1.05 17.0 6.92 0.10 1.79 5.20 4.29 2.95 0.48 118 90 71 673 24 247 14 

Accuracy  1.08 0.16 0.79 3.41 -0.28 0.06 2.27 2.49 -0.56 -1.39 4.46 3.26 2.33 20.0 7.17 10.3 

Precision 0.14 1.43 0.66 0.83 0.81 0.94 0.99 0.57 0.79 0.34 2.96 2.19 4.16 3.70 9.13 8.22 24.4 
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placed in the center of each and every stack and analyzed as unknowns. BCR-2 and AGV-2 

were rotated throughout all 6 blocks analyzed, resulting in 8 analyses of each. The placement 

of these internal standards provided a fail-safe so that than any errors in set-up could easily be 

detected and corrected. This standard data, including accuracy and precision of the individual 

elements analyzed, is presented in Table 3.3. The level of accuracy decreases with increasing 

silica content as a result of matrix effects caused by interaction of silica with the laser. As the 

majority of sampled material is andesitic in composition, accuracy values of each isotope are 

reported based on the AGV-2 values. All data was reduced using 29Si as the internal reference 

value. 

Data Reduction 

LA-ICP-MS data was reduced using the Iolite 2.2 software package. Iolite provides an 

easy interface for making background and drift corrections. The background correction 

removes any machine noise from the analyses, while the drift correction corrects for any 

jumps in the total beam count. Changes in the beam count can be caused by an increase in the 

laser strength and/or changes in the stratified vacuum environment. The drift is calculated 

using BCR2-G, the calibrating standard. An example of an iolite experiment and a plot of the 

necessary drift correction are shown in Figure 3.2. 

3.3.3 Comparison of XRF and LA-ICP-MS trace element data 

The standard data show good accuracy and precision for most elements. For elements 

that were analyzed by both XRF and LA-ICP-MS, standard data was used to determine which 

values were most reliable. V, Zn, and Zr all show better accuracy and precision when 

measured by XRF. Rb, Sr, Y, Ba, L, Ce, and Th are more accurate when measured by LA-

ICMPS. Both methods show significant errors in Cr, Ni, Cu, and Pb, and these elements were 

not used (Table 3.2; Table 3.4). 

 

3.3.4 Uranium-series isotopes by Multi-Collector ICP-MS (MC-ICP-MS) 

Seven samples from across Dominica were prepared and analyzed for whole rock U-Th 

isotopes at the U-Series laboratory at Macquarie University in Sydney. These included a 

pumice sample from the Goodwill Quarry [1.3] and lava samples from Micotrin [10.1], 

Patates [25.1], Foundland [27.1], Grand Soufrière Hills [29.1], Mt. Lofty [40.1] and 

Diablotins [41.1].   
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Table 3.3: Operating conditions of LA-ICP-MS (ANU) 

 

 

Laser 
Laser ablation system 
Ablation mode 
Laser Speed 
Wavelength 
Spot size (µm) 
Scan Speed 

 
Excimer LPX 110 
Laser tracking 
5 Hz 
193 nm 
103 (August, 2012), 105 (July 2013) 
20 µm/s

ICP-MS 
ICP-MS system 
Acquisition mode 
Detection mode 

 
Agilent 7700 CS 
Peak hopping 
Pulse counting 

Standards and calibration 
Calibration standard 
Secondary standard 
Internal standard 1 
Internal standard 2 
Elemental Standard 

 
BRC-2G (pre-prepared) 
NIST612 (pre-prepared) 
BRC-2 (XRF Disk) 
AVG-2 (XRF Disk) 
29Si 

Method 
Background Acquisition 
Sample/Standard acquisition 
Washout time 
Measured isotopes and integration times 

 
60 s 
60 s 
10-20 s 
10ms: 29Si, 31P, 43Ca, 45Sc, 49Ti, 51V, 53Cr, 
59Co, 60Ni, 61Ni, 63Cu, 66Zn, 69Ga, 71Ga, 
85Rb, 86Sr, 88Sr, 89Y 
20ms: 90Zr, 93Nb, 133Cs, 137Ba, 139La, 140Ce, 
141Pr, 146Nd, 147Sm, 153Eu, 157Gd, 159Tb, 
163Dy, 165Ho, 166Er, 169Tm, 172Yb, 175Lu, 
178Hf, 181Ta, 208Pb, 232Th, 238U   

Tuning 
Carrier gas 
RF power 
 

 
0.3 l/min (He), 0.9 l/min (Ar) 
1200 W (<2) 
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Figure 3.2: Screenshots of the iolite interface. Part A shows the drift correction over an entire 
analytical day based on the fluctuation of BCR2-G analyses compared to reference values. Part B 
shows the main iolite window.  Counts per second (CPS) vs Time in minutes for 85Rb is displayed in 
order to show the order in which samples and standards were run. Two blocks of fifteen samples each 
were run consecutively. BCR2-G and NIST612-G standards were run at the beginning and end of the 
analysis. BCR2-G was also run between samples for calibration purposes. Two internal standards 
were run in the middle of each sample stack. Individual samples are labeled by their stack location 
and separated by a short drop to background. 
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Table 3.4: AGV-2 trace element standard data for LA-ICMPS. The standard was analyzed a total of 7 
times. Representative analyses are shown. The first grey column shows reference values taken from 
the GeoRem database. The accuracy and precision columns represent the comparison of the averaged 
standard data (including all 7 analyses) to the reference values. See Electronic Appendix 2 for all 
standard data. 

 AGV-2 
Georem 

AGV-2  
TH-55 

AGV-2
TH-86 

AGV-2
TH-117

Average Accuracy 
(%) 

Precision 
(2SD)

Sc 13 15.5 15.3 14.8 15.3 17.6 3.8
V 122 127 126 130 128 4.5 2.2

Cr 16 22.2 24.3 22.5 23.0 43.6 7.5
Co 16 16.2 15.9 16.0 16.0 0.1 1.4
Cu 53 74.8 65.4 71.2 71.8 35.4 25.2
Zn 86 77.9 76.0 73.3 81.5 -5.3 26.5
Ga 20 20.9 21.2 20.9 20.9 4.6 2.3
Rb 66.3 64.6 65.9 63.3 64.5 -2.7 4.7
Sr 661 677 682 661 677 2.4 2.8

Yb 19 20.4 21.0 19.9 20.6 8.4 4.8
Zr 230 267 256 240 252 9.8 7.9
Nb 14.5 14.5 14.7 14.3 14.6 0.9 2.8
Cs 1.2 1.2 1.2 1.1 1.2 -3.5 7.7
Ba 1130 1177 1183 1140 1172 3.7 3.1
La 37.9 39.2 39.7 38.3 39.4 4.0 3.8
Ce 68.6 73.1 73.1 70.6 72.8 6.2 3.7
Pr 7.8 8.4 8.5 8.1 8.4 7.2 3.8
Nd 30.5 32.8 32.9 31.5 32.7 7.1 4.2
Sm 5.5 5.9 5.9 5.7 5.9 6.6 3.6
Eu 1.5 1.7 1.6 1.6 1.6 6.2 4.0
Gd 4.5 5.0 5.0 4.7 5.0 9.7 6.9
Tb 0.6 0.6 0.7 0.7 0.7 3.7 4.5
Dy 3.5 3.7 3.8 3.6 3.8 8.6 5.9
Ho 0.7 0.7 0.7 0.7 0.7 8.0 6.5
Er 1.8 1.9 2.0 1.9 2.0 9.0 5.4

Tm 0.3 0.3 0.3 0.3 0.3 5.1 5.6
Yb 1.6 1.7 1.8 1.7 1.7 7.9 4.8
Lu 0.2 0.3 0.3 0.3 0.3 10.2 3.5
Hf 5.0 6.0 5.7 5.3 5.7 13.6 9.3
Ta 0.9 0.9 0.9 0.9 0.9 4.2 5.6
Pb 13.2 13.9 16.1 14.2 15.3 16.1 27.7
Th 6.1 6.6 6.7 6.3 6.6 7.7 4.9
U 1.9 2.0 2.0 2.0 2.0 6.4 1.6
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Sample Digestion 

Sample preparation was undertaken following the protocol described in Turner et al. 

(2011) and briefly outlined here. XRF powders (0.1g for andesite and 0.2g for basalts) were 

weighed, spiked with a 236U-229Th tracer of known concentration, and then dissolved 

overnight in a solution of HF-HNO3-HC. Boric acid (6M HCl plus H3BO3 salts) was added to 

the solution after dry-down to dissolve any fluorides that may have formed from reaction 

with HF. Several drops of highly concentrated 14N HNO3 were then added to produce a 

nitrate solution. Finally, a loading volume of 3 ml of 7N HNO3 was added to each sample. 

After the completed digestion process, samples were centrifuged to check for precipitates.  

Column Chemistry 

Columns were filled with 4 ml Biorad 1-X8 100-200 anioinic resin (Figure 3.3). The 

sample was loaded onto the resin top and eluted with 7N HNO3. Thorium was then collected 

using 4 ml 6N HCl, and uranium was collected using 7 ml 0.2N HNO3.  

Machine Analysis 

U-Th isotope analyses were conducted on the Nu Instruments® multi-collector 

inductively coupled plasma mass spectrometer (MC-ICP-MS). To simultaneously analyze 

multiple isotopes, analyses were done in ‘dynamic mode’. 238U and 235U were analyzed on 

Faraday cups, while 236U and 234U were collected using the IC0 ion counter (see Heyworth et 

al., 2007 for further details). Following Goldstein and Stirling (2003), a 238U/235U ratio of 

137.88 was assumed to correct for mass bias between the isotopes. Sample analyses were 

bracketed by U010 and U005A standards (prepared by the New Brunswick laboratory) to 

consistency checks of the 238U/234U ratio. Thorium was also analyzed in ‘dynamic mode’. 
232Th was analyzed on Faraday cups; while 230Th and 233Th were measured on the IC0 ion 

counter. A linear tail correction was applied to remove the 232Th tail from the 230Th analysis 

following Sims et al. (2008). Samples were bracketed by Th‘U’ and Th‘A’ standard analyses 

(Open University). Th‘U’ was used to determine the mass bias; while Th‘A’ was treated as an 

unknown to check the 232Th tail correction. Th‘U’ was run after each analyses, and Th‘A’ 

was run every 3-4 analyses. These standards have <0.1% daily relative standard deviations 

(McGee et al., 2011). 
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Figure 3.3: Column chemistry set-up for U-Series isotopes. 

 

Standards 

The TML-3 (Table Mountain Latite) standard was digested and separated following the 

same procedure as the samples. Two measurements of TML-3 yielded (230Th/232Th) = 1.067 

± 0.06 and (230Th/232Th) = 1.068 ± 0.05, respectively. Both analyses yielded (238U/232Th) = 

1.07 ± 0.01. Errors shown are 1σ.  

 

3.4 Petrography 

Thin sections of pumice and lava clasts from selected deposits were used to investigate 

mineral assemblages and the mineral and textural relationships within units. For all thin 

sections, point counting was undertaken to estimate the modal proportions of crystals as well 

as the proportion of crystals to melt. For each section, 1000-3000 points were counted, with a 

minimum of 300 crystals. Void space was not included.  

3.5 Mineral and Glass Chemistry 

Chemical analysis of glass and minerals from 28 deposits was carried out by energy 

dispersive spectrometry (EDS) methods using a Jeol JXA-840A electon probe fitted with a 

PGT Prism 2000 detector at the University of Auckland. Moran Scientific EDS Quant 

software was used to collect the analyses. Data was reduced using ExcelTM. 
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3.5.1 Sample preparation 
Selected pumice samples were crushed using a porcelain mortar and pestle, while lava 

samples were split and crushed using a tungsten carbide splitter and swing mill. Crushed 

samples were wet-sieved to remove the <60 µm size fraction and dried in an oven at 100 °C. 

Crushed material was then inspected under a binocular microscope, and glass and minerals 

were hand-picked and mounted in epoxy following the methods of Froggatt and Gosson 

(1982). Mounts were then ground flat, polished, and carbon coated.  

For microprobe analyses, euhedral crystals are ideally ground to expose their interiors 

(~50%) and analyzed perpendicular to their major axis. Due to the epoxy mounting method, 

however, it is difficult to know the exact crystal orientation or the level of grinding of any 

individual crystal. To mitigate these issues, multiple (i.e. >10) crystals were assessed using 

the single spot method, and where rim to core profiles were performed, scanning electronic 

microscope (SEM) backscatter images were used to identify the edge and interior of the 

crystal.  

 

3.5.2 Instrumental conditions and analysis: electron microprobe 

Minerals 
Plagioclase, amphibole, pyroxene, olivine, and Fe-Ti oxide crystals were analyzed using 

a 2 µm focused beam with a 0.8 nA beam current and a voltage of 15 kV. For plagioclase, 

amphibole, and olivine crystals, an average of 4-5 rim to core profiles were done to determine 

crystal growth patterns. Such profiles involved placing the beam on the rim of the crystal and 

completing a single, 100 second analysis. The beam was then manually moved 10 or 20 µm 

and a second spot analysis was completed. The beam was moved continually in this manner 

until the core was reached (usually ~120-200 µm from the rim). Where possible, groundmass 

plagioclase compositions were analyzed for comparison with phenocryst values. For 

pyroxenes and Fe-Ti oxides, single 100 second spot analyses of 10-15 crystals per sample 

were used to determine the heterogeneity of the mineral population. In some cases, 1-2 rim to 

core profiles of these minerals were also undertaken.  Analyses with low analytical totals and 

those whose chemical formula cation sum did not match that of the respective mineral (see 

Deer et al., 2004) were removed from the dataset. The minimum acceptable analytical total 

varied by mineral phase. Acceptable totals for anhydrous minerals ranged from 98.5-100.5%; 

while acceptable analytical totals for hydrous minerals ranged from 95-98%. Totals for Fe-Ti 

oxides varied from 91-96% for titanomagnetites (spinels) and 94-98% for rhombohedral 

oxides (ilmenites) prior to Fe2+ and Fe3+ calculations. For both Fe-Ti oxide phases, 
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recalculated totals <98% or >101% were removed from the dataset. FeO and Fe2O3 were 

recalculated following Carmichael (1967). 

Glass 
Electron microprobe analyses of glass were determined using a ~15 µm defocused beam 

with a 0.8 nA beam current and a voltage of 15 kV. Each analysis was done for a total of 100 

seconds. A defocused beam was used to minimize the time-dependent migration of sodium. 

On average, 7-10 glass analyses per sample were collected. Analyses with totals 94-99% 

were accepted. Totals less than 100% are attributed to the presence of non-analyzed water, 

possibly resulting from secondary hydration of the glass (Platz et al., 2007; Shane, 2000). To 

account for the variable level of hydration, glass analyses were recalculated to 100% on a 

volatile free basis. Analyses were then checked for evidence of secondary processes such as 

devitrification and alkali-exchange (e.g. low analytical totals, anomalously high K2O or low 

Na2O). Finally samples were checked for microlite development and/or edge effects caused 

by nearby minerals. Shards containing such effects were removed the dataset. 

Standards 
At the end of every session, Astimex™ glass or mineral standards were run as unknowns 

in order to determine the level of instrumental error. High-silica glass shards yielded typical 

errors of: SiO2 (<±0.13 %), TiO2 (<±7.5 %), Al2O3 (<±0.90 %), FeO (<±3.2 %), MnO 

(<±25 %), MgO (<±6.5 %), CaO (<±8.6 %), Na2O (<±1.2%), K2O (<±4.4 %), Cl (<±10 %).  

For all major oxides in minerals, errors were <5% except at low abundances (i.e. <0.4wt. %), 

where error increased to >25%. See Table 3.5 for a complete list of mineral errors. For full 

mineral and glass standard data refer to Electronic Appendix 2. 

 

3.6 Zircon U-Th and U-Pb Geochronology 

Eighteen samples were selected for zircon geochronology. Zircons were extracted from 

each sample and then analyzed for U-Th isotopes at the University of California, Los Angeles 

over 3 separate sessions. Grains found to have secular equilibrium ages were re-analyzed for 

U-Pb. For a full explanation of zircon systematics including the theory of (U-Th)/He 

geochronology, see Appendix B. 
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Table 3.5: Error analysis of mineral phases for 100s count times. Accuracy represents the average 
deviation from the AstimexTM standard values. All mean values shown are wt.% values. 

  Plagioclase 
(n=12) 

      Albite (n=8)   

  100 s count time       100 s count time   

 mean accuracy precision   mean accuracy precision
SiO2 52.99 2.25 1.02  SiO2 68.19 0.48 1.77 

Al2O3 28.85 1.14 1.43  Al2O3 19.18 1.84 3.78 

FeO 0.41 10.81 15.15  CaO 0.22 67.31 119.06 
CaO 12.12 2.71 2.87  Na2O 11.57 0.17 2.98 

Na2O 4.28 1.56 4.95  K2O 0.25 11.93 74.18 

K2O 0.47 14.45 15.99      

  Olivine (n=4)       Diopside (n=12)   
  100 s count time       100 s count time   

 mean accuracy precision   mean accuracy precision
SiO2 41.76 0.43 0.85  SiO2 55.76 0.70 1.71 

FeO 7.01 7.09 2.63  MgO 18.95 1.76 3.03 
MgO 50.75 0.63 0.91  CaO 25.92 0.74 1.33 

  Magnetite (n=14)       Ilmenite (n=6)   
  100 s count time       100 s count time   

 mean accuracy precision   mean accuracy precision
FeO 66.0 3.97 3.26  TiO2 46.02 3.21 3.02 

Fe2O3 29.8 4.02 2.46  FeO 49.99 1.88 2.21 

 

3.6.1 Sample selection and separation 

Samples selected for zircon geochronology included pumice clasts from 5 pumiceous 

pyroclastic flow units and 14 lava samples from 12 separate domes. The pyroclastic flow 

deposits analyzed include samples from the following outcrops: the Goodwill Quarry [1.3], 

Link Flow 1 [2.1], Link Flow 3 [2.13], Layou [4.2], and Londonderry [9.1]. Samples from the 

Grand Bay Ignimbrite [16.1] and the Grand Savanne Ignimbrite [7.1] were also selected and 

processed, but lacked zircons. Lava samples chosen for analysis came from the following 

locations: Micotrin [10.1], Trois Piton [13.1], Plat Pays Depression Margin [19.1], La Falaise 

[21.1], Enigmatic [24.1], Patates [25.1], Crabier [26.1], Grand Soufrière Hills [29.1], Aux 

Diables 2 [34.1], Espagnol [37.1], Fous [38.1], Rouge [39.1], Plat Pays Mt. Lofty [40.1], and 

Diablotins [41.1]. Lava samples from the summit of Aux Diables [36.1] and East Cabrits 

[31.1] were also selected and processed, but lacked recoverable zircons. 
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Zircon separation 
One to three kg of each sample were split and crushed using a tungsten carbide rock 

splitter and swing mill at the University of Auckland. Samples were dry sieved to remove 

the >500 µm fraction. Pumice samples from the Goodwill Quarry [1.3], Layou [4.1], and 

Londonderry [9.1] outcrops were then taken to the University of Waikato, where a “Gemini 

Table” was used to remove the glass and separate the heavy and light mineral fractions. Three 

heavy mineral fractions were recovered from this process, washed in distilled water and dried 

in the oven at 50°C. Other pumice samples as well as all lava samples were not taken to the 

water table as Frantz magnetic separation later proved to be more effective at removing the 

glass. All samples were wet-sieved to remove the <60 µm fraction. Ferromagnesian minerals 

were then removed using a hand magnet and a Frantz isodynamic separator. The inclination 

and tilt of the Frantz were both set at 15°, and the magnet was run at 1 A. After these initial 

separations, heavy liquid separation using Lithium-Tungstate, a non-toxic heavy liquid with 

density 2.84 g/cm3, was undertaken to further separate the minerals based on density. This 

separation process was done using a glass separatory funnel filled with ~10 cm of heavy 

liquid. Samples were added to the solution, stirred, and allowed to settle. Minerals with a 

density >2.84 g/cm3, including zircon, sank to the bottom and were removed. Lighter 

minerals remained on the top and were removed upon draining the liquid. Both fractions were 

cleaned in distilled water and dried at 50°C. Finally, hand picking of the non-magnetic 

fraction using a binocular microscope was undertaken to obtain a pure separate of zircon 

crystals.  

 

3.6.2 Secondary Ion Mass Spectrometry (SIMS) 

U-Th Analyses 
U-Th isotope isotope analyses on individual zircons from 18 samples were performed at 

the University of California, Los Angeles on the CAMECA ims 1270 secondary ion mass 

spectrometer (SIMS, ion microprobe). 

Sample Preparation 

Zircon crystals were investigated microscopically to determine if adhering glass was 

present. If so, the samples were etched with 50% HF at room temperature for 1-3 minutes. 

For most samples, zircons >30 µm were picked, placed on an ion-probe mount and embedded 

in indium (In) metal. For samples with zircons <30 µm, which includes the Goodwill Quarry 

(1.3), Link Flow 1 (2.1), and Link Flow 3 (2.13) samples, zircons were embedded in 
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aluminum (Al) metal instead of indium. Soft metal mounts, such as indium or aluminum, are 

typically used because they allow alignment of crystal faces perpendicular to the sputter 

direction (by pressing the grain into the metal) and for the analysis of unpolished crystal faces. 

They also provide a method of easy extraction of the zircons after U-Th analysis, a necessity 

for the (U-Th)/He analysis (Schmitt, 2011). Further, indium metal is used to avoid 

interferences of the 230ThO+ peak that results from overlap with epoxy (Zou et al., 2010). For 

small grains (<30 µm), however, beam overlap with the mounting material is almost 

unavoidable. In these cases, the strong 115In2O
+ causes elevated backgrounds on 230ThO+, 

making analyses unusable. Aluminum, however, does not cause such interferences, and small 

grains can thus be mounted and analyzed this way, even when beam overlap onto the 

mounting medium occurs. Once prepared, mounts were cleaned, dried, and coated with gold 

without polishing.  

Instrumental Conditions 

U-Th disequilibrium rim analyses of unpolished zircons were performed using a ~40-100 

nA mass-filtered 16O- primary ion beam focused into a 25 ×30 µm spot. Secondary ions were 

accelerated using a voltage of 10 keV with an energy bandpass of 50 eV and a mass 

resolution of ~5000. Details of this technique are documented in Schmitt et al. (2006). 

Analyses were carried out over the course of three sessions between March 2012 and May 

2013, using both multi and mono-collection methods.  

During multi-collection analysis, 230ThO+ and 232ThO+ are simultaneously detected using 

electron-multipliers (EM) and Faraday cups (FC) detectors, respectively. To calibrate gains 

for these detectors, 235UO+ and 238UO+ were analyzed in EM and FC detectors, respectively 

and the background-subtracted secondary ion intensity ratios were normalized to 238U/235U = 

137.88 (Rosman and Taylor, 1998). During mono-collection analysis, a single electron 

multiplier (EM) collector was used to detect 230ThO+, 232ThO+, and 238UO+ in peak jumping 

mode. In both mono and multi-collection, 90Zr2O4
+ was measured as a reference species and 

background was measured at mass 246.3. Twenty cycles were used during each multi-

collection analysis with an average analysis time of ~12-15 minutes. Mono-collection 

analyses required 30 cycles each with an average time of ~15-20 minutes. Although the 

multi-collection method was originally used during session 1, low uranium concentrations in 

the analyzed zircons forced a switch to the mono-collection method. Session 2 consisted 

entirely of the mono-collection method. During session 3, however, multi-collection was 

again used but this time an all-EM set-up was used instead of combining FC and EM 
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detectors. Count times were increased from 20 to 30 cycles per analysis. Raw ratios 

(corrected for FC background and in-run drift) were calculated using the in-house software 

ZIPS (v. 3.4.1.; C. Coath, pers. comm). Analyses affected by anomalous backgrounds or peak 

intensities resulting from beam overlap onto In were removed.  

The relative sensitivity of U/Th for all 3 sessions was calibrated using the U-Th 

equilibrium zircon standard AS3 (232Th/238U = 208Pb/206Pb × 3.327; Paces and Miller, 1993). 

AS3 was analyzed as an unknown between every 6-8 samples in order to verify the accuracy 

of the relative sensitivity calibration and the background corrections. During the first session, 

the AS3 (230Th)/(238U) weighted mean value for mono-collection was 0.989 ±0.13 (MSWD = 

4.5; n=7) and for multi-collection analyses was 0.991 ± 0.005 (MSWD = 1.6; n=23). During 

the second and third sessions, it was 1.016 ± 0.007 (MSWD = 1.9; n=13) and 1.033 ± 0.006 

(MSWD 1.2; n=35), respectively. Calculated RSF values ranged from 1.06 to 1.14. For full 

AS3 standard data, see Electronic Appendix 2. Zircon crystallization ages were calculated 

using the two point isochron method and the whole rock (230Th/232Th) and (238Th/232Th) ratios 

determined from U-Series analysis.  

U-Pb Analyses 
Secular equilibrium grains (i.e. grains >350 ka that plotted on the equiline) were re-

analyzed for U-Pb. Analyses were performed on the CAMECA ims 1270 using a ~10-20 nA 
16O- ion beam focused into a ~30-35 µm diameter spot. Secondary ions were extracted at10 

keV with an energy bandpass of 35 eV. Relative sensitivities for Pb and U were determined 

on reference zircon AS3 (Paces and Miller, 1993). Corrections for common Pb and 230Th 

disequilibrium were applied following Schmitt et al. (2003).  

 

3.7 Zircon and Apatite U-Th/He Geochronology 

All 18 zircon samples analyzed for U-Th were taken to the (U-Th)/He Geo- and 

Thermochronometry Lab at the University of Texas at Austin for (U-Th)/He analysis. Two of 

the samples (Micotrin [10.1] and Patates [25.1]) proved to be below the practical limits of 

detection for the technique (<2000 years) and reliable ages could not be obtained. Five 

samples, including those from the Goodwill Quarry [1.3], Grand Bay [16.2], Layou [4.1], 

Grand Savanne [7.1], and Londonderry [9.1] outcrops, were also analyzed for (U-Th)/He in 

apatites.  
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3.7.1 Sample preparation 

Grain Selection and Packing: Zircon   
Using coordinates recorded during U-Th analyses, mount maps showing the location of 

analyzed zircons in each sample were created. Using these maps, zircons analyzed for U-Th 

were located and assessed to determine their feasibility for (U-Th)/He dating. Suitable 

crystals are generally euhedral with tetragonal prism widths of ~ 30-300 µm. Where possible, 

grains with widths <60 µm were not analyzed due to large uncertainties in the alpha-ejection 

correction (Farley, 2002). Grains larger than 300 µm were also rejected as large crystals often 

cause issues in the dissolution process and can require multiple heating and gas extractions in 

order to reach the ~2% He extraction limit (Reiners, 2005). As the alpha-ejection correction 

requires an assumption of grain morphology, unfractured euhedral grains were chosen (Farley, 

2002; Reiners, 2005). Zircon grains containing multiple inclusions were also rejected to 

minimize zonation effects.  

Acceptable grains were extracted from the mounts using a steel needle and placed on a 

thin section slide. Grains were then photographed using a Nikon digital ColorView® camera 

and their crystallographic axes were measured using the in-house program AnalySIS®. 

Grains were then packed into small (~1 x 1 mm) Pt tubes by crimpling one side to form an 

envelope, placing the zircon inside, and then lightly crimping the other end to seal the packet. 

Care was taken to ensure that zircons were placed in the center of the packet in order to avoid 

detrimental fracturing of grains during sealing. For most packets, a single zircon grain was 

enclosed.  Due to the low uranium concentration of Dominican zircons and the anticipated 

young age of most samples, however, several aliquots of multiple grains were also packed.  

Grain Selection and Packing: Apatite 
Apatites were separated following the procedure outlined in section 3.4.2. Euhedral 

apatites 60-150 µm in size were selected and chosen for (U-Th)/He analysis. Accurate dating 

requires that chosen grains are free of U-, Th-, and He-bearing inclusions (e.g. zircon 

microlites and fluid inclusions; Stockli et al., 2000). To ensure that analyzed grains were 

inclusion free, all apatites were inspected under a binocular microscope at 125× 

magnification and suspect grains were removed. Similar to zircons, apatites selected for 

analysis were photographed, had the dimensions of their crystallographic a- and c-axes 

measured, and were packed into Pt tubes. Due to the low U content of apatites, 5-7 grains 

were included in each packet. Grains of similar size were chosen to minimize differences in 

diffusion behavior (Farley, 2000).  
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3.7.2 Helium analysis 

Instrumental conditions: He analysis 
Zircon and apatite aliquots were loaded onto a special laser planchet with 44 sample 

spaces and placed into an ultra-high vacuum extraction system. Packets were individually 

heated to 1100-1250 °C for intervals of 15-20 minutes using a 1064 nm Nd-YAG laser with a 

focused 10 µm beam (House et al., 2000). Gas was extracted via computer controlled Nupro 

valves under vacuum. Extracted gas was then spiked with 0.1-1 pmol of purified 3He, and 

passed over a SAES NP10 getter and a Janis cryogenic trap to separate He from condensable 

gases. The 3He/4He ratio of the purified gas was then measured using a Blazer Prisma GMS-

200 quadrupole mass spectrometer.  

All aliquots were subject to at least two extraction intervals to assess the level of 

degassing of the crystal. Re-extracts occurred until the concentration of 4He was <2 % of the 

previous yield. Although re-extracts typically yielded less than 0.5% of previous 4He yields, 

some grains required up to 4 extraction intervals to reach the 2% limit. Measured 4He/3He 

ratios were corrected for background and interferences and compared with a calibrated 4He 

standard. The 4He content of the sample aliquot was determined by multiplying the 4He 

content of the standard by the ratio of the 4He/3He of the standard and the unknown (Reiners, 

2005). Line blanks bracketing the sample planchet were used to check the background 
4He/3He ratio.  

Unpacking  
Zircon aliquots were unpacked under a binocular microscope. Special care was taken to 

ensure that grains were retrieved completely. The presence of broken or shattered grains was 

noted as partial grain recovery can lead to invalid ages if sample recovery was incomplete.  

Apatite aliquots were not unpacked as they can be dissolved within the Pt packets. For 

zircons, however, all Pt foil must be removed as PtAr+ complexes can cause interferences 

with the measurement of U isotopes by ICP-MS. 

Dissolution Procedures: Zircon 
After unpacking, zircon aliquots were subjected to standard U-Pb double pressure-vessel 

digestion procedures described in Wolfe and Stockli (2010), and briefly outlined here. 

Aliquots containing zircon grains and ethanol from the unpacking procedure were poured into 

small Teflon capsules and spiked with an enriched 230Th and 235U tracer. After the addition of 

a HF-HNO3 mixture, capsules were placed in pressure bombs and heated for 72 hours at 

225 °C (Figure 3.4). Capsules were then dried down to remove all HF and 6N HCl was added.  
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The capsules were then placed in bombs again and heated at 200°C for 12 hours. This step 

redissolved any refractory fluoride salts. Finally samples were transferred to vials, dissolved 

with concentrated HNO3, and heated at ~90 °C for 45 minutes. 1000 µl of MilliQ H2O was 

added to each sample prior to ICP-MS analysis. 

 

 

Figure 3.4: U-Th/He aliquot carousels lined up in front of Teflon bombs used for heating. 

 

Dissolution Procedures: Apatite 
Apatite aliquots were spiked with the enriched 230Th and 235U tracer and dissolved in a 

30% HNO3 solution (90 °C for 90 minutes). 500 µl of MilliQ H2O was added to each sample 

prior to ICP-MS analysis. 

Instrumental Conditions: ICP-MS 
Spiked aliquot solutions were analyzed for U and Th using a Thermo Element2 HR-ICP-

MS fitted with a CETAC micro-concentric nebulizer and an ESI autosampler. Data was 

reduced using in-house ExcelTM add-in macro software programs. 
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3.7.3 Applied corrections 

Alpha-ejection Correction 
Morphometric values and Th/U concentrations of zircon aliquots were imported into an 

in-house LabView routine which calculated the alpha-ejection correction based on Monte-

Carlo modeling following Farley (2002). This program determines the fraction of He retained 

within the zircon as a function of the surface-area-to-volume ratio β of each crystal. The β 

ratio was calculated following the formulas in Hourigan et al. (2005) for pinacoidal and 

pyramidal terminations. The distribution of U and Th in all zircons was assumed to be 

homogenous (i.e. not zoned).  

Disequilibrium Correction 
Farley et al. (2002) demonstrated that (U-Th)/He ages determined based on secular 

equilibrium values for young zircons lead to systematic underestimation of eruption ages. 

This is due to an initial 230Th deficit leading to less He production than expected based on 

secular equilibrium (Schmitt et al., 2006). Disequilibrium corrections were applied using the 

UCLA MCHeCalc program described in Schmitt et al. (2010b). This program requires the 

uncorrected (U-Th)/He age and uncertainties, the U-Th crystallization age and uncertainties, 

and the ratio of whole rock Th/U to crystal Th/U, known as the D parameter (Farley, 2002). 

The program applies a Monte-Carlo simulation to these parameters yielding individual 

disequilibrium-corrected ages and a Gaussian fit of average eruption age (Schmitt et al., 

2010a). Q values were used to quantify the goodness of fit as described by Press et al. (1992). 

The average age was considered acceptable for Q > 0.001 and n > 4, where n is the number of 

aliquots included in the sample set.  

 Because all U-Th analyses on Dominica zircons are rim analyses, crystallization ages 

here represent the lower limit of the bulk crystallization age. If crystals are highly zoned, the 

assumption of rim age as bulk age will lead to an overcorrected eruption age. Low Q values 

and eruption ages greater than crystallization ages provide indications of overcorrected values.  

Uncertainties 

(U-Th)/He analysis is a multi-instrument, multi-step process. Propagated analytical 

uncertainties quantify the error of the method at 3-4% (2σ).  Inherent assumptions related to 

necessary corrections, however, suggest that this severely underestimates the total uncertainty. 

Commonly, a blanket error based on the standard deviation of a large number of standard 

samples is applied, ~ 8% for zircons and ~6% for apatites (Reiners et al., 2002; Stockli et al., 

2000). 
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Chapter 4:  Re-evaluation of the Roseau Tuff eruptive sequence and other 

ignimbrites in Dominica, Lesser Antilles 

 

This chapter assesses the whole rock, glass, and mineral chemistry of ignimbrites on 

Dominica, with the intent of looking for geochemical correlations between eruptive deposits. 

As the geochronologic framework of ignimbrite-forming eruptions on the island is poorly 

constrained, zircon and apatite (U-Th)/He eruption ages were used to determine and in some 

cases strengthen correlations. As previous authors have correlated off-shore deep sea tephra 

material to volcanic deposits on Dominica, we assess their work with regard to our new 

findings and draw new conclusions about the history of large-scale eruptions on the island. 

This work has wider implications for the correlation of off-shore material to on-shore 

deposits where the volcanic stratigraphy is not well understood.  

 

This chapter represents a paper published in the Journal of Quaternary Science, Volume 29, 

Issue 6, 2014; pages 531-546.  DOI: 10.1002/jqs.2723. 
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4.1 Abstract  

The island of Dominica hosts a number of ignimbrites including the Roseau Tuff, 

thought to represent the largest eruption in the Caribbean in the past 200,000 years. The 

volcanic stratigraphy of the island is poorly understood due to limited outcrops and a paucity 

of geochemical and geochronologic data. The discovery of a new fully-accessible exposure of 

three ignimbrites intercalated with paleosols provides an opportunity to re-evaluate the 

current stratigraphic framework of ignimbrite-forming eruptions on the island. Whole rock 

analyses of pumice clasts from Dominica ignimbrites are andesitic (61 to 66% SiO2) and in 

most cases geochemically indistinguishable. Ignimbrites in the north of the island have less 

evolved glass compositions (73-75% SiO2) and more mafic orthopyroxene compositions 

(En>56) than their southern counterparts (75-78% SiO2; En<56). Pumice clasts from 

ignimbrites in southern Dominica have indistinguishable groundmass glass and mineral 

chemistry, making correlation of these deposits difficult. New (U-Th)/He eruption ages for 

the southern ignimbrites indicate that at least six separate explosive eruptions occurred 

between 24 and 61 ka. The non-unique geochemistry of these deposits, together with the new 

(U-Th)/He ages suggests that the large volume inferred for the Roseau Tuff eruption may 

actually be a composite of at least six smaller, geochemically homogenous eruptions.  

 

4.2 Introduction    

Stratigraphic correlation of volcanic deposits plays a critical role in evaluating the 

frequency and magnitude of eruptions. However, in regions with hilly terrain, high rainfall 

and fast weathering rates, the patchy preservation of loose pyroclastic deposits limits field-

based reconstructions, especially where there is a paucity of materials for radiometric dating. 

In such environments, the establishment of a reliable volcanic stratigraphy is greatly 
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enhanced by petrographic and geochemical fingerprinting of deposits of known source and/or 

age (Hildreth and Mahood, 1985; Sarna-Wojcicki, 2000; Shane and Smith, 2000; Westgate 

and Gorton, 1981). This is especially true for island arc regions where much of the volcanic 

material is preserved offshore (Sigurdsson and Carey, 1981). Lithological characteristics 

alone are often insufficient to yield reliable on-shore to off-shore correlations (Sarna-

Wojcicki, 2000), and thus correlation is augmented by geochemical data. Geochemical 

characteristics of deposits, however, are commonly non-unique (Brendryen et al., 2010; 

Lowe, 2011). Radiometric dating of late Quaternary volcanic deposits can yield robust 

correlations, but traditionally this has been limited to samples that contain non-weathered 

carbonaceous material (14C geochronology) or high-K mineral phases such as sanidine (K-Ar 

and 40Ar-39Ar geochronology). In many situations such materials are absent or altered. The 

development of (U-Th)/He geochronology has provided a new approach for dating young 

volcanic deposits (Danišík et al., 2012; Farley, 2002; Schmitt et al., 2010a; Schmitt et al., 

2010b). Limited only by the presence of dateable accessory phases such as zircon and apatite, 

(U-Th)/He geochronology can be used to fill chronologic gaps in regions where other dating 

methods are not feasible.  

Located in the centre of the Lesser Antilles arc (Figure 4.1A), the island of Dominica 

exemplifies many difficulties associated with volcanic deposit correlation in tropical 

environments. Three major silicic ignimbrites dated between 30 and 45k Cal a BP by 14C 

geochronology have been identified on the island (Lindsay et al., 2003; Sigurdsson, 1972; 

Smith et al., 2013; Sparks et al., 1980). Due to poor exposure, mineralogical and 

compositional homogeneity, and reworking of deposits by volcano flank-collapse, their 

stratigraphic relationships are difficult to decipher. Because most of the deposits lack 

comprehensive geochemical and geochronological characterization, the volcanic stratigraphy 

of Dominica is currently poorly constrained. Carey and Sigurdsson (1980) correlated 

pyroclastic flow and fall materials in 26 deep sea cores from the Atlantic Ocean and 

Caribbean Sea to a single pyroclastic flow on the island, referred to as the Roseau Tuff 

(Figure 4.1; Sigurdsson, 1972). Based on glass and mineral chemistry, they proposed that >55 

km3 of unconsolidated off-shore tephra deposits, consisting of ~25 km3 of fall out layers and 

another ~30 km3 of pyroclastic flow material, were the result of a single eruption. The 

Roseau Tuff is thus considered the largest Caribbean eruption in the past 200,000 years. 

Despite its voluminous nature, however, <3 km3 (unconsolidated) of volcanic material is 

thought to be preserved on the island (Carey and Sigurdsson, 1980). In a more recent study 

by Smith et al. (2013), it was suggested that the submarine deposits regarded by previous 
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authors as being entirely related to the Roseau Tuff probably represent a composite of 

material from multiple Plinian eruptions from across the island. Smith et al. (2013) further  

states that the Roseau Tuff eruption itself can be subdivided based on 14C ages into seven 

separate eruptive episodes, which all display overlapping whole rock compositions. 

In this study, we focus on Dominica’s subaerial pyroclastic flow deposits, with the 

specific aim of fingerprinting the pumiceous pyroclastic flow deposits using whole rock, 

mineral, and glass chemistry of pumices. We also attempt to improve the age control of major 

pyroclastic units using both zircon and apatite (U-Th)/He geochronology. Based on this new 

data, we discuss the chronological and stratigraphic framework of late Quaternary pyroclastic 

eruptions on Dominica, especially with regard to the Roseau Tuff eruption. We also examine 

implications for tephrostratigraphy in the Lesser Antilles, specifically in relation to the 

correlation of off-shore material to onshore deposits.  

 

4.3 Geologic Setting  

The Lesser Antilles island arc consists of 11 volcanic islands and marks the westward 

subduction of the North American and South American plates beneath the Caribbean plate 

(Figure 4.1A; Lindsay et al., 2005a). The arc is physically segmented with the northern 

segment trending at 330° and the southern segment trending at 020° (Wadge and Shepherd, 

1984). Situated at the centre of the arc curvature between Martinique and Guadeloupe, 

Dominica is the largest and most mountainous island in the arc (Wadge and Shephard, 1984). 

The island has eight potentially active volcanic centres including two possible calderas 

(Demange et al., 1985; Lindsay et al., 2005a). Although the topography of Dominica is 

dominated by volcanic domes and their associated deposits, pumiceous pyroclastic flow 

sheets outcrop across the island, providing evidence of ignimbrite-forming eruptions. Three 

major pyroclastic flow deposits have been mapped: the Roseau Tuff (Sigurdsson, 1972), the 

Grand Bay Ignimbrite (Lindsay et al., 2003), and the Grand Savanne Ignimbrite (Sparks et al., 

1980) (Table 4.1, Figure 4.1). We refer to these deposits as ignimbrites and use the term to 

refer to pumiceous pyroclastic flow deposits. Although Smith et al. (2013) identified multiple 

pyroclastic outcrops associated with each of the three main ignimbrites, limited outcrop 

access and exposure constrained our ability to sample every pyroclastic flow deposit on the 

island. Therefore, our interpretations are based on the outcrops accessible at the time of our 

fieldwork only and we make no assumptions about unsampled outcrops. We did not sample 
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pyroclastic flow deposits at Point Ronde, Grand Fond, and Fond. St. Jean (Figure 4.1). A 

detailed overview of the main three ignimbrites is discussed below.  

 

Figure 4.1: [A] Map of the Lesser Antilles arc including core locations and tephra isopachs used by 
Carey and Sigurdsson (1980) to determine the extent and volume of the Roseau Tuff. [B] Sketch map 
of Dominica showing sample locations and the previously mapped extent of major ignimbrite 
formations. Place names and volcanoes (triangles) are shown for reference. Generalized 
stratigraphic logs of key outcrops are also shown. Numbers located on the side of each stratigraphic 
log indicate the height in meters. For the stratigraphic log of Location 2, see Figure 4.2 
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Table 4.1: Locations and descriptions of outcrops. 

Field 
Stop 

Outcrop 
name 

GPS location Location 
description 

Outcrop description Previous 
Correlations 

Mineralogy 

1 Goodwill N15°18.506 
W61°23.067 

Road outcrop 
inside Goodwill 
Quarry 

Pumiceous fall deposit 
overlain by a 5 m 
pumiceous pyroclastic flow. 

Roseau Tuff1 pl>>opx>cpx 

2 Link 
Road 

N15°18.256 
W61°22.465 

Road outcrop 
along Santa 
Romet Road 

Three pumiceous 
pyroclastic flow deposits 
interspersed with finer ash-
grade flows, paleosols, and 
a single pumiceous fall 
deposit (Figure 4.2). 

 pl>>cpx>opx>
amp 

4 *Layou N15°23.859 
W61°25.607 

Road outcrop 
just north of the 
Layou River 

Pumiceous fall deposit 
overlain by a thin (~5 cm) 
layer of white ash and a 4 m 
pyroclastic flow deposit 

Roseau Tuff2 

Layou 
Ignimbrite3 

pl>>opx>amp 

15 *Geneva  N15°14.951 
W61°19.020 

Geneva Estate 
Quarry 

4 m pumiceous pyroclastic 
flow overlain by an 
andesitic block and ash flow 
deposit 

Grand Bay 
Ignimbrite4 
Roseau Tuff3 

pl>>cpx>opx 

16 *Grand 
Bay 

N15°14.553 
W61°18.701 

Grand Bay 
beach  - type 
locality 

10 m pumiceous pyroclastic 
flow deposit. 

Grand Bay 
Ignimbrite4 
Roseau Tuff3 

pl>>opx>cpx 

20 *Wall 
House 

N15°16.976 
W61°22.663 

Wall House 
Quarry, south 
of Roseau 

Pumiceous fallout deposit 
overlain by a lithic rich, 5-6 
m pyroclastic flow deposit 

Grand Bay 
Ignimbrite4 
Roseau Tuff3 

pl>>opx>cpx 
 

7 Grande 
Savanne 

N15°26.349 
W61°26.379 

Road outcrop 
located 500 m 
north of 
Salisbury 

Pumiceous pyroclastic flow 
deposit overlying a series of 
surge deposits 

Grande 
Savanne 
Ignimbrite5 

pl>>opx>cpx 

9 London-
derry 

N15°33.614 
W61°17.832 

Beach outcrop 
just north of 
Londonderry 
river 

15 m thick pyroclastic flow 
deposit with two clear 
pumice accumulation zones. 

Wesley 
Flow3 

 

pl>>opx>cpx 

Footnote: Field stop numbers given in the first column correspond to sample locations shown on Figure 4.1. The 

mineralogy of each unit is also shown. *Refers to deposits that have been varyingly correlated by previous 
authors, see column 5 for past correlations. Superscripts indicate references as follows: 1 = Sigurdsson (1972); 2 
= Whitham (1989); 3 = Smith et al. (2013); 4 = Lindsay et al. (2003); 5 = Sparks et al. (1980).  
 

4.3.1 Roseau Tuff 

The Roseau Tuff is a partly welded ignimbrite that outcrops throughout the Roseau 

Valley (Figure 4.1). Originally mapped by Sigurdsson (1972) as a series of andesitic 

pyroclastic flow deposits ranging in age from 31 to 46k Cal a BP (Table 4.2), the unwelded 

sequence consists of four major pyroclastic flow units (Units I, II, III, and IV) with 

‘weathered horizons’ between them. Mapping by Demange et al. (1985) confirms the 

presence of paleosols between these units. Although no direct contacts have been located, 

these units are thought to overlie the welded Roseau Tuff, a large welded pyroclastic deposit 

that outcrops at higher elevations and has been grouped by previous authors as part of Unit I 

(Demange et al., 1985; Smith et al., 2013).Using glass chemistry, Carey and Sigurdsson 
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(1980) correlated deep-sea tephra layers (Figure 4.1A) to the unwelded exposure of the 

Roseau Tuff at the Goodwill Quarry, the type locality of the deposit (Figure 4.1B). Using 

these correlations and isopachs based on tephra thickness in the cores, they estimated the total 

tephra volume of the Unit I eruption as 58 km3 (unconsolidated) and suggested that the on-

land portion of the ignimbrite represents only 5% of the total deposit. In contrast, Smith et al. 

(2013) suggested that this estimate actually represents a composite of multiple eruptions from 

different centres across the island. Smith et al. (2013) further suggested that the Roseau Tuff 

can be divided into seven separate eruptive episodes based on 14C ages, which span a 

considerable time gap (>16 ka, from 30 to >46k Cal a BP) with many ages not overlapping in 

uncertainty. The source of the Roseau Tuff has also been a matter of debate. Sigurdsson 

(1972) suggested Mictorin volcano, a large dome complex located in the central highlands of 

Dominica (Figure 4.1), as the source of the eruptive sequence. Carey and Sigurdsson (1980), 

however, noted that the large calculated volume of the basal Roseau Tuff eruption indicated 

the existence of a possible caldera. Field mapping by Demange (1985) proposed a caldera at 

Wotten Waven, which is now mostly buried beneath Micotrin volcano. Subsequent workers 

have considered Wotten Waven the likely source of the Roseau Tuff eruption (Demange et al., 

1985; Lindsay et al., 2005a; Smith et al., 2013). Although Whitham (1989) correlated 

pyroclastic flow deposits in the adjacent Layou Valley (Figure 4.1) to the Roseau Tuff, Smith 

et al. (2013) suggested that these deposits are actually sourced from Trois Piton volcano 

(Figure 4.1).  

4.3.2 Grand Bay Ignimbrite  

The Grand Bay Ignimbrite is a laterally extensive andesitic pumiceous pyroclastic flow 

deposit that outcrops along the southern coast of Dominica (Lindsay et al., 2003). Originally 

mapped at Grand Bay Beach (Location 16; Figure 4.1), the deposit was correlated by Lindsay 

et al. (2003) to pyroclastic flow deposits at the Geneva and Wall House quarries (Location 15; 

Location 20; Figure 4.1). 14C ages on buried plant material taken from distal outcrops 

correlated to this ignimbrite at Stowe, Fond St. Jean, and the Wall House quarry indicate 

eruption ages of 27 – 42k Cal a BP (Table 4.2). However, field mapping by Smith et al. (2013) 

indicates that these distal outcrops may not be lateral equivalents of the Grand Bay ignimbrite. 

Therefore, the age of the Grand Bay Ignimbrite is unconstrained. Lindsay et al. (2003) ruled 

out correlation of the Grand Bay Ignimbrite with the Roseau Tuff based on mineralogical and 

topographic constraints. Originally, the Plat Pays Volcanic Complex, a large volcanic 

complex located on the southwestern side of the island, was proposed as the source of the 
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Grand Bay Ignimbrite (Lindsay et al. 2003), but more recent work implicated Wotten Waven 

caldera as a possible source (Lindsay et al., 2005a; Smith et al., 2013). Although Smith et al. 

(2013) suggested that the Grand Bay and Wall House deposits are part of the Roseau 

Sequence based on overlapping whole rock geochemistry, the relationship between the Grand 

Bay Ignimbrite and the Roseau Tuff remains unclear. 

4.3.3 Grand Savanne Ignimbrite 

A prominent submarine fan on the northwestern side of the island marks the location of 

the Grand Savanne Ignimbrite, another thick pyroclastic flow sequence (Location 7; Figure 

4.1; Sparks et al., 1980). Originally mapped by Sparks et al. (1980), the ignimbrite was 

thought to consist of two crystal-rich ash flow units with a distinct lack of pumice clasts. 

Detailed mapping by Smith et al. (2013), however, separated this deposit into a lower 

sequence consisting of three separate ignimbrite units and an upper sequence dominated by 

pumiceous surge deposits. At low elevations, the ignimbrite is commonly welded and 

overlies a block-and-ash flow deposit correlated to Diablotins, a large stratovolcano that 

dominates north-central Dominica (Figure 4.1; Smith et al., 2013). Organic material from a 

pumiceous surge deposit within the upper sequence indicates an age of >22,000 years (Table 

4.2; Sparks et al. 1980). Subsequent field studies showed a lack of paleosols between the two 

units, suggesting that both units formed during a continuous eruption (Smith et al., 2013). 

Pyroclastic flow deposits at Londonderry beach on the north-eastern side of the island 

(Sparks et al., 1980), were recently re-mapped as the Wesley pyroclastic flow fan (Smith et 

al., 2013; Location 9; Figure 4.1). The Wesley flow fan spans 4.6 km of Dominica’s north-

eastern coast and can be subdivided into two eruptive units divided by a thin paleosol (Smith 

et al., 2013). Although the Wesley flow fan is sourced from Diablotins volcano based on 

topographic constraints, its eruption age is unknown and its relationship to the Grand 

Savanne Ignimbrite remains unclear (Smith et al., 2013).  
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Table 4.2: Previous ages of pyroclastic flow deposits. References are as follows: 1= Lindsay et al. 
(2005b); 2 = Carey and Sigurdsson (1980); 3= Sigurdsson (1972); 4 = Wadge (1989); 5= Sigurdsson 
and Carey (1991); 6= Lindsay et al. (2003); 7 = Sparks et al. (1980). 14C ages were calibrated using 
CalPal Online (ver. 1.5). Note: all ages listed in this table were obtained on charcoal material. 

Ignimbrite Deposit Type Location 14C age ± 1 SD 
(a BP) 

Calibrated 14C 
age ± 1 SD    
(Cal a BP) 

Ref 

Roseau 
Tuff 

Ignimbrite Micotrin Ring Road 26,380 ± 190 29,234 ± 362 1 

 Ignimbrite  Grand Fond 27,600 ± 600 30,364 ± 522 2  

 Ignimbrite Goodwill Quarry (Unit II) 28,400 ± 900 31,000 ± 800 3 

  Fallout pumice Goodwill Quarry 
(topmost airfall unit) 

29,000 ± 4,200 31,800 ± 4,200 2 

  Ignimbrite Goodwill Quarry >33,200 >33,200 2 

(pyroclastic unit 7 m 
above base) 

  Ignimbrite Goodwill Quarry (Unit I) >34,000 >34,000 3 

  Fallout pumice Goodwill Quarry 35,000 ± 2,200 37,200 ± 2,300 4 

  Ignimbrite Goodwill Quarry (Unit I) >46,000 >46,000 3 

Layou Ignimbrite Layou Valley >40,000 >40,000 4 
 

Grand Bay  Distal facies Near Stowe >27,200 >27,200 5 
 

 Distal facies Wall House Quarry 30,270 ± 200 32,482 ± 169 1 
 

 Distal facies Fond St. Jean >36,800  >36,800 5 
 

  Ignimbrite Wall House Quarry 38,600 ± 400 41,100 ± 600 6 
 

  Distal facies Fond St. Jean 38,890 ± 600 41,246 ± 659 1 
 

Grand 
Savanne 

Pumiceous 
surge 

Grand Savanne Beach >22,200 >22,200 7 

 

4.4 Methods 

4.4.1 Sampling 

Ten pyroclastic flow deposits were sampled (Figure 4.1). At locations where pyroclastic 

flow deposits overlie pumiceous fall deposits with no intervening paleosol, the fall deposit 

was also sampled. For pumiceous pyroclastic flow deposits, four to five pumice clasts from 

each pyroclastic unit at each outcrop were collected and individually analyzed for whole rock 

major and trace elements. For pumiceous fall deposits, ~five small pumice clasts were 

collected. No matrix material from pumiceous flow or fall deposits was collected. One to two 

pumice clasts from each unit were crushed for zircon separation and mineral and groundmass 

glass shard picking. For the three non-pumiceous ash-rich pyroclastic flow deposits (i.e. Ash 
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Flow 1, Ash Flow 2, and Ash Flow 3 [Figure 4.2]), only unconsolidated matrix material was 

available for sampling. Because ash samples do not necessarily represent magmatic 

compositions due to physical fractionation during transport and deposition, no major and 

trace element analyses were done on these units. Separated glass shards and magnetites from 

the ash-rich pyroclastic flow deposits were analyzed by electron microprobe. 

A total of 40 pumice clasts were geochemically analyzed. Pumice clasts from six units 

were selected for age dating by (U-Th)/He methods.  Pumice clasts from the Grand Bay 

Ignimbrite were dated by apatite only, while pumice clasts from Link Flow 1 and Link Flow 

3 were dated by zircon only. Pumice clasts from Layou, Londonderry, and the Goodwill 

Quarry were dated by both zircon and apatite. Mineral chemistry was undertaken on 1-2 

pumices from each unit studied. 

4.4.2 Whole-rock major and trace elements  

Whole rock major elements and V, Zr, and Zn were determined on 40 pumice clasts 

from the ten locations by a Siemens SRS3000 sequential X-ray fluorescence spectrometer at 

the University of Auckland. Fused Disk preparation was completed following the method of 

Norrish and Chappell (1977). Accuracy and precision of major and trace elements were 

determined using the USGS BCR-2 and AGV-2 standard powders. Major elements achieve 

an accuracy of <3.5% with a precision of <2% (1 standard deviation; SD). Trace elements 

were determined by ablating fused XRF disks with the Excimer LPX 120 laser and attached 

quadropole ICP-MS (Agilent 770 CS) at Australian National University, Canberra (ANU). 

The ablation was done under an Ar-He stratified environment (30% He, 70% Ar) with a scan 

speed of 20 µm/s and a spot size of ~100 µm. All trace elements have <10% accuracy with a 

precision of <5%.  

4.4.3 Mineral and glass chemistry 

Major element analyses of groundmass glass shards and individual crystals from pumice 

clasts were carried out using a Jeol JXA-850A electron microprobe at the University of 

Auckland. The accelerating voltage was 15 kV, and the beam current was 0.8 nA. All 

analyses were done using a count time of 100 seconds. An ~2 µm focused beam was used for 

mineral analyses; while an ~10 µm defocused beam was used for glass analyses. All glass 

analyses were normalized to 100% water free to account for variable hydration. Samples 

were prepared following the methodology of Froggatt and Gosson (1982). Accuracy and 

precision were determined by repeat analysis of ASTIMEX® glass and mineral standards. 
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Typical deviations of replicate glass analyses relative to the reference values are SiO2 

(<±0.13 %), TiO2 (<±7.5 %), Al2O3 (<±0.90 %), FeO (<±3.2 %), MnO (<±25 %), MgO 

(<±6.5 %), CaO (<±8.6 %), Na2O (<±1.2 %), K2O (<±4.4 %), and Cl (<±10 %). All major 

oxides in minerals have errors <5% except at low abundances (i.e. <0.1 wt.%) where the error 

increases to >25%. For individual pumice clasts, 10-15 pyroxene crystals, 10-20 

titanomagnetite crystals, and at least 5 ilmenite crystals were analyzed. A minimum of 5 

plagioclase crystals per pumice clast were selected for profiling. For clasts containing 

amphibole, a minimum of 5 amphibole crystals were selected for analysis. For each pumice 

clast, five to10 groundmass glass analyses were collected. For the three ash-rich pyroclastic 

flow deposits, microprobe analyses were done on individual glass shards and magnetite 

extracted from the matrix.  

4.4.4 (U-Th)/He geochronology 

Zircon separation was completed following the protocols detailed in Schmitt et al. 

(2006), and rim U-Th and U-Pb isotopic analyses of unpolished crystals were performed 

using the UCLA CAMECA ims 1270 following Schmitt et al. (2010b). Zircons >30 µm were 

embedded in indium mounts; those <30 µm were embedded in aluminum. Analyses were 

performed using a ~40-100 nA mass-filtered 16O- primary ion beam focused into a 25 × 30 

µm spot. Secondary ions were accelerated using a voltage of 10 keV with an energy bandpass 

of 50 eV and a mass resolution of ~5000. Analyses were done in both mono and multi-

collector mode. Accuracy was monitored by intermittent analysis of zircon equilibrium 

standard AS3 (1099.1 Ma; Paces and Miller, 1993). For the mono-collection session, the AS3 

(230Th)/(238U) weighted mean value was 0.989 ±0.13 (MSWD = 4.5; n=7) and for multi-

collection analyses, it was 0.991 ± 0.005 (MSWD = 1.6; n=23). Zircon crystallization ages 

were calculated using the two point isochron method and the whole rock (230Th/232Th) and 

(238Th/232Th) ratios determined from U-Series analysis.  

For combined U-Th and (U-Th)/He analysis, single grains were extracted from the U-Th 

mounts, photographed, and packed into platinum tubes (Schmitt et al., 2006). Helium 

degassing and isotope dilution ICP-MS analysis of U and Th were performed at the 

University of Texas, Austin, following methods described in Biswas et al. (2007). (U-Th)/He 

zircon ages from the Fish Canyon Tuff standard average 27.8 ± 0.8 (RSD% 7.5; n=162). 

Based on the reproducibility of such standard data and taking into account the low uranium 

concentration of Dominican zircons, we assigned 16% uncertainty to the uncorrected (U-

Th)/He ages. Because of uranium series disequilibrium, uncorrected ages often underestimate 
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the eruption age (Farley et al., 2002). Disequilibrium corrections were applied using the 

UCLA MCHeCalc program described in Schmitt et al. (2010b). We report the individual 

disequilibrium-corrected ages, the full disequilibrium ages, and a Gaussian fit for the average 

eruption age. Q values were used to quantify the goodness-of-fit as described by Press et al. 

(1992). The average age was considered acceptable for Q > 0.001 and n > 4, where n is the 

number of aliquots included in the sample set. Average ages are presented with 1SD errors. 

Because all U-Th analyses on Dominican zircons are rim analyses, crystallization ages here 

represent the lower limit of the bulk crystallization age. If crystals are highly zoned in age, 

the assumption of the rim age representing the bulk age will lead to an overcorrected eruption 

age (i.e. the age will be too old). Low Q values and eruption ages greater than crystallization 

ages indicated (U-Th)/He age overcorrection. In these cases, we assumed secular equilibrium 

for the crystal interior following Schmitt et al. (2010a). Full disequilibrium ages were 

calculated following the formulas in Farley et al. (2002); these ages assume the zircon 

crystallized at the time of eruption and represent the maximum corrected age of each aliquot.  

Apatites were separated following the methods detailed in Schmitt et al. (2006). 

Inclusion-free, euhedral apatites 60-150 µm in size were selected for analysis. For each 

aliquot, 5-7 grains were measured, photographed, and packed into a platinum tube. Helium 

degassing and isotope dilution ICP-MS analysis of U, Th, and Sm were performed at the 

University of Texas, Austin. Aliquot ages were calculated following the methodologies in 

Farley (2000). Full disequilibrium ages were calculated following Farley et al. (2002), but 

had a negligible effect on the calculated age and so are not presented. Final ages for each 

sample were determined by taking the mean of all aliquot ages.  

 

4.5 Results 

The locations and schematic stratigraphic logs of studied deposits are shown in Figure 

4.1. During fieldwork in 2011, a new outcrop was examined within the confines of the 

Roseau Valley along the Santa Romet Link Road (Location 2; Figure 4.1-4.2). Referred to as 

the Link Road outcrop, this sequence consists of three pumiceous pyroclastic flow deposits 

interspersed with three finer ash-grade flow deposits, paleosols, and a single pumiceous fall 

deposit (Figure 4.2). The coarse pumiceous flow deposits are labeled Link Flow 1, Link Flow 

2, and Link Flow 3; while the finer grained ash flow deposits are labeled Ash Flow 1, Ash 

Flow 2, and Ash Flow 3. The pumiceous fall deposit, labeled Link Fall, occurs between Link 
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Flows 2 and 3. The presence of soil horizons between these flows indicates time breaks 

between their depositions (Figure 4.2). 

Although many of the deposits investigated in our study were previously correlated to 

one of the three major ignimbrite forming eruptions discussed above, given the contradictory 

correlations in previous work, we reassess the stratigraphy without regard to previous 

correlations. Deposits are thus referred to by their outcrop names. Except in cases where soil 

horizons clearly delineate units within a given outcrop, related pumiceous flows and falls at 

individual outcrops are grouped together for simplicity.   

4.6 Whole Rock Geochemistry 

Analyzed pumice clasts from all of the pyroclastic flow deposits are medium-K, calc 

alkaline andesites to dacites (57-66 wt.% SiO2) (Figure 4.3 A,E). Most pumice clasts contain 

between 61 and 66 wt.% SiO2 with those from Layou being the most evolved and those from 

Grand Savanne being the least evolved. In general, pumice compositions from the Grand Bay, 

Geneva, and Wall House outcrops fall within the Goodwill Quarry field (Figure 4.3 A-C). 

However, these samples are distinguished by elevated Nb compared to the Goodwill Quarry 

samples (Figure 4.3D). Pumices from the Layou, Grand Savanne and Londonderry deposits 

are chemically distinct (Figure 4.3 A-D). The Londonderry samples have higher TiO2, Al2O3, 

FeO, and K2O than the Goodwill Quarry samples, whereas the Grand Savanne samples are 

chemically heterogeneous and range from 62 to 64.5 wt% SiO2 with variable amounts of 

TiO2, FeO, MgO, and CaO. Although chemical analyses of pumices from all three of the 

coarse grained Link Road units plot within the Goodwill Quarry field, some clasts are 

somewhat geochemically distinct (Figure 4.3 E-H). The Link Fall deposit also plots within or 

very close to the Goodwill compositional field. Rare earth element (REE) plots show that the 

southern pyroclastic flow deposits (including the Goodwill Quarry, Link Road, Grand Bay, 

Geneva, and Wall House outcrops) have a restricted range in composition (Figure 4.4A). 

Layou has slightly lower concentrations of HREE (Figure 4.4B); while Londonderry has 

higher concentrations (Figure 4.4C). The Grand Savanne unit shows a large range in REE 

compositions, including some higher concentrations than other deposits (Figure 4.4D).  
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Figure 4.2: [A] Stratigraphic log of the Link Road deposits (Location 2; Figure 4.1). See Figure 4.1 
for legend. Scale on the side indicates the height in meters. Dashed line at ~5 m indicates possible 
flow break. [B-F] Photographs of Link Road Deposits: [B] Link Flow 1; [C] the contacts between 
Link Flow 2, the overlying paleosol, and ash flow; [D] a close up of the Link Fall deposit; [E] the 
Link Flow 3 deposit; and [F] an overview of a large section of the Link Road deposit. White lines are 
used to indicate contacts between units.  

 

4.7 Glass Major Element Compositions  

Groundmass glasses from all units are rhyolitic, with 73-78 wt.% SiO2 (Figure 4.5A). 

Glass analyses from Goodwill Quarry pumices display a restricted range in SiO2 content (~75 

to 77 wt.%). Glass analyses from the Geneva and Wall House pumices fall within the 

Goodwill Quarry field, whereas those from Grand Bay pumices have slightly higher silica 

contents (Figure 4.5A). Grand Savanne and Londonderry pumices are characterized by lower  
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Figure 4.3: Major and trace element compositions of pumice clasts from Dominica ignimbrite 
deposits [A-D] and the Link Road pyroclastic flow deposits [E-H]. In all cases, the lined field 
represents the data range of the Goodwill Quarry outcrop. Note the expanded scale on the Link Road 
plots. TAS diagrams [A and E] are modified from Le Bas et al.(1992).  
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Figure 4.4: REE compositions of pumice clasts from pumiceous pyroclastic flow deposits. Chondrite 
values taken from Sun and McDonough (1989) [A] Pumice clasts from the southern pyroclastic flow 
deposits (at the Goodwill, Link Road, Grand Bay, Wall House, and Geneva Outcrops) display a 
highly limited range. [B] Pumice clasts from Layou, [C] Grand Savanne, and [D] Londonderry show 
more variation. The range of the southern pyroclastic flow deposits is shown in the gray shaded area 
on each plot. 

SiO2 contents than those of the other ignimbrites (Figure 4.5A). Although the average 

Goodwill Quarry glass analysis of Carey and Sigurdsson (1980) overlaps with our data for 

some elements, there are significant differences in the CaO, Al2O3, and K2O values (Figure 

4.5 A-B). These differences could reflect differences in analytical conditions. 

The glass chemistry for the Link Road pumices shows some clear distinctions between 

eruptive units (Figure 4.5 C-D). Although all Link Road deposits show significant overlap 

with the Goodwill Quarry field (Figure 4.5 C-D), Link Flow 1 has higher K2O (Figure 4.5C) 

and lower FeO (Figure 4.5D). Ash Flow 3 also falls within the Goodwill field and overlaps 

geochemically with Link Flow 2 and Link Fall. Ash Flows 1 and 2 are characterized by 

microlites in the glass preventing fingerprinting. 
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Figure 4.5: Microprobe analyses of groundmass glass from pumice clasts from all major ignimbrites 
deposits [A,B] and from Link Road flow and fall deposits [C,D]. Note the expanded scale for the Link 
Road plots. The lined field represents the range of glass data from the Goodwill Quarry deposit (this 
study). White box indicates the average compositions of glass (given as oxide major elements ± 1σ) 
for the Roseau Tuff deposit at the Goodwill Quarry as defined by Carey and Sigurdsson (1980). 

 

4.8 Petrography and Mineral Chemistry 

Pumice clasts from all outcrops share a similar mineralogical assemblage, consisting of 

plagioclase (15-24%), Fe-Ti oxides (0-4%), clinopyroxene (0-3%), and orthopyroxene (0-

5.5%). Crystals are generally uniform in size (~120µm), euhedral, and lack flow orientation. 

Clinopyroxene was not found in the Layou deposit. Hornblende is present in the Grand 

Savanne, Layou and Link Road deposits and consistently displays reaction rims of varying 

thickness. Ilmenite is rare, but occurs as inclusions in pyroxene crystals. Twinning is 

common in both plagioclase and pyroxenes. Both zoned and non-zoned plagioclase crystals 

are present in all units. Although zircon and apatite occur as accessory phases in most units, 

no zircons were found in the Grand Bay or Grand Savanne deposits. 



 

72 
 

 

Figure 4.6: Compositions of clinopyroxenes [A], orthopyroxenes [B], and plagioclase [C] from 
pumice clasts in the ignimbrite deposits. Note the uniformity of clinopyroxene compositions across the 
island. Only the southern ignimbrites have uniform orthopyroxene compositions.  
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4.8.1 Plagioclase  

Plagioclase compositions in pumices from the major pyroclastic flow units are variable 

(An42 to An94; Figure 4.6C). Although calcic cores are found in Layou and Link Flow 3 

plagioclases, all other units show variations of <10 An% in plagioclase profiles. Non-zoned 

calcic plagioclases (>An80) are found in Goodwill, Geneva, and Link Flow 2 deposits.  

4.8.2 Pyroxene 

Clinopyroxene compositions are relatively uniform (En36-40 and Wo41-44; Figure 4.6A). 

All clinopyroxenes found within the Link Road flow units plot within the range En36-39. 

Orthopyroxene compositions in the Goodwill Quarry, Geneva, Grand Bay and Wall House 

outcrops and Link Road deposits all fall within En51-57 (Figure 4.6B). Orthopyroxenes in the 

Layou deposit are less mafic and display a wide range of compositions (En43-53). The 

Londonderry and Grand Savanne deposits both contain more Mg-rich orthopyroxene, > En55 

(Figure 4.6B).  

4.8.3 Fe-Ti Oxides 

The spinel phase (titanomagnetite) is pervasive in all deposits, representing up to 4% of 

the modal composition, and is generally titaniferous (Usp = 25-35%). Analyses carried out on 

both free titanomagnetites and titanomagnetite inclusions found in pyroxene reveal no 

systematic difference. The rhombohedral or ilmenite phase is rare in all deposits, and those 

analyzed were found as inclusions in pyroxene. Titanomagnetites within the Grand Savanne 

Ignimbrite display evidence of exsolution and are not discussed further. The Goodwill 

deposits contain titanomagnetites in the compositional range XUsp = 0.26 to 0.31. Although 

some Grand Bay, Geneva, and Wall House crystals overlap with the field of the Goodwill 

Quarry crystals, the former units are somewhat distinguished by higher XUSP values, lower 

MgO and Fe2O3 (Figure 4.7 A-B). Titanomagnetites from the Layou pumices are somewhat 

distinguished by higher Fe2O3 and MnO, and lower MgO, compared to crystals in the 

Goodwill Quarry pumice. Titanomagnetites in pumices from the Londonderry deposit are 

similarly distinguished by high MgO and Al2O3 contents (Figure 4.7 A-B). In general, 

titanomagnetite analyses from the Link Flow deposits are similar and plot within the 

Goodwill Quarry field (Figure 4.7D-E). Titanomagnetites from Ash Flows 1 and 2, however, 

fall outside the Goodwill Quarry field with significantly lower MgO (Figure 4.7D) and Al2O3 

(Figure 4.7E).  
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Figure 4.7: Magnetite chemistry of major pyroclastic deposits [A-B] and Link Road deposits [D-E], 
and calculated temperatures and oxygen fugacities (Ghiorso and Evans, 2008) for major pyroclastic 
flow deposits [C] and Link Road deposits [F]. The lined field represents the range of magnetite data 
from the Goodwill Quarry deposit. 

 

Fe-Ti oxide temperatures were calculated using the formulation of Ghiorso and Evans 

(2008). Equilibrium between the phases was chemically determined using the Mn/Mg criteria 

of Bacon and Hirshmann (1988). The calculated temperature for all units falls between 750° 

and 900 °C (Figure 4.7E). The Goodwill Quarry and Link Road deposits have a fairly 

restricted temperature range of 825-875 °C (Figure 4.7E). Grand Bay and Geneva deposits 
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have a wider temperature range of ~780-900 °C, whereas temperatures calculated from the 

Wall House deposit range from 800 to 840 °C. The Layou deposit displays the lowest pre-

eruption temperatures (~720-820 °C) and the Londonderry deposits the highest (up to 

~900 °C; Figure 4.7C). Grand Bay, Wall House, and Geneva samples all display lower 

oxygen fugacities (0.05-0.4 ΔNNO) than those of the Goodwill Quarry deposit (0.35-0.7 

ΔNNO ) (Figure 4.7C). The Layou sample has the lowest fO2 (down to -0.25 ΔNNO) (Figure 

4.7C). Although the titanomagnetite chemistry of all the Link units overlap with the Goodwill 

Quarry field (Figure 4.7 D-E), oxygen fugacities for the Link Fall and Link Flow 3 deposits 

(0.1-0.35 ΔNNO) are significantly less than those calculated from the Goodwill Quarry 

samples (Figure 4.7F). Fe-Ti oxide analyses from Ash Flows 2 and 3 also fall outside the 

Goodwill Quarry range (Figure 4.7F). 

4.8.4 Amphibole  

Amphibole was found in the Layou, Grand Savanne, and Link Road deposits (Flows 1-3 

and Fall). Although Lindsay et al. (2005) and Smith et al. (2013) noted rare hornblende in the 

Roseau Tuff, we found none in the Goodwill Quarry, Grand Bay, Geneva, or Wall House 

outcrops. Amphibole stoichiometry was calculated following Leake et al. (1997). All 

analyzed amphiboles have CaA >1.50 and (Na+K)A <0.5 and are classified as 

magnesiohornblendes. Amphibole compositions from all units overlap geochemically. 

4.9  Geochronology 

4.9.1 Zircon (U-Th)/He eruption ages 

  Disequilibrium corrected zircon (U-Th)/He ages were determined for five deposits: 

Goodwill Quarry, Link Flow 1, Link Flow 3, Layou, and Londonderry. Due to the scarcity of 

large zircon, averages are based on two to six zircon crystal analyses. Low goodness-of-fit 

values (Q>0.1) indicate high levels of reproducibility between the analyzed crystals, and in 

the absence of any evidence for post-eruptive heating, the (U-Th)/He ages are interpreted as 

eruption ages (Table 4.3; Figure 4.8). Eruption age averages for individual deposits range 

from 24 to 80 ka (Table 4.3; Figure 4.8). The oldest eruption age, (~79.7 ± 7.1 ka) is from the 

Londonderry deposit (Table 4.3; Figure 4.8E). The Layou deposit is the next oldest with an 

eruption age of ~64.6 ± 4.9 ka (Table 4.3; Figure 4.8E); this is within error of the Goodwill 

Quarry age of ~61.9 ± 8.0 ka (Table 4.3; Figure 4.8A). Link Flow 1 and Link Flow 3 both 

have ages significantly younger than the Goodwill Quarry deposit, namely ~ 34.7 ± 3.1 ka 

and ~24.5 ± 2.0 ka, respectively (Table 4.3; Figure 4.8 B-C).  
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Table 4.3: U-Th and (U-Th)/He zircon results for pumice clasts from ignimbrites on Dominica. 
Eruption ages are based on MCHeCalc calculations producing best fit estimates of crystallization age.  

Helium 
aliquot 

(238U)/  
(232Th)   

(230Th)/  
(232Th)   

U-Th 
age  (ka) U  Th  D230 Ft 

Equilibrium   
(U-Th)/He 
age (ka ± 1 
SD) 

Full Dis-
equili 
brium 

Corrected                   
(U-Th)/He age (ka 
± 1 SD) 

    ±   ±   ±  
 
(ppm) (ppm)     ±     +  - 

TH-DM-4.1 Layou N15°23.859 W61°25.607                       

(U-Th)/He age 64.6 ka (+5.1 -4.8 ka), n = 5, goodness-of-fit = 0.8402                 

zLay4-1 8.30 0.32 7.84 0.81 307 118 46.6 17.9 0.115 0.84 59.0 9.4 95.1 62.9 10 11 

zLay4-2 6.66 0.13 6.01 0.40 241 116 54.8 21.2 0.116 0.84 58.7 9.4 94.7 63.5 12.4 10 

zLay4-3 5.90 0.08 5.28 0.26 229 62 77.3 32.4 0.126 0.81 71.3 11.4 110 81.5 11.7 16 

z4-2-1 6.59 0.06 3.55 0.30 81.2 18.3 86.4 38.1 0.132 0.81 42.2 6.7 70.9 62.7 12.4 10 

z4-2-2 6.74 0.05 3.95 0.47 69.1 10.7 37.2 13.5 0.109 0.88 55.4 8.9 90.9 84.3 20 9.3 

TH-DM-9.1 Londonderry N15°33.614 W61°17.832                      

(U-Th)/He age 79.7(+7.9 -6.3ka), n = 4, goodness-of-fit = 0.3365                 

zLon9-1 6.83 0.14 5.64 0.33 177 39 66.6 31.8 0.143 0.82 55.2 8.8 87.8 63.8 13.3 11 

zLon9-2 6.52 0.16 5.56 0.43 194 71 40.8 14.7 0.108 0.87 72.9 11.7 114 84.8 16.5 16 

zLon9-3 7.75 0.14 6.89 0.65 228 163 89.0 42.9 0.145 0.78 89.4 14.3 131 95.2 19.2 16 

zLon9-10 7.74 0.12 5.24 0.71 110 31 88.2 41.9 0.142 0.82 68.1 10.9 105 93.2 16.4 17 

TH-DM-1.3 Roseau Tuff                             

(U-Th)/He age 61.9 (+7.6 -8.2 ka), n = 2, goodness-of-fit = 0.8250                 

z1-3-1 7.38 0.04 5.02 0.31 111 14.6 55.6 23.8 0.128 0.81 44.2 7.1 73.9 60.1 11.5 11 

z1-3-3 8.15 0.09 4.92 0.51 88.7 17.5 52.8 23.9 0.135 0.79 42.7 6.8 71.3 71.3 13 10 

TH-DM-2.1 Link Flow 1 N15°18.256 W61°22.465           

(U-Th)/He age 34.7 (+3.4 -2.8 ka), n = 4, goodness-of-fit = 0.20748 

z2-1-1 6.42 0.08 3.88 0.51 85.4 22.1 33.2 11.9 0.107 0.86 19.3 3.1 37.4 26.7 3.9 2.4 

z2-1-2 8.84 0.05 4.44 0.18 65.0 4.6 63.7 27.0 0.127 0.87 27.9 4.5 50.1 45.0 4.0 4.4 

z2-1-4 6.39 0.03 4.71 0.37 130 24 51.9 20.9 0.120 0.82 33.7 5.4 59.4 41.9 5.0 3.5 

z2-1-5 8.07 0.05 6.65 0.51 177 40 41.0 17.3 0.126 0.85 31.1 5.0 55.1 35.7 3.4 3.4 

z2-1-5 8.07 0.05 6.65 0.51 177 40 41.0 17.3 0.126 0.85 31.1 5.0 55.1 35.7 3.4 3.4 

TH-DM-2.14 Link Flow 3 N15°18.256 W61°22.465                     

(U-Th)/He age 24.5 (+2.1 -2.0 ka), n = 4, goodness-of-fit = 0.1461                 

z2-14-1 7.30 0.04 2.91 0.33 41.6 8.2 34.2 13.7 0.120 0.87 10.9 1.7 22.0 17.9 4.0 2.6 

z2-14-3 9.36 0.05 3.68 0.61 43.8
a
 11.8 30.3 11.3 0.112 0.90 30.3 4.8 54.8 ᴓ ᴓ ᴓ 

z2-14-5 1.00 0.02 1.00 0.46 ᴓ ᴓ 56.1 22.8 0.122 0.87 27.0 4.3 49.0 ᴓ ᴓ ᴓ 

z2-14-6 4.44 0.05 1.92 0.41 37.9
a
 17.8 52.0 21.4 0.123 0.83 27.3 4.4 49.4 ᴓ ᴓ ᴓ 

a indicates that U-Th age was changed to secular equilibrium. 
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Figure 4.8: Combined U-Th and (U-Th)/He zircon ages. From top to bottom, panels show 
uncorrected and full disequilibrium ages, disequilibrium corrected ages, Gaussian fits of the modeled 
eruption ages, and a comparison between U-Th crystallization ages and the calculated (U-Th)/He 
eruption age. Errors shown are 1 SD. 
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4.9.2 Apatite (U-Th)/He eruption ages 

Reconnaissance apatite (U-Th)/He ages were determined for three deposits: Goodwill 

Quarry, Grand Bay, and Layou. Although apatites were also found in the Londonderry and 

Grand Savanne units, they were significantly fractured and altered, and yielded unrealistic 

ages. Apatites from the Goodwill Quarry deposit generated an age of 50.8 ± 3.3 ka (Table 4.4; 

Figure 4.9), which overlaps within error of the associated zircon age for this deposit. The 

Grand Bay and Layou deposits yielded an ages of 62.6 ± 4.0 ka and 79.7 ± 4.8 ka, 

respectively (Table 4.4; Figure 4.9).   

4.10 Discussion 

4.10.1 Comparison of (U-Th)/He ages with published 14C ages 

As many of the previously published 14C ages associated with the pyroclastic flow 

deposits on Dominica are minimum ages (indicated by the “>” symbol before the age; Table 

4. 2) and little information on the types of materials used is available, it is difficult to assess 

their quality or geologic context. The new (U-Th)/He ages, therefore, provide important 

constraints on the chronological history of pyroclastic activity on the island. Due to the low 

uranium content of zircon (<100 ppm) and apatite (<5 ppm) and the young age of the 

deposits, analytical precision is generally lower than in comparable studies (e.g. Schmitt et al., 

2010a).  

Zircon and apatite (U-Th)/He ages from the Goodwill Quarry outcrop (Location 1; 

Figure 4.1) overlap within error, placing this eruption at ~55 ka (Figure 4.10). Although 

previously determined 14C ages indicate that the Roseau Tuff eruption as defined by Carey 

and Sigurdsson (1980) occurred at ~30k Cal a BP (Table 4.2; Figure 4.10), the stratigraphy of 

volcanic deposits in the Roseau Valley is poorly constrained and the relationship of dated 

units to mapped units is uncertain (Smith et al., 2013). Field mapping by Sigurdsson (1972) 

indicates that the oldest Roseau eruption, denoted Unit I, occurred at >45k Cal a BP (Table 

4.2). This is in agreement with our estimated age of ~55 ka. Pyroclastic flow deposits along 

the Link Road Outcrop (Location 2; Figure 4.1) yielded stratigraphically consistent (U-

Th)/He ages of ~ 34.7 ± 3.1 ka and ~24.5 ± 2.0 ka (Table 4.3; Figure 4.8 B-C). The older age 

(from Link Flow 1) is within error of 14C ages for Unit II of the Roseau Sequence (Figure 

4.10). The younger age (from the stratigraphically higher Link Flow 3) is ~5 ka younger than 

any previous 14C ages for the Roseau deposits (Figure 4.10; Table 4.2). Although it is unclear 

whether this unit is related to Unit III of the Roseau Tuff or represents a later stage in activity,  
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Table 4.4: (U-Th)/He apatite results for pumice clasts from pyroclastic flow deposits on Dominica. 
Eruption ages are based on the average age of all aliquots.  

Sample (U-Th)/He Age (ka ± 1 SD) U  Th  147Sm  [U]e Ft 

                                          + - (ppm) (ppm) (ppm) 

TH-DM-1.3 Goodwill Quarry             

(U-Th)/He age 50.8 (± 3.3 ka), n = 11           

aRose1-1 55.0 4.4 4.4 2.5 6.7 27.0 4.2 0.74 

aRose1-3 50.3 4.0 4.0 3.3 8.5 36.9 5.4 0.69 

aRose1-4 57.9 4.6 4.6 3.7 9.6 37.0 6.1 0.71 

a1-3-2 49.1 2.9 2.9 2.6 7.0 32.4 4.4 0.71 

a1-3-4 50.8 3.0 3.0 2.9 7.7 33.6 4.9 0.70 

a1-3-5 54.1 3.2 3.2 3.0 7.9 29.9 5.0 0.73 

a1-3-6 48.3 2.9 2.9 2.6 7.1 30.9 4.4 0.72 

a1-3-7 43.6 2.6 2.6 2.9 7.7 33.1 4.9 0.72 

a1-3-8 50.2 3.0 3.0 3.1 8.2 36.9 5.2 0.72 

a1-3-9 59.3 3.6 3.6 3.0 8.2 33.9 5.1 0.72 

a1-3-10 39.9 2.4 2.4 2.5 6.7 29.9 4.2 0.77 

TH-DM-16.2 Grand Bay   

(U-Th)/He age 62.6 (± 4.0 ka), n = 11           

aGrand16-1 60.8 4.9 4.9 4.0 11.1 34.3 6.8 0.72 

aGrand16-4 59.7 4.8 4.8 3.3 8.5 37.5 5.4 0.65 

a16-2-1 77.4 4.6 4.6 2.9 8.3 35.5 5.0 0.71 

a16-2-2 56.9 3.4 3.4 3.2 8.6 36.2 5.3 0.76 

a16-2-3 50.3 3.0 3.0 2.0 5.3 26.1 3.4 0.73 

a16-2-4 77.3 4.6 4.6 2.8 7.9 35.8 4.8 0.73 

a16-2-5 66.4 4.0 4.0 2.6 7.4 36.0 4.5 0.69 

a16-2-6 87.1 5.2 5.2 2.7 7.4 31.0 4.6 0.74 

a16-2-7 47.2 2.8 2.8 2.8 7.7 35.1 4.8 0.76 

a16-2-8 50.7 3.0 3.0 3.3 9.0 38.9 5.6 0.74 

a16-2-9 54.7 3.3 3.3 2.6 7.1 31.8 4.4 0.71 

TH-DM-4.1 Layou               

(U-Th)/He age 79.7 (± 4.8 ka), n = 8           

a4-2-1 81.4 4.9 4.9 4.3 10.7 31.0 7.0 0.71 

a4-2-2 94.2 5.7 5.7 4.1 10.0 29.1 6.5 0.70 

a4-2-3 76.2 4.6 4.6 4.0 10.1 27.4 6.4 0.69 

a4-2-4 88.5 5.3 5.3 3.1 9.6 26.8 5.5 0.69 

a4-2-5 74.0 4.4 4.4 3.9 9.9 25.5 6.3 0.73 

a4-2-6 67.0 4.0 4.0 3.2 7.7 20.9 5.0 0.73 

a4-2-7 78.2 4.7 4.7 4.5 11.0 28.5 7.2 0.71 

a4-2-8 78.1 4.7 4.7 4.5 10.8 25.5 7.1 0.74 
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Figure 4.9: (U-Th)/He apatite ages for the Goodwill Quarry [A], Grand Bay [B], and Layou [C] 
deposits. Plots show all aliquot ages and mean eruption age for each sample. Errors shown are 1 SD. 

 

we suggest that it has never been dated before. Our new (U-Th)/He ages extend the known 

age range of the Roseau Sequence from 30->45k Cal a BP to 24-61 ka. 

 Apatite from the Grand Bay Beach deposit (Location 16; Figure 4.1) yielded a (U-

Th)/He age of ~62 ka. Although 14C ages from distal outcrops at Stowe, Fond. St. Jean, and 

Wall House indicate that this eruption occurred at ~35k Cal a BP (Figure 4.10), Smith et al. 

(2013) suggests that these deposits are unlikely to be related to the Grand Bay Beach outcrop 

based on lithologic constraints.  

Zircon and apatite (U-Th)/He ages for the Layou deposit overlap within 2σ uncertainties 

(Figure 4.10), but the spread in apatite ages (Figure 4.9) indicates the presence of U-rich 

inclusions in a few of the studied aliquots. We thus consider the zircon (U-Th)/He age of 

~64.6 ± 4.9 ka (Q=0.84; Figure 4.8) to be more reliable because it closely matches the 

independently determined U-Th zircon crystallization age. These ages are consistent with the 
14C minimum age of >40k Cal a BP (Wadge, 1989) (Figure 4.10). 
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Figure 4.10: Comparison of new (U-Th)/He ages (*) with calibrated 14C ages from previous work 
detailed in Table 4.2 (references are shown as superscripts– see Table 4.2 caption for reference list). 
Error bars extending to the right of the plot indicate minimum ages. All errors shown are 1 SD. 
Location numbers refer to samples locations shown on Figure 4.1.  

 

4.10.2 Correlation of pyroclastic flow deposits on Dominica 

Northern Pyroclastic Flow Deposits 

Based on whole rock (Figure 4.3), glass (Figure 4.5), Fe-Ti oxide (Figure 4.7), and 

orthopyroxene (Figure 4.6B) analyses, we suggest that the northern ignimbrites, sampled at 

the Grand Savanne and Londonderry outcrops, are different from their southern counterparts. 

In general, these northern deposits can be distinguished by less evolved glass compositions 

(73-75% wt. SiO2) and more mafic orthopyroxene compositions (En>56) (Figure 4.6B). In 

addition, (U-Th)/He ages suggest that the Londonderry deposit is ~20 ka older than the oldest 

of the southern deposits (Figure 4.10). While we did not map the deposits to their source 

locations, we agree with Sparks et al. (1980) and Smith et al. (2013) that both deposits are 

likely sourced from Diablotins volcano given topographic constraints. As these two deposits 

can be distinguished by glass and whole rock chemistry (Figure 4.5), we agree with Smith et 

al. (2013) that they likely represent two separate eruptions. Smith et al. (2013) further 

suggests that the Point Ronde flow deposit (not studied here) represents yet another separate 

eruption from Diablotins.  
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Southern Pyroclastic Flow Deposits 

Due to their uniform geochemistry, correlation of pyroclastic flow deposits in the 

southern half of Dominica is difficult and the deposits have been variously correlated as part 

of the Roseau Tuff (Carey and Sigurdsson, 1980; Whitham, 1989; Smith et al., 2013), the 

Grand Bay Ignimbrite (Lindsay et al., 2003), and the Layou Ignimbrite (Demange et al., 1985; 

Smith et al., 2013). Based on new data, we suggest that the southern ignimbrites can be 

subdivided into the Roseau Sequence and the Layou Ignimbrite. The Roseau Sequence 

includes ignimbrites at the Goodwill Quarry, Grand Bay, Geneva, Wall House, and Link 

Road outcrops, which cannot be distinguished from one another by whole rock or trace 

element geochemistry (Figure 4.3 A-D). Although the presence of amphibole in the Link 

Road Units may be a distinguishing feature, its apparent absence in other deposits may 

simply reflect its scarcity. Fe-Ti oxide compositions of all these units show slight differences 

(Figure 4.7). However, most samples overlap to some degree making it impossible to 

accurately separate units based on titanomagnetite chemistry alone. The exception is 

titanomagnetite analyses from Ash Flows 1 and 2, which have significantly less MgO (Figure 

4.7). This indicates that these ash-rich pyroclastic flow deposits may not be related the 

Roseau Sequence eruptions. 

The distinct eruption ages of the southern deposits (~24 – 61 ka; Table 4.3), when 

combined with the presence of three soil horizons dividing the sequence at Link road (Figure 

4.2), suggests that despite their geochemical homogeneity, they cannot be the result of a 

single, large eruption. Indeed, their ages and the presence of paleosols point to the occurrence 

of at least six separate explosive eruptions of varying sizes. This finding is in agreement with 

that of Smith et al. (2013), who proposed that the Roseau Tuff deposits represent up to seven 

separate eruptions. Due to their close geo-chemical similarity, we suggest that all six 

eruptions are sourced from the same centre. Although we cannot determine the individual 

volume of these eruptions or the total volume of the Roseau sequence, we propose that these 

eruptions are relatively small. The Layou pyroclastic flow deposit has strikingly different 

whole rock, glass, and mineral chemistry from the Roseau sequence deposits and is thus 

unrelated. Based on topographic constraints, we suggest that this deposit is sourced from 

Trois Piton, which agrees with previous assessments (Sigurdsson, 1972; Smith et al., 2013).  

4.10.3 Implications for tephrostratigraphy 

The 58 km3 (unconsolidated) volume of the Roseau Tuff was based on correlation of 

tephra layers and pyroclastic flow deposits in deep sea cores to a pyroclastic flow unit at the 
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Goodwill Quarry (Carey and Sigurdsson, 1980). Based on the geochemistry alone, the 

pyroclastic deposits on southern Dominica are almost indistinguishable and could be 

erroneously considered the result of a single eruption. Our new (U-Th)/He geochronology, 

together with the presence of three paleosols between the flow units in the Link Road deposit  

 

Figure 4.11: Plot showing fields from Sigurdsson and Carey (1981) representing the range of glass 
compositions for individual islands in the Lesser Antilles (based on a composite of analyses from 
material collected from multiple eruptive units on each island). Dominica glass analyses from this 
study are plotted on this diagram in order to illustrate that the previously determined fields likely 
represent limited ranges based on small sample sets.  

 

(Figure 4.2), indicates that the southern pyroclastic flows were deposited by at least six 

separate eruptions between 24 and 61 ka. Because the geochemical and petrographic 

homogeneity of these deposits makes it difficult to correlate closely spaced on-shore deposits 

on Dominica, it is unlikely that correlations made to specific tephra layers in deep sea cores 

are reliable. We agree with Smith et al. (2013) that the Roseau Tuff ‘eruption’ as defined by 

Carey and Sigurdsson (1980) is probably a series of smaller eruptions, each producing some 

material preserved offshore. According to Smith et al. (2013), the cores studied by Carey and 

Sigurdsson (1980) all show internal stratification and interbedding of pyroclastic flow and 

pyroclastic turbidite deposits that could reflect multiple eruptions. The cores also show 

evidence of extensive bioturbation, which can obliterate ash-fall layers <1 cm in thickness 
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(Sigurdsson and Carey, 1981). It is further noted that during periods of slow sedimentation, 

amalgamation of tephra layers can occur because intervening sedimentation may be 

insignificant. Although it may be possible to correlate tephra layers in deep sea cores from 

the Lesser Antilles to individual volcanic islands (given that eruptive deposits on each island 

display common geochemical characteristics; see Sigurdsson and Carey, 1981) or even to 

individual centres on those islands (Figure 4.11; Table 4.5), it is presently premature, at least 

on Dominica, to correlate them with individual on-shore eruptive units. Furthermore, our 

results indicate that the compositional range of glass from Dominica deposits previously used 

for correlation (Sigurdsson and Carey, 1981) does not adequately represent the actual glass 

compositional range of the on-shore deposits (Figure 4.11).  

Table 4.5: Geochemical characteristics of pumice clasts from the Roseau Sequence compared 
to the island-wide range for pumice clasts found within all ignimbrites on Dominica.  
 

 Roseau Sequence Island Wide
Whole rock 
(pumice clasts) 
       SiO2 

       Al2O3 
       FeO 
       K2O 

 
 
62-64 wt.%  
16.5-17.5 wt.% 
5.5-7.3 wt.% 
1.4-1.8 wt.% 

 
 
57-66 wt.%  
15.8-18.9 wt.% 
5.2-8.9 wt.% 
1.4-2.0 wt.% 

Groundmass Glass  
      SiO2 

       Al2O3 
       FeO 
       K2O 

 
75.5-77 wt.% 
12-13 wt.% 
1-2.2 wt.% 
2.6-3.2 wt.% 

 
73.0-77.9 wt.% 
11.9-13.2 wt.% 
0.7-3.0 wt.% 
2.6-3.8 wt.% 

Magnetite  
    average XUSP 

 
0.26-0.31 

 
0.26-0.33 

Clinopyroxene 
   Wo range 

 
41-44

 
41-44

Orthopyroxene 
   En range 

 
48-57 

 
43-61 

Plagioclase 
   An range 

 
45-95 

 
40-95 

 

4.11  Conclusions 

1) Pyroclastic flow deposits from several major eruptions on southern Dominica are 

stratigraphically poorly constrained, and display similar whole rock, glass, and 

mineral chemistry. This makes them difficult to distinguish for correlation purposes. 

2) New (U-Th)/He ages suggest that pyroclastic flow deposits on the island span a wider 

time range than previously thought. Significant explosive eruptions occurred between 

24 and 80 ka. 
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3) Our work suggests that (U-Th)/He geochronology is a valuable method for dating 

Quaternary volcanic rocks that can fill the chronologic gap in regions where 14C and 

K-Ar or Ar/Ar methods are not applicable. 

4) The Roseau Tuff eruption defined by Carey and Sigurdsson (1980) is probably a 

series of smaller eruptions with similar geochemical and petrographic characteristics. 

This sequence represents at least six eruptions that occurred between 24 – 61 ka. The 

Grand Bay Ignimbrite, which was previously mapped as resulting from a separate 

eruption, is now considered to be part of this sequence. 

5) Although glass chemistry from tephra in deep sea cores in the Lesser Antilles can be 

used to correlate to individual islands and perhaps even to individual volcanic centres 

on those islands, correlations to single eruptive events are tenuous at best, especially 

in the case of southern Dominica. 
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Chapter 5:  Timescales of intra-oceanic arc magmatism from combined U-

Th and (U-Th)/He zircon geochronology of Dominica, Lesser Antilles 

 
 
This chapter focuses on results from combined U-Th and (U-Th)/He zircon geochronology. 

New (U-Th)/He eruption ages for lava domes across Dominica provide insight into the 

geochronologic framework of eruptive activity on the island. Combined with U-Th zircon 

crystallization ages, these ages are used to elucidate the relationship between surface 

volcanism and subsurface magmatism, and thus provide insight into the timescales of 

magmatic processes in intra-oceanic arcs. U-Th ages are also used to address the longevity 

and connectivity of centres beneath Dominica. This work has implications for magmatic 

processes in island arcs (e.g. magma storage and recycling), and provides insight into the 

relationship between long-lived magmatic accumulation and crustal maturation.  

 

This chapter represents a paper published in G3: Geochemistry, Geophysics, Geosystems in 

February 2015, Volume 16 (2), pp 347-365. DOI: 10.1002/2014GC005636. 
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5.1 Abstract 

The island of Dominica, located in the intra-oceanic Lesser Antilles arc, has produced a series 

of intermediate (mostly andesitic) lava domes and ignimbrites since the early Pleistocene. (U-

Th)/He eruption ages from centres across the island range from ca. 3 ka to ca. 770 ka, with at 

least 10 eruptions occurring in the last 80 ka. Three eruptions occurred near the southern tip 

of Dominica (Plat Pays Volcanic Complex) in the past 15 ka alone. Zircon U-Th ages from 

individual centres range from near-eruption to secular equilibrium implicating protracted 

storage and recycling of zircons within the crust. Overlapping zircon crystallization peaks 

within deposits from geographically separated vents (up to 40 km apart) indicate that magma 

associated with separate volcanic edifices crystallized zircon contemporaneously. Two lava 

domes from the southern sector of the island display exclusively young zircon rim ages (<50 

ka) with narrow crystallization peaks consistent with the construction of a new magma 

reservoir. The younging of eruption and crystallization ages implies that the magmatic foci 

leading to the construction of this reservoir have migrated southward, arc-parallel over time. 

Overall, our data support geochemical models for the ongoing construction of a silicic 

intrusive complex, consisting of varying amounts of crystal mush, beneath the island. U-Pb 

zircon ages <1-2 Ma indicate that accumulation of this complex is entirely Quaternary in age. 

Together zircon U-Th and U-Pb ages for Dominica suggest that the magmatic processes and 

timescales operating in intra-oceanic arcs are similar to those documented for continental arcs. 

5.2 Introduction  

Intra-oceanic subduction zones are widely considered to be the primary location where 

continental crust originates (e.g. Taylor, 1967; Scholl and von Huene, 2009). To adequately 

assess continental growth rates, quantitative constraints on magmatic additions in arcs, 

comprised of both erupted and intruded magmas, are required. Although the ratio of volcanic 
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to plutonic components is often cited at 1:5 (e.g., White et al., 2006; de Silva and Gosnold, 

2007) highlighting the importance of the dominant subterranean component, this ratio 

remains poorly constrained (cf. Ward et al., 2014). The proximal volcanic component is 

usually quantifiable from surface mapping and dating in active arcs where outcrops of 

eruptive products are typically easily accessible. In contrast, the subterranean magmatism is 

largely hidden, unless uplifted and exhumed by erosion, a mechanism that is likely to erase 

the accompanying volcanic component. Hence, petrologic studies have focused on the crystal 

record in volcanic rocks to constrain timescales and processes in the magmatic roots where 

the duration of magma crystallization to a first order correlates with the size of the system. 

Zircon provides a valuable thermochemical record of pre-eruptive magmatic history due to its 

stability and ability to yield high-resolution crystallization ages which can constrain the 

longevity of the plutonic component associated with volcanic systems. Zircon crystal age 

distributions from individual eruptions of arc volcanoes in continental settings can span 

hundreds of thousands of years, revealing prolonged storage and recycling of crystals within 

their magmatic reservoirs (e.g., Charlier et al., 2003; Bachmann et al., 2007; Wilson and 

Charlier, 2009; Claiborne et al., 2010b; Storm et al., 2012; Klemetti and Clynne, 2014). As 

there is little geophysical evidence for largely molten reservoirs in the upper continental crust 

(Iyer et al., 1990), it has been suggested that these reservoirs thermally oscillate between 

partly molten and mostly crystalline sub-solidus intrusions, leading to the concept of crystal 

mushes, rigid interlocking-crystal (>50-60%) frameworks that are periodically reactivated 

prior to eruption (Mahood, 1990; Bachmann and Bergantz, 2003; Hildreth, 2004; Cooper and 

Kent, 2014).  

Timescales of intra-oceanic arc magmatism where pre-existing (ancient) continental 

crust is absent have largely been studied in extinct arcs (Schaltegger et al., 2002; Rioux et al., 

2007; Smyth et al., 2007; Pedersen et al., 2010), where the record of early stages of arc 

crustal formation may be incomplete due to uplift, erosion, and overprinting by later 

magmatic activity. Studies of young active intra-oceanic arcs can, therefore, provide 

complimentary insights into the early stages of arc crustal maturation. The evolution of silicic 

magmas in such settings has been attributed to either fractionation of a basaltic parent (e.g., 

Wade et al., 2005; Brophy, 2008; Barker et al., 2012), anatexis of silicic mid- to upper-crust 

(e.g., Vogel et al., 2004; Tamura et al., 2009), or to partial melting of lower crustal 

amphibolite (e.g., Annen et al., 2006). Despite the concept that magmas have less time to stall 

and differentiate during passage through thin mafic crust characteristic of island arcs 

compared to thicker continental crust (Tatsumi and Eggins, 1995), many authors have posited 
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the presence of silicic magma bodies beneath intra-oceanic volcanoes (e.g., Halama et al., 

2006; Turner et al., 2012). Moreover, long-lived intra-crustal crystal mush zones have been 

invoked to explain heterogeneous crystal populations in silicic magmas from the Kermadec 

arc (Barker et al., 2012), not unlike those envisioned for continental arcs (e.g., Cooper and 

Kent, 2014). Although zircon has been successfully used to quantify the duration of pre-

eruptive magma accumulation in silicic arc volcanic systems in continental arcs (e.g., Mt. St. 

Helens; Claiborne et al., 2010b; Lassen; Klemetti and Clynne, 2014), such studies remain 

scarce for intra-oceanic arcs. On the island of St. Lucia, Lesser Antilles, Schmitt et al. (2010b) 

found evidence for protracted (>350 ka) zircon recycling, which displayed patterns similar to 

those reported in continental arc settings (e.g., Claiborne et al., 2010b; Klemetti and Clynne, 

2014). However, the mainly dacitic magmas of St. Lucia are unusually evolved for the Lesser 

Antilles, which is dominated by basalt and andesite (Brown et al., 1977; Macdonald et al., 

2000). Thus, it is uncertain under which conditions crystal mush zones form in intra-oceanic 

arcs, and if their longevity is equivalent to those of continental arc volcanoes. 

The island of Dominica, Lesser Antilles, is characterized by dominantly Pleistocene to 

Recent volcanism in a dense clustering of eruptive centres that produced mostly andesitic 

lavas and pyroclastic flow deposits (Lindsay et al., 2005b; Lindsay et al., 2005a; Halama et 

al., 2006; Smith et al., 2013). Dominica thus differs from St. Lucia which has only one 

evolved (dacitic) volcanic complex. Zircon geochronology from multiple volcanic centres on 

the island can provide a broader view into the mechanisms and timescales associated with 

magmatic accumulation and differentiation in intra-oceanic arcs. To elucidate the relationship 

between the erupted and non-erupted magma inferred from the presence of zircon, it is 

important to link the timing of zircon crystallization with eruption ages. This can be achieved 

using combined U-Th and (U-Th)/He geochronology (Schmitt et al., 2010b). (U–Th)/He is an 

ideal eruption geochronometer characterized by fast diffusion of the radiogenic daughter 4He, 

which only begins to accumulate in the zircon after the system has reached the closure 

temperature at the time eruption.  

In this study, we use combined U-Th and (U-Th)/He geochronology to determine a 

magma chronology of young volcanism on Dominica. This approach provides new insight 

into (1) the relations between volcanic deposits and subterranean magmatic systems; (2) the 

potential interconnectivity between individual volcanic systems at depth; and (3) the 

possibility of a laterally extensive crystal-mush zone beneath the island. Our study has 

implications for the longevity of magmatic systems in intra-oceanic arcs and proposes that 
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the timescales and processes of evolved island arc magmatism are in some instances 

fundamentally similar to those in continental arcs. 

5.3 Geologic Background  

The island of Dominica (750 km2 area) is located in the centre of the Lesser Antilles arc 

(Figure 5.1A) which marks the westward subduction of the North American Plate beneath the 

Caribbean Plate. The overriding Caribbean Plate is considerably thickened and is thought to 

consist of oceanic crust with possible remnants of a mid-Cretaceous oceanic flood basalt 

province which formed the Caribbean Plateau (Kerr et al., 2003) and early Cenozoic 

accretionary wedge sediments from an ancestral subduction zone (Macdonald et al., 2000). 

Geophysical studies suggest that the Lesser Antilles crust ranges in thickness from ~24 

to >30 km (Boynton et al., 1979; Christeson et al., 2008; Kopp et al., 2011). Seismic models 

indicate a three layer crustal structure for the Caribbean Plate consisting from top to bottom 

of lavas and volcanogenic sediments (1-10 km), intermediate to felsic middle crust (10-20 

km), and a plutonic lower crust (20-28 km; Kopp et al., 2011).  

The volcanic rocks exposed on Dominica can be subdivided into four main groups 

based on age (Lindsay et al., 2005b; Smith et al., 2013): (1) Miocene (6.8 – 5.2 Ma); (2) 

Pliocene (3.7 – 1.8 Ma); (3) Older Pleistocene (1.8 – 1.1 Ma); and (4) Younger Pleistocene to 

Recent (1.1 – present). Group 1 deposits outcrop on the eastern side of the island and consist 

of low-K basaltic complexes (Monjaret, 1985; Bellon, 1988; Smith et al., 2013). Group 2 

comprises large basaltic to andesitic stratovolcanoes which represent the initiation of more 

evolved volcanism on the island. Group 3 occurs in the northern half of Dominica and is 

associated with the development of Diablotins, a large andesitic stratovolcano, and the older 

parts of Aux Diables, a small Pelean dome complex (Figure 5.1; Smith et al., 2013). Group 4 

deposits include younger deposits from Diablotins and Aux Diables and at least four coeval 

andesitic volcanic centres: Trois Piton, Micotrin, Grand Soufrière Hills, and the Plat Pays 

Volcanic Centre (PPVC; Figure 5.1B). Radiometric ages for the Group 4 centres range from 

450 years BP to >50 ka (Table 5.1). With the exception of the composite PPVC, each of these 

centres consists of a prominent central dome surrounded by parasitic domes and associated 

block-and-ash and pyroclastic flow deposits (Figure 5.1).  

The PPVC is more complex than other centres, and includes Morne Plat Pays, a large 

andesitic stratovolcano, and several smaller domes (Lindsay et al., 2003). The primary 

volcanic stratigraphy of this centre is thought to have been disturbed by three flank collapse 

events in the past 100 ka, which were identified by extensive debris avalanche deposits and 
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two semi-circular scarp structures (Le Friant et al., 2002). One such event led to the 

development of the Soufrière Depression, a 3 km wide semi-circular depression that truncates 

the western side of Morne Plat Pays (Figure 5.1C; Le Friant et al., 2002). Within the 

Soufrière Depression, topographic highs of unknown age have been variously described as 

domes (Lindsay et al., 2003; Lindsay et al., 2005a) or debris avalanche deposits (Roobol et al., 

1983; Le Friant et al., 2002; Samper et al., 2008). Only three small domes (Rouge, Crabier, 

and Patates) are unanimously identified as in-situ post-collapse volcanic edifices (Le Friant et 

al., 2002; Lindsay et al., 2005a; Samper et al., 2008). Patates, dated at ca. 450 - 600 years old, 

is the youngest dome on the island (Wadge, 1989; Lindsay et al., 2003).  

Although Pleistocene-Recent activity on Dominica has been dominated by Pelean 

dome-forming eruptions (Lindsay et al., 2005b; Smith et al., 2013), young pumiceous 

pyroclastic flow deposits also outcrop across the island. Such extensive ignimbritic deposits 

only exist on the central islands of the Lesser Antilles (Martinique, St. Lucia, and Dominica) 

and are uncommon in most intra-oceanic systems (Macdonald et al., 2000; Leat and Larter, 

2003). Major pyroclastic flow deposits include the Roseau Sequence (Sigurdsson, 1972; 

Smith et al., 2013; Howe et al., 2014), the Layou pyroclastic flow (Whitham, 1989), and the 

Wesley/Londonderry pyroclastic flow (Smith et al., 2013) (Figure 5.1B). Sourced from 

south-central Dominica, the Roseau Sequence represents six or seven eruptions that occurred 

between ca. 20 and 70 ka (Howe et al., 2014). The Layou pyroclastic flow is thought to be 

sourced from the Trois Piton dome complex (Smith et al., 2013), and the 

Wesley/Londonderry pyroclastic flow has been associated with the Diablotins centre (Sparks 

et al., 1980; Smith et al., 2013). Limited exposure and tightly overlapping major and trace 

element compositions of whole rock, glass, and minerals of most deposits prevent 

unambiguous identification of source volcanoes for any of the pumiceous pyroclastic flow 

deposits (Smith et al., 2013; Howe et al., 2014). 

Several authors have attempted to determine the characteristics of the magma roots of 

Dominica with a specific focus on deposits from within the PPVC (Gurenko et al., 2005; 

Lindsay et al., 2005a; Halama et al., 2006). Although Lindsay et al. (2005a) found little field 

evidence of mafic recharge within PPVC lava samples, Halama et al. (2006) proposed that 

andesitic to dacitic PPVC lavas are formed via injection and mixing of mafic magmas into a 

long-lived (>100 ka) shallow silicic reservoir. A broad compilation of whole rock and 

mineral chemistry from centres across the island suggests that the majority of Dominica 

volcanic rocks contain chemically heterogeneous populations of crystals which have 

experienced varying thermal histories (Smith et al., 2013). Based on this and the homogeneity 
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of whole rock major and trace element compositions, Smith et al. (2013) proposed the 

existence of an island wide, mid- to upper-crustal batholith beneath Dominica.  

 

Figure 5.1: A) Map of the Lesser Antilles island arc. B) Location map showing sample locations 
detailed in Table 5.1, the extent of the ignimbrites (modified from Smith et al. (2013)), and new (U-
Th)/He ages (given in ka). C) Simplified geologic map of the PPVC. Volcanic deposits modified from 
Lindsay et al. (2003; 2005b). Proposed collapse scarp locations taken from Le Friant et al. (2002). 
Possible volcanic domes determined by Lindsay et al. (2005b) are designated by letters as follows 
LF–La Falaise, C–Canot, V–LaVue/Vigie, A–Acouma, Cr–Crabier, R–Rouge, Vt–Vert, Pw–Powell, 
E–Elois, Cb–Cabrits, H–Hagley, Fs–Fous, Pi–Pichelin, P–Patates.  
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Table 5.1: Sample locations and previous age dates for Dominica lava domes. Numbers in column 1 
refer to sample locations on Figure 5.1.  
Loc. Unit Name Coordinates Location 

Description 
Outcrop 
Type 

Previous Ages   

Original [Cal]  Method Ref. 

Northern Domes             

34 Aux Diables N15°37.108 
W61°27.812 

Small quarry 
south of 
Clifton 

BA >46,740   
43,710 ± 1590 
[45,398 ± 2054] 

14C            
14C 

1        
1 

37 Espagnol N15°31.694 
W61°27.992 

Northern side 
of dome  

LF 2.24 ± 0.34 Ma K-Ar 2 

41 Diablotins N15°30.012 
W61°24.873 

Along 
Kachibona 
Lake track 

LB >46,620 14C 1 

0.7 ± 0.5 Ma K-Ar 3 

0.72 ± 0.11 Ma K-Ar 4 

Central Domes             

10 Micotrin N15°20.459 
W61°18.586 

Western edge 
of Freshwater 
Lake 

LB 1,160 ± 45       
[868 ± 68] 

14C 5 

26,500 ± 900 
[2,9247 ±757] 

14C 5 

25,370 ± 120 
[28,253 ± 274] 

14C 5 

13 Trois Piton N15°23.367 
W61°18.738 

Quarry on 
northern side 
of Trois Piton 

BA 17,240 ± 720 
[18,722 ± 913] 

14C 3 

25,310 ± 230 
[28,230 ± 307] 

14C 6 

29 Grand 
Soufrière 
Hills 

N15°16.615 
W61°15.371 

Quarry south 
of Point 
Mulatre 

BA 10,320 ± 40 
[10,259 ± 171] 

14C 1 

11,000 ± 85 
[10,970 ± 112] 

14C 5 

0.8 ± 0.4 Ma* 14C 3 

                

Southern Domes (Outside Depression Margin)         

19 Plat Pays 
[Margin] 

N15°14.161 
W61°20.608 

North-eastern 
edge of 
Depression 
Margin 

BA 6,600 ± 50 
 [5,555 ± 46] 

14C 7 

6,670 ± 70 
 [5,594 ± 54] 

14C 1 

6,825 ± 75  
[5,732 ± 68] 

14C 8 

40 Plat Pays 
[Mt. Lofty] 

N15°15.347 
W61°20.931 

North-western 
side of Plat 
Pays at Mt. 
Lofty estate 

LB 6,650 ± 50  
[5,580 ± 40] 

14C 8 

21 La Falaise N15°16.186 
W61°22.534 

La Falaise 
quarry on 
coast south of 
Loubiere 

DAD >47,330*   
 96,000 ± 2,000 

14C            
K-Ar 

8        
9 

38 Fous N15°12.803 
W61°20.233 

South-west 
edge of Morne 
Fous behind 
Petit Coulibri 
estate 

LB       
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Table 5.1 (continued) 

Loc. Unit Name Coordinates Location 
Description 

Outcrop 
Type 

Previous Ages   

Original [Cal]  Method Ref. 

Southern Domes (Inside Depression Margin)       

24 Northern 
Rouge 

N15°13.457 
W61°21.078 

Northern edge 
of Rouge 
Ridge  

BA       

25 Patates N15°13.720 
W61°21.173 

Road outcrop 
between 
Galion and 
Soufrière 

450 ± 90#    
 [510 ± 93] 

14C 6 

685 ± 55        
[635 ± 50]  

14C 8 

26 Crabier N15°12.788 
W61°21.592 

South-western 
side of Crabier  

LB       

39 Southern 
Rouge 

N15°12.763 
W61°20.779 

Southern edge 
of Rouge 
Ridge

LB       

Pyroclastic Flow Deposits       

1 Roseau Tuff 
(Unit I) 

N15°18.506 
W61°23.067 

Goodwill 
Quarry 

I 62 ± 8 ka (U-Th)/He 10 

2 Roseau Tuff 
(Unit II and 
III) 

N15°18.256 
W61°22.465 

Along Santa 
Romet Link 
Road

I 24.5 ± 2.0       
34.7 ± 3.1 

(U-Th)/He   
(U-Th)/He 

10     
10 

4 Layou Flow N15°23.859 
W61°25.607 

Coastal Road 
near the Layou 
River

I 65 ± 5 ka (U-Th)/He 10 

9 Wesley 
Flow 

N15°33.614 
W61°17.832 

Londonderry 
Beach 

I 80 ± 8 ka (U-Th)/He 10 

Abbreviations for deposit types: BA = block-and-ash flow deposit; LF = lava flow; LB = lava boulder; DAD = 
debris avalanche deposit. 14C ages were calibrated using CalPal Online and the CalPal2007_HULU calibration 
curve and are thus in Cal years BP. *Regarded as too old or suspect by previous authors.  #Thought to contain 
anthropogenic material (personal communication L. Honeychurch). References for previous ages are as follows: 
1 =Smith et al. (2013); 2 = Bellon (1988); 3 = Wadge (1989); 4 = Monjaret (1985); 5 = Seismic Research Unit 
(Unit, 2000); 6 = Roobol et al. (1983); 7 = Le Friant et al. (2002); 8 = Lindsay et al. (2003); 9 = Samper et al. 
(2008).; 10 = Howe et al. (2014). 
 
 

5.4 Materials and Methods  

5.4.1 Samples and mineral separation 

Fourteen lava samples from ten separate domes and one pumice sample from each of 

five pyroclastic flow deposits were collected for this study (Figure 5.1B-C; Table 5.1). With 

the exception of Aux Diables and Morne Espagnol, all lava dome samples investigated here 

are medium-K, calc-alkaline andesites (Lindsay et al., 2005b; Smith et al., 2013). The Aux 

Diables sample is a tholeiitic andesite, while the Morne Espagnol sample is from a small 

dacitic plug (Smith et al., 2013). Pumices from the studied pyroclastic flow deposits range in 

composition from andesite to dacite and are generally indistinguishable from the dome 

deposits in major and trace element geochemistry (Smith et al., 2013; Howe et al., 2014).  
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Zircons were separated using magnetic and heavy liquid separation as outlined in 

Schmitt et al. (2003). At least 20 crystals from each sample were handpicked and mounted 

for analysis. Overall 447 U-Th and 50 U-Pb ages were determined on 460 crystal rims. A 

subset of zircons from each sample was then selected for (U-Th)/He analyses based on crystal 

size and morphology. A minimum of five aliquots per sample were prepared for He analysis. 

These analyses yielded 12 (U-Th)/He ages associated with ten separate lava dome centres. 

(U-Th)/He ages for the pyroclastic units are presented in Howe et al. (2014) and referred to 

but not discussed here. 

 

5.4.2 Analytical methods 

Six samples (1 pumice [Goodwill] and 5 lava [Diablotins, Micotrin, Grand Soufriere 

Hills, Plat Pays – Mt. Lofty, and Foundland]) were analyzed for whole rock U-series isotopes 

at Macquarie University following the protocol described in Heyworth et al. (2007). These 

data were collected in order to constrain zircon U-Th model ages. Analyses were obtained on 

a Nu Instruments® multi-collector, inductively-coupled plasma mass spectrometer using the 
238U/235U ratio to determine the mass bias, assuming 238U/235U = 137.88. Two measurements 

of TML-3 standard yielded activity ratios of (230Th)/(232Th) = 1.067 ± 0.006 and (238U)/(232Th) 

= 1.071 ± 0.001 (activities denoted by parentheses). 

U-Th and U-Pb analyses of non-polished crystal rims were performed on the UCLA 

CAMECA ims1270 secondary ion mass spectrometer following the method of Schmitt et al. 

(2010a). Zircons with adhering glass were etched in 50% HF for 1-3 minutes. Zircons >30 

µm in width were embedded in indium mounts; those <30 µm were embedded in high-purity 

aluminum. Analyses were undertaken in both mono and multi-collector mode. For the mono-

collection session, secular equilibrium standard zircon AS3 yielded (230Th)/(238U) = 1.013 

±0.008 (mean square of weighted deviates MSWD = 2.8; n = 21), and for multi-collection 

analyses the weighted average was 0.991 ± 0.005 (MSWD = 1.6; n = 23). Both data sets for 

AS3 are within uncertainty of the expected (230Th)/(238U) secular equilibrium value of unity. 

Zircon crystallization ages were calculated using the two point isochron method and the 

whole rock (230Th)/(232Th) and (238U)/(232Th) ratios. Secular equilibrium grains (i.e. 

grains >350 ka that plotted on the equiline) were re-analyzed by U-Pb techniques. Relative 

sensitivities for Pb and U were determined on reference zircon AS3 (Paces and Miller, 1993). 

Corrections for common Pb and 230Th disequilibrium were applied following Schmitt et al. 

(2003). 
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For combined U-Th and (U-Th)/He analysis, zircon grains were extracted from the U-

Th mounts, photographed, and packed into platinum tubes (Schmitt et al., 2006). Many of the 

zircons had low U concentrations (<100 ppm). For this reason, zircon with similar 

crystallization ages and from a single sample were, in some cases, packed into a single He 

aliquot. He degassing and isotope dilution ICP-MS analysis of U and Th were performed at 

the University of Texas at Austin following methods described in Biswas et al. (2007). The 

alpha-ejection correction (Ft) factor was calculated using Monte-Carlo modeling following 

Farley (2002). Zircon (U-Th)/He ages from the Fish Canyon Tuff standard average 27.8 ± 0.8 

(RSD% 7.5; n = 162). Based on the reproducibility of Fish Canyon Tuff zircon standard data, 

we assigned an equivalent uncertainty (i.e. 8% at 1σ) to the individual (U-Th)/He ages prior 

to disequilibrium correction. Due to common uranium series disequilibrium in young zircons, 

ages assuming equilibrium of intermediate daughters in the U decay chain often 

underestimate the eruption age (Farley et al., 2002). Disequilibrium corrections were applied 

using the UCLA MCHeCalc program described in Schmitt et al. (2010b). We report the 

individual disequilibrium-corrected ages, and a Gaussian fit for the average eruption age. Q 

values were used to quantify the goodness of fit as described by Press et al. (1992). The 

average age was considered acceptable for Q > 0.01 and n ≥ 4, where n is the number of 

aliquots included in the sample set. Because all U-Th analyses on zircon are rim analyses, 

crystallization ages represent the lower limit of the bulk crystallization age. If crystals are 

highly zoned, the assumption of rim age as bulk age will lead to an overcorrected eruption 

age (i.e. the age will be too old, whereby the minimum age is constrained by that for secular 

equilibrium of the bulk crystal). Low Q values and eruption ages greater than U-Th 

crystallization ages provided indications of overcorrected values. In these cases, we assumed 

secular equilibrium for the crystal interior. In cases where the U-Th crystallization age was 

not determined, we assigned the average U-Th age of the selected sample to the zircon. In 

cases with multiple grains, the average U-Th ages of the grains was assigned to the aliquot. 

Grains <5 µg are considered the lower size limit of the technique, and those grains were 

omitted due to their high analytical uncertainties. 

5.5 Results  

5.5.1 Eruption ages from combined U-Th and (U-Th)/He zircon geochronology 

U-series isotopes from whole rock samples were used to determine the two-point 

isochrons from which zircon U-Th crystallization ages are calculated. All samples yielded 
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(234U)/(238U) within error of unity indicating that the U-Th isotope concentrations have not 

been affected by secondary alteration. An exception is the Diablotins sample which has a 3% 

excess in 234U over 238U activities and was omitted from isochron calculations. On a 

(238U)/(232Th) versus (230Th)/(232Th) equiline diagram, all samples plot within error of the 

equiline and have (230Th)/(238U) ratios ranging between 0.99 and 1.03 (corresponding to a 

mass ratio of U/Th of ~0.3; Figure 5.2; Electronic Appendix 6).  

 

 

Figure 5.2: U-series data for Dominica rocks. Values from other islands in the Lesser Antilles arc are 
shown for reference (Turner et al., 1996; Heath et al., 1998; Chabaux et al., 1999; Zellmer et al., 
2003; Toothill et al., 2007; DuFrane et al., 2009; Huang et al., 2011). 

Twelve eruption ages were determined using combined U-Th and (U-Th)/He zircon 

geochronology (Table 5.2; Electronic Appendix 6; Figure 5.1). These ages range from 170 ± 

14 ka to 3.8 ± 0.3 ka, with a single age >700 ka (Table 5.2, Electronic Appendix 6; Figure 

5.1). To cover a large number of samples, the number of replicates for each sample was 

necessarily limited (n= 3 to n=11), but Q values are all >0.1 suggesting homogeneous age 

populations. Of the 10 centres dated by (U-Th)/He in this study, seven have been previously 

dated by other methods (Table 5.1). This permits some comparison, with the caveat that old 

K-Ar ages may be attributed to excess argon, which has been noted for multiple samples from 

the island (Samper et al., 2008). Another problem is that many radiocarbon ages are near the 

limits of detection of 14C and therefore should be considered to be minimum ages (Table 5.1). 

The oldest centre, Morne Espagnol, was previously dated at 2.2 ± 0.3 Ma by K-Ar (Monjaret, 

1985), but produced a significantly younger (U-Th)/He age of 770 ± 46 ka (Table 5.2). The 

(U-Th)/He age of Aux Diables (170 ± 14 ka) is much older than published 14C ages from its 
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western flank and summit areas (>47 and ~44 ka; Table 5.1). Diablotins produced a (U-

Th)/He age of 75 ± 4 ka with corresponding K-Ar and 14C ages of 0.7 Ma to >47 ka, 

respectively. The (U-Th)/He age of Trois Piton (26 ± 3 ka), overlaps within error of 

previously published 14C ages (28-18 ka; Table 5.1).14C ages from Grand Soufrière Hills are 

concordant with the (U-Th)/He age of ~8 ka. The La Falaise deposit yielded a (U-Th)/He age 

of 84 ± 4 ka, close to the K-Ar age of ca. 96 ka (Samper et al., 2008). The Morne Plat Pays 

[DM and L] samples yielded (U-Th)/He ages of 11 ± 1 and 61 ± 3 ka, respectively, which are 

older than the previously determined 14C ages of ca. 6.6 ka for Morne Plat Pays at the Geneva 

Quarry location (Table 5.1). Because the DM and L samples for Morne Plat Pays studied here 

were collected the edge of the depression margin (Loc. 19) and near the volcano’s summit 

(Loc. 40), respectively, we suggest that these samples represent two different eruption events 

from this centre that cannot be correlated to dated deposits previously ascribed to Morne Plat 

Pays (Le Friant et al., 2002; Lindsay et al., 2003). (U-Th)/He ages for Micotrin and Patates 

are close to the detection limits and thus very imprecise due to extremely low He abundance, 

which suggests that these units are very young. This is consistent with the previous 14C 

determinations of ca. 1,100 and ~400 - 650 years, respectively (Table 5.1). 

5.5.2 U-Th zircon rim crystallization ages  

U-Th ages were undertaken on unpolished crystal faces and represent the final stage of zircon 

growth. Many of the samples from the domes deposits (i.e. Aux Diables, Diablotins, Trois 

Piton, Micotrin, Plat Pays [DM], Fous, and Patates) display zircon rim age distributions that 

range from the time of eruption indicated by the (U-Th)/He ages to secular equilibrium (>350 

ka; Figures 5.3-5.4; Electronic Appendix 6). In contrast, zircon crystal rims in Plat Pays [L], 

Crabier, and Rouge samples are all <50 ka in age (Figure 5.4; Electronic Appendix 6). In 

most samples, the youngest crystal rim U-Th ages overlap within uncertainty of the (U-

Th)/He eruption ages (Figures 5.3-5.4), supporting the robustness of this combined dating 

technique. Although zircon crystallization for the Morne Fous and Grand Soufrière Hills 

samples appears to have terminated ~10-20 ka prior to eruption, near-eruption rims may not 

have been preserved. Also, as the number of dated zircon crystals for these two samples is 

small (<15 rim analyses), it is possible that younger zircon crystallization may have gone 

undetected. Zircons from Diablotins differ from other Dominica samples in that the major U-

Th crystallization peak and the (U-Th)/He eruption age are indistinguishable. This suggests 

minor pre-eruptive residence of zircon beneath this centre. In one case (Plat Pays [DM]), a 

substantial number of zircon rim ages are significantly younger than the associated (U-
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Th)/He age (Figure 5.4). The causes for this are not understood, in particular as replicate U-

Th and (U-Th)/He analyses appear internally consistent. Because of this discrepancy, we 

consider the (U-Th)/He age of 61 ka as a maximum age for the eruption and suggest that the 

eruption age postdates ca. 20 ka, which is the youngest U-Th age determined for that deposit. 

In this case, the U-Th crystallization ages are considered more reliable than the (U-Th)/He 

ages because both the alpha-ejection correction and the disequilibrium corrections might have 

led to an overestimation of the eruption age [Farley, 2002; Farley et al., 2002].   Diablotins 

and Crabier have U-Th ages younger than the related eruption age at 1σ error levels, but 

because crystallization and eruption ages overlap at 2σ error, they are considered mutually 

supportive within stated uncertainties. 

 

Table 5.2: Summary of (U-Th)/He results. N refers to the number of aliquots used to calculate the 
final age. Q represents the goodness-of-fit value. All ages shown are the average corrected ages 
calculated using MCHeCalc. Errors shown are 1σ errors. For full aliquot data and details of the 
disequilibrium correction process, see Electronic Appendix 6. 

Loc. # Unit (U-Th)/He Age 
(ka) 

n Q 

Northern Domes       
34 Aux Diables 170 (+ 14, - 14) 4 0.287 
37 Espagnol 744 (+ 46, - 45) 7 0.766 
41 Diablotins 75 (+ 4, - 4) 8 0.336 
Central Domes       
10 Micotrin N/A     
13 Trois Piton 26 (+ 2, - 3) 4 0.169 
29 Grand Soufrière 

Hills 
8.1 (+ 0.7, - 0.6) 5 0.0268 

Morne Plat Pays       
19 Plat Pays [DM] 61 (+ 3, - 3) 10 0.285 
40 Plat Pays [L] 11 (+ 1, - 1) 6 0.408 
21 La Falaise 84 (+ 4, - 5) 11 0.988 
38 Fous 40 (+ 3, - 3) 7 0.423 
PPVC Domes       
24 Northern Rouge 9.9 (+ 0.7, - 0.6) 6 0.408 
25 Patates N/A     
26 Crabier 16 (+ 1, - 1) 6 0.260 
39 Southern Rouge 3.8 (+ 0.3, - 0.3) 4 0.231 

 

 

Probability density functions (PDF) of zircon age distributions from the lava dome 

samples are generally unimodal, with major crystallization peaks occurring within ca. 60 ka 

of the respective eruption (Figures 5.3-5.4). By contrast, zircon age distributions for all 
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pyroclastic flow deposits display polymodal age distributions with ages ranging from the time 

of eruption to secular equilibrium (Figure 5.5; Electronic Appendix 6). Several samples 

display overlapping peak ages in PDF curves at sufficiently high probabilities (P >0.05) to 

accept the hypothesis that they sample the same age distributions based on Kolmogorov-

Smirnov (KS) statistical analysis (Figure 5.6). Zircon crystallization ages in the Northern and 

Southern Rouge, Crabier, Plat Pays [L], and Micotrin samples all peak at ~15 ka with high 

KS probabilities (P ranging from 0.4 to ~1; Figure 5.6A). A second U-Th age group of 

zircons comprises the Plat Pays[DM], Trois Piton, and Grand Soufrière samples which have 

overlapping peaks at ~45 ka with P values near unity (Figure 5.6B). Zircon U-Th ages in the 

La Falaise, Fous, and Diablotins samples display peaks at ca. 100 ka; their age distributions 

are also very similar with P ranging between 0.4 and ~1 despite the fact that they are 

geographically separated (Figure 5.6C). The oldest and northernmost sample, Aux Diables, 

has an apparent unimodal zircon crystallization peak at ~225 ka, but the high uncertainties of 

U-Th ages near secular equilibrium could mask any minor age variations. Regardless, this 

age is distinct from any of the other samples, as is the U-Pb age for the Espagnol Dome. The 

most recent dome, Patates, shows a minor young (<10 ka) zircon peak, similar to the peak in 

the other PPVC domes, but also has a second peak at ca. 30 ka. This combination of ages 

distinguishes Patates from the other domes, with low probabilities of similarity P < 0.1. 

 In contrast to the domes, zircon spectra from all ignimbrite deposits preserve multiple 

crystallization events (Figure 5.5). Within the ignimbrites, the three samples from the Roseau 

sequence (i.e. Goodwill Quarry, Link Flow 1, and Link Flow 3) have similar zircon age 

distributions with overlapping peaks at ~50 and ~100 ka (P = >0.9; Figure 5.6D; H). Layou 

and Londonderry display a different age distribution from the Roseau sequence (P <0.05), but 

overlap with each other (P = nearly 1; Figure 5.6D; H). 

 Based on the similarities in zircon age PDF curves (using KS statistics), zircons found in 

Dominica lava domes can be grouped into four categories which record diachronous phases 

of zircon crystallization occurring at ~250 ka (Group 1), ~100 (Group 2), ~45 (Group 3), and 

~10 ka (Group 4) (Figure 5.7). The corresponding range of eruption ages of these phases are: 

~170 ka, 40 – 84 ka, 8 - 26 ka, and 4 – 16 ka, respectively. In many cases, eruption centres 

which display overlapping zircon crystallization peaks are up to 40 km apart in map view 

(Figure 5.7G) and have eruption ages that differ by up to ~40 ka. Whereas zircons in the  

ignimbrites preserve multiple crystallization events, peaks within zircon age spectra for these 

deposits overlap with those present in the lava domes (Figure 5.7F). 
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Figure 5.3: Rank order plots and 
probability density distributions of U-
Th zircon model ages for the lava 
dome deposits with >20 ka eruption 
ages based on (U-Th)/He eruption 
ages. Ages are derived from two-point 
isochrons anchored using the whole 
rock and zircon values (see Electronic 
Appendix 6). Thick vertical lines 
indicate (U-Th)/He eruption age. 
Samples are organized according to 
eruption age from oldest to youngest. 
 

 

 

 

 

 
 
 
 
Figure 5.4: Rank order plots and 
probability density distributions of U-Th 
zircon model ages for the lava dome 
deposits with eruption ages <20 ka based 
on (U-Th)/He zircon geochronology. Ages 
are derived from two-point isochrons 
anchored using the whole rock and zircon 
values (see Electronic Appendix 6). Thick 
vertical lines indicate (U-Th)/He eruption 
age. Samples are organized according to 
eruption age from oldest to youngest. 
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Figure 5.5: Rank order plots and 
probability density distributions of U-
Th zircon model ages for pumiceous 
pyroclastic flow deposits. Thick vertical 
lines indicate (U-Th)/He eruption age 
from Howe et al. (2014).  
 

 

 

 

 

 

 

 

 

 

 

Figure 5.6: (A-H) Zircon crystallization age probability density curves showing results of 
Kolmogorov-Smirnov statistical comparison between age populations. (I-L) Boxes show probabilities 
between individual units. Probabilities P>0.05 indicate that the populations being compared are 
indistinguishable at the 95% confidence level. Dark grey boxes have correlations >0.05. White boxes 
have P<0.05. Samples are abbreviated as shown next to the sample names.  
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Figure 5.7: Summary of U-Th zircon rim crystallization ages. (A-D) Crystallization peaks of the lava 
dome deposits. Samples are grouped based on overlapping KS statistics, which show correlation of 
zircon populations (see Figure 6). (E) Crystallization peaks of Patates; note that Patates displays a 
separate crystallization peak from other domes. (F) Crystallization history of pyroclastic flow 
deposits. Lettered boxes represent eruption ages based on (U-Th)/He zircon geochronology. Eruption 
ages from Micotrin (M) and Patates (P) are from 14C ages (see Table 1). (G) Geographic distribution 
of samples belonging to each crystallization group. (H) Schematic cross-section of island showing 
possible range of magmatic correlation for different crystallization phases. This cross section 
illustrates distance only and does not imply variation of depth between groupings. Note: Morne 
Espagnol is not included in this figure as all of its zircons are older than the limit of U-Th analysis 
(ca. 350 ka). 
 

5.5.3 U-Pb zircon ages 

Crystals with secular equilibrium U-Th ages were identified in nine samples and were re-

analyzed by U-Pb techniques (Electronic Appendix 6; Figure 5.8). These analyses are 

reconnaissance because rims were affected by high common Pb which limits precision for 

individual ages. This was further confounded by low U and the young ages (probably near 

secular-equilibrium) of most of the crystals. Of the 50 crystals analysed, only 9 yielded 

ages >1 Ma. Although the majority of the older crystals in Aux Diables, Patates and Espagnol 

domes have ages between ~1 and 2 Ma, there are a few pre-Quaternary crystals (between 6.4 

± 2.2 and 54 ± 19 Ma) in the Aux Diables sample (Figure 5.8). Secular equilibrium zircons 

from Plat Pays, Trois Piton, Micotrin, Fous, and Londonderry all yielded ages <1 Ma. 
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Figure 5.8: U-Pb zircon analyses for Espagnol (A) and Aux Diables (B) uncorrected for common Pb. 
Mixing lines between radiogenic U/Pb and common Pb (with 207Pb/206Pb = 0.8283, typical for 
Southern California anthropogenic Pb as a surface contaminant; Sañudo‐Wilhelmy and Flegal, 1994) 
are indicated with their corresponding concordia intercept ages. For clarity, analyses with <30% 
radiogenic are omitted. 
 

5.5.4 Zircon U and Th abundances and saturation temperatures 

U abundances in zircon are mostly in the range of ~25 to 350 ppm (average = 150 ± 20 

ppm). Crystals with U concentrations >350 ppm are rare. Th concentrations range from ~10 

to 500 ppm (average = 70 ± 40) with Th/U (average= 0.47 ± 0.1) typical for magmatic zircon 

(Hoskin and Schaltegger, 2003). There are no clear trends between crystallization age and Th 

or U composition. Based on a simple mass balance calculation (assuming that U is entirely 

partitioned into the melt phase), average whole-rock U abundances of ~1 ppm translate into 

1.5 and 2 ppm melt U at crystal abundances of 35% for the pumices and 50% for the lava 

dome samples, using modal crystal data. These melt U abundances are consistent with the 

average zircon U abundance and a typical zircon-melt partitioning coefficient D = 100 

(Blundy and Wood, 2003). 

Zircon saturation temperatures calculated using whole rock compositions and 

calibrations in Watson and Harrison (1983) and Boehnke et al. (2013) range from 695 to 
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748 °C and 629 to 698 °C, respectively. However, Dominica rocks contain abundant 

phenocrysts (~50%) so that glass compositions are more representative for the melt than 

whole rock compositions and are consequently better suited to calculate realistic zircon 

saturation temperatures (e.g., Harrison et al., 2007). Using the same mass balance calculation 

as above (no Zr partitioning into major phases), the estimated Zr in the melt is 170 and 303 

ppm for pumices and lava dome samples, respectively. Using these values and glass 

compositions analyzed by electron microprobe for Dominica rocks (Halama et al., 2006; 

Howe et al., 2014) increases the corresponding range in zircon saturation temperatures to 

720-840 °C. These values are maximum values because some Zr will be sequestered in the 

major phases, but because of low partitioning values for Zr in these phases, this is reasonably 

expected to only represent a small fraction of the bulk Zr abundance of the rocks. The zircon 

saturation temperatures for Dominica rocks are thus in the lower range of the near-eruption 

temperatures determined by Fe-Ti oxide thermometry which are ~800 to 880 °C for PPVC 

(Halama et al., 2006) and ~750 to 900 °C (Howe et al., 2014) for other Dominica magmas. 

5.6 Discussion  

5.6.1 Zircon saturation thermometry: Evidence for zircon provenance from 
differentiated melt pockets 

Zircon crystallization is controlled by the Zr concentration of the melt, temperature, and 

the melt major element composition (Watson and Harrison, 1983; Boehnke et al., 2013). 

Because the zircon saturation temperatures determined using glass compositions overlap with 

the pre-eruptive magmatic temperatures (section 5.5.4), it is likely that zircon found within 

the andesitic deposits crystallized in fractionated melt that was equally or even more evolved 

than the interstitial glass of Dominica pumice or lava. This implies either the presence of a 

highly silicic reservoir, such as was suggested by Halama et al., (2006) for the PPVC, or the 

existence of differentiated melts pockets within a highly crystalline reservoir of intermediate 

bulk composition. In either case, the erupted magmas of intermediate composition are 

produced by magma mixing and/or thermal rejuvenation of evolved magma reservoirs (e.g. 

Kent et al., 2010). The presence of zircons in all domes implies that such highly differentiated 

melts were associated with each of the centres, and thus their presence can be inferred over 

much of the island. 
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5.6.2 Significance of zircon rim ages: crystal recycling and the presence of crystal-mush 

Based on direct dating of individual crystals, Miller et al. (2007) proposed three zircon 

categories: (1) zircon crystallized from the accompanying melt phase (autocrysts); (2) zircon 

recycled from earlier magmatic events (antecrysts), and (3) zircon entrained from 

surrounding country rock (xenocrysts). It is recognized that often complex growth relations 

exist in individual crystals that blur the limits between these categories. Few studies have 

specifically targeted the unpolished rims of zircon crystals (Reid and Coath, 2000; Bindeman 

et al., 2006; Storm et al., 2012). Where rims of separate crystals in the same hand specimen 

reveal age differences of up to several hundred thousand years, they provide evidence that the 

crystals experienced distinct thermal histories (Miller and Wooden, 2004; Claiborne et al., 

2010a; Storm et al., 2012). In the case of Dominica, most samples display a wide range of 

zircon rim ages extending from the time of eruption to secular equilibrium (ca. 350 ka; 

Figures 5.3-5.5), with many samples showing near continuous crystallization throughout their 

magmatic history. 

The large spread in each age spectrum from Diablotins, Trois Piton, Micotrin, and 

Morne Plat Pays samples (from eruption to secular equilibrium; Figures 5.3-5.4) indicates 

that the crystals were in contact with melt at varying times and were subsequently mixed 

back together just prior to eruption. The lack of resorbed zircon crystal faces is inconsistent 

with prolonged contact with a zircon-undersaturated melt, and the presence of older rim ages 

implies that crystals were intermittently out of contact with the melt phase. Such separation 

could be the result of storage in a subsolidus part of the magma reservoir or as inclusions in 

phenocryst phases (as discussed by Storm et al., 2012). However, because the analyzed 

zircons typically had adherent glass, we favour the interpretation that zircons initially 

crystallized in evolved interstitial melt pockets associated with highly crystalline crystal 

mushes of intermediate (andesitic) bulk composition, and were then recycled back into the 

erupted melt via ‘defrosting’ (Mahood, 1990) of the crystalline framework. Crystal recycling 

from mushy or subsolidus intrusions has also been invoked at other intra-oceanic arc settings 

based on evidence for mixed crystal populations and frequent disequilibrium between crystals 

and host melt (e.g., Barker et al., 2012).  The presence of rim ages that overlap within error of 

the (U-Th)/He age suggests that crystallization, and hence melt presence under conditions of 

zircon saturation, continued to occur at least in some parts of the intrusive complex up to the 

time of eruption. The preservation of older rim ages thus also implies that liberation from any 

subsolidus portions of the magma chamber and subsequent ascent likely occurred relatively 
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rapidly, i.e. at a rate faster than the time necessary to grow or resorb a measurable rim 

thickness.  

In contrast, several of the younger lava samples (e.g., Plat Pays [L], northern and 

southern Rouge, and Crabier) have exclusively young zircon rim ages (<50 ka; Figure 5.4). 

Several processes are possible to explain this: (1) the magmatic reservoir beneath these 

centres only recently became active; (2) the most recent period of zircon crystallisation 

resulted in ubiquitous overgrowth on relic crystals; (3) the population of relic crystals was 

swamped by new crystals; and/or (4) pre-existing crystals were obliterated at some point 

prior to ca. 50 ka. To distinguish between these scenarios would require age information from 

zircon cores which were not acquired in this study. Regardless, the zircon rim age spectra for 

Plat Pays [L], northern and southern Rouge, and Crabier that are distinct from Patates reveal 

that different zircon histories are recorded within closely spaced volcanic centres, less than 5 

km apart. 

KS analysis of zircon ages in pyroclastic deposits (Figure 5.6) identifies two groups: (1) 

the southern ignimbrites (e.g., Roseau Tuff, Link Flow 1, and Link Flow 2) and (2) Layou 

and Londonderry ignimbrites (Figure 5.7F). These groupings are supported by whole rock, 

glass and mineral geochemistry, which suggest that the southern ignimbrites are all related to 

a single source (Howe et al., 2014). The putative sources are Wotten Waven/Micotrin dome 

for the southern ignimbrites and Trois Piton dome for the Layou ignimbrite (Smith et al., 

2013). Although peaks within the zircon age spectra from the ignimbrites overlap with peaks 

present in the lava dome samples (Figure 5.7), suggesting they share a common source, the 

ignimbrites display a greater abundance of antecrystic zircons. A direct comparison is 

complicated by uncertainties in the sources of ignimbrites and the different eruption ages, but 

we speculate that large-volume pyroclastic eruptions are more disruptive in their magma 

storage reservoirs compared to dome-forming eruptions, and thus sample larger and more 

age-heterogeneous parts of these reservoirs. 

5.6.3 Genesis of an island-wide silicic intrusive complex beneath Dominica 

Based on homogenous whole rock compositions from volcanoes across the island and 

heterogeneous mineral chemistry seen in individual lava samples, Smith et al. (2013) 

proposed that Dominica is underlain by a large scale mid-crustal intrusive complex which 

formed via the amalgamation of smaller magmatic chambers associated with individual 

volcanoes. The incremental growth of plutons by accumulation of small magmatic additions 

is a model developed for batholith-scale intrusions in continental arcs (Glazner et al., 2004; 



109 
 

de Silva and Gosnold, 2007; Claiborne et al., 2010b). On Dominica, protracted zircon age 

spectra (Figure 5.7H) imply that individual domes tap a periodically reactivated crystal mush 

zone, which may span the length of the island.  

Combining PDF curves of zircon ages from individual volcanic rocks can provide a first-

order graphical representation about the durations and potential episodicity of crystallization 

within the reservoir feeding volcanic eruptions (Lowenstern et al., 2000; Bacon and 

Lowenstern, 2005; Charlier et al., 2005). The U-Th zircon ages presented here are indicative 

of the timing of crystallization in the magma and represent the final episode of zircon growth 

experienced by the crystal prior to eruption. Thus, the age peaks in PDF curves can be 

interpreted as the terminal crystallization episodes experienced by major populations of 

crystals prior to eruption. Heterogeneity of rim ages underscores that individual zircon 

crystals can record crystallization events in parts of the subterraneous magmatic system 

which may be isolated from each other. The cumulative zircon age PDF curves of a sample, 

however, has been demonstrated to reveal characteristic patterns of zircon crystallization that 

can fingerprint individual magmatic centres (e.g., Schmitt et al., 2010). Moreover, 

sequentially erupted lavas tapping the same magma system can reveal systematic relations 

between zircon rims and interiors that are consistent with progressive crystallization and/or 

zircon recycling in individual magmatic reservoirs (e.g., Storm et al., 2012). This is the basis 

of using PDF curves to relate volcanic rocks to a common magmatic source and to track the 

evolution of the magma system at depth.  

Based on the KS statistics, PDF curves from Dominica lava domes fall into four separate 

possible magmatic groupings (Figure 5.7), which in some cases comprise domes that are up 

to 40 km apart on the surface. This suggests that zircon crystallization records nearly island-

wide, episodic thermal rejuvenation. The spatial relationship between the magmatic groups 

also indicates a progressive movement of crystallization from north to south (at least for the 

dome samples; Figure 5.7 G-H). This suggests that the magmatic foci leading to construction 

of the intra-crustal magma reservoirs migrated arc-parallel with time. Such arc-parallel 

movement has been suggested for several islands in the Lesser Antilles, including Montserrat, 

St. Kitts, Guadeloupe, and St. Vincent, and has been attributed to changes in the orientation 

of downgoing slab due to the growth of the accretionary prism (Harford et al., 2002). 

Three centres deserve special discussion: Aux Diables, Espagnol, and the PPVC. Aux 

Diables is older than the other centres, with many of its zircons at or near secular equilibrium, 

and as the only tholeiitic centre on the island has a strikingly different geochemical 

composition (Smith et al. 2013). Based on this, we concur with Smith et al. (2013) that Aux 
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Diables is likely magmatically separate from other centres on the island. Morne Espagnol, 

also in the North, is exceptional because of its comparatively old zircon ages (ca. 1 Ma; Fig. 

8). In contrast, the majority of PPVC centres in the south display exclusively young rim ages, 

suggesting that this region may be the site of new magma injection and reservoir growth. 

Based on the high crystallinities of PPVC lava samples, which contain large crystals 

indicative of an extensive cooling period, and low Fe-Ti oxide temperatures, Halama et al. 

(2006) suggest that the PPVC lava domes sit atop a long-lived, shallow magma reservoir, 

which has been active for >100 ka. This scenario agrees broadly with our zircon spectra for 

Patates, but not with zircon spectra from Crabier and Rouge, despite all domes being similar 

in composition and crystallinity. However, as our data consist only of rim ages, it is possible 

that older zircons were overgrown or obliterated which could underestimate the longevity of 

the reservoir tapped by Crabier and Rouge. 

Based on nearly continuous zircon crystallization in spatially separated domes of 

Dominica, we can refine the Smith et al. (2013) model that a batholith has amalgamated 

beneath the central and southern parts of Dominica throughout the Pleistocene-Holocene, 

stretching from Diablotins to the southern tip of the island. The beginnings of this nearly 

island-wide intrusive complex remain obscure because our study concentrated on final zircon 

growth, but reconnaissance U-Pb zircon rim ages for the southern domes are exclusively <2 

Ma implying that it is entirely Quaternary in age.  

5.6.4 Implications of ancient zircons and crustal maturation in intra-oceanic arcs 

Given the complexity of interpreting zircon age distributions, it is often difficult to 

determine co-magmatic (autocrystic and antecrystic) from xenocrystic zircons which have 

been assimilated from a contaminant source. U-Pb ages for Dominica zircons range from ca. 

400 ka to ca. 50 Ma. As volcanic activity on Dominica has been occurring since the late 

Miocene (~7 Ma; Smith et al., 2013), we suggest that only grains >7 Ma are xenocrystic 

sensu stricto (i.e. inherited from the overriding arc crust). The majority of zircons analysed by 

U-Pb are <7 Ma old and are thus considered antecrysts liberated from sub-solidus storage just 

prior to eruption (as they do not have a young zircon rim). The predominance of zircons <1-2 

Ma suggests that silicic magmatism beneath Dominica is a relatively recent development.  

Zircon xenocrysts provide evidence for crustal contamination in magmas (e.g., Charlier 

et al., 2010). Such crystals have been found in ancient, uplifted arc sequences and been 

attributed to assimilation of material from the overriding crust (Smyth et al., 2007; Bosch et 

al., 2011). Two Eocene zircons (from the Aux Diables sample) provide evidence for relic pre-
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arc basement beneath Dominica and could be related to Eocene arc volcanism (50-60 Ma; 

Bouysse and Westercamp, 1990; Maury et al., 1990; Rao, 2008). Although crustal 

contamination has been invoked to explain trace element patterns and Sr-Nd-Pb isotopes of 

volcanic rocks on St. Lucia (Bezard et al., 2014), the relic zircons in Dominica rocks 

represent the first direct evidence of an ancient silicic crustal component beneath the arc. 

Intra-oceanic arcs have been suggested as one of the primary locations for the generation 

of continental crust (e.g., Taylor, 1967; Scholl and von Huene, 2009). Recent geophysical 

surveys of the Izu-Bonin (e.g., Kodaira et al., 2007) and Lesser Antilles (Kopp et al., 2011) 

arcs indicate they are partly underlain by thick layers (>10 km) of intermediate plutonic 

material with seismic velocities similar to continental crust. Geophysical surveys of the 

Aleutian arc, however, find no such intermediate layer (Holbrook et al., 1999; Fliedner and 

Klemperer, 2000). This suggests that both Izu-Bonin and the Lesser Antilles are locally 

composed of ‘mature’ overriding crust. However, the timescales and mechanisms associated 

with such maturation are poorly understood. Zircon data from Dominica suggests that 

extensive plutons connecting volcanoes at depth can be built over a period of 1-2 Ma. The 

zircon crystallisation histories are similar to those seen in continental arcs, suggesting that 

pre-existing continental crust is not necessary for rapidly constructing voluminous batholith-

like silicic bodies in intra-oceanic arc settings.  

5.7 Conclusions 

The intra-oceanic arc volcanoes of Dominica have complex magmatic histories. Zircon 

U-Th ages suggest the presence of highly evolved melt beneath much of the island for the last 

1-2 Ma. Overlapping peaks in zircon crystallization from deposits erupted from spatially 

separated vents (~40 km) point to the existence of a laterally continuous mid-crustal intrusive 

complex beneath Dominica. Most eruption deposits display a wide zircon age distribution 

(>350 ka range) indicating the magmatic system comprises a long-lived, periodically 

reactivated mush-zone. Overall, there is a broad trend of “peak crystallisation” that migrated 

south (arc-parallel) across the island. Although, notably, crystallisation signals from 

voluminous pyroclastic deposits are different, pointing to the complexity of the magma zone. 

Some morphologically pristine lava domes of the PPVC display exclusively young zircon rim 

ages (<50 ka) with narrow crystallization peaks, suggesting the ongoing construction of a 

new magma reservoir beneath the southern portion of the island. Overall, the zircon data is 

consistent with the development of an island-wide plutonic complex that has rapidly evolved 

in the last 1-2 Ma. This indicates that the magmatic processes operating beneath Dominica 
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are similar to those seen in continental arcs. Thus, we suggest that the magmatic system at 

Dominica is a modern example of crustal evolution and thickening via magmatic 

accumulation and differentiation that may ultimately could lead to the formation of 

continental crust.  
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Chapter 6:  Evolution of young andesitic-dacitic magmatic systems beneath 

Dominica, Lesser Antilles 

 
 
This chapter focuses on geochemical results from whole-rock, mineral and glass analyses. 

Mineral-mineral and mineral-melt equilibrium constraints are presented in order to elucidate 

the different components associated with the evolution of Dominica’s silicic (andesitic-

dacitic) magmas. These are then assessed in light of petrographic constraints and whole-rock 

mass balance and Rayleigh fractionation models in order to create an integrated model for the 

magmatic processes occurring beneath the island. This work suggests that the majority of 

Dominica’s volcanic centres experience similar magmatic processes.  

This chapter represents a paper accepted for published in the Journal of Volcanology and 

Geothermal Research in March 2015.   
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6.1 Abstract 

The geology of Dominica, Lesser Antilles, is dominated by young (<200 ka) andesitic-

dacitic volcanic deposits. Although previous studies have mostly focused on the Plat Pays 

Volcanic Centre (PPVC), a volcanic complex located on the south-western tip of Dominica, 

evolved deposits are found across the entire island. Dominica’s andesitic-dacitic volcanic 

rocks are characterized by wide ranges in mineral compositions and a host of disequilibrium 

features. Mineral-mineral and mineral-melt equilibrium constraints suggest that three separate 

equilibrium assemblages are associated with the development of these evolved magmas. 

While Rayleigh fractionation modelling indicates that these equilibrium groups may be 

related via fractional crystallization, enclaves with irregular boundaries and chilled margins 

provide evidence of open-system processes such as magma mingling. To explain the 

disequilibrium assemblages and textures, we propose that Dominica andesites and dacites are 

the result of convective self-mixing within magma reservoirs comprised of three distinct 

components: 1) underplating basalt, 2) basaltic-andesitic mush and 3) interstitial rhyolitic 

melt. A notable exception is Aux Diables, the northernmost centre on the island, which has a 

strikingly different whole-rock geochemistry than other centres. Trace element modelling 

indicates that this centre is influenced by lower crustal assimilation in addition to fractional 

crystallization. This study suggests that basaltic-andesitic mush is a necessary component in 

the generation of evolved magmas beneath the island of Dominica. Available ages suggest 

that such mush has existed beneath parts of the island for at least 200 ka.   

6.2 Introduction 

Although intra-oceanic arc (island arc) magmatism is dominated by mafic (basalt to 

basaltic andesitic) compositions, silicic magmas form a significant proportion of the erupted 

products (Gill, 1981; Tamura and Tatsumi, 2002; Leat and Larter, 2003; Barker et al., 2013). 

While primitive magma genesis in such settings is attributed to melting in the mantle wedge 

due to fluid release from the subducting slab (Wilson, 1989; Plank and Langmuir, 1993), 

magmatic evolution is associated with modification during ascent via a variety of mantle and 
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crustal processes. These include closed system processes such as fractional crystallization 

(e.g. Grove et al., 2005) and simple convection in a magma reservoir (Couch et al., 2001), 

and open system processes such as magma mingling (Sakuyama, 1984; Kent et al., 2010) and 

assimilation (Davidson et al., 2005). Traditionally, models using Rayleigh fractionation 

(Wilson, 1993) or a combination of assimilation and fractionation (AFC; Grove et al., 1982) 

have been used to elucidate subterranean processes associated with volcanic activity. 

Unfortunately, many such models can be mathematically viable but geologically irrelevant 

(Defant and Nielsen, 1990). Therefore, it is important to link whole-rock geochemical models 

with other petrographic and geochemical characteristics in order to create fully integrated 

models of subsurface processes.  

Here, we examine a suite of andesites from Late Pleistocene to Recent volcanic centres 

across the island of Dominica (Figure 6.1). Detailed geochemical and petrographic studies of 

the southernmost centre on the island, the Plat Pays Volcanic Complex (PPVC), suggest that 

the magmatic system has experienced high levels of differentiation (Gurenko et al., 2005; 

Lindsay et al., 2005b) and may be underlain by a long-lived, highly crystalline magma 

reservoir (Halama et al., 2006). Reconnaissance whole-rock geochemistry from across the 

island revealed that the northern-most centre (Aux Diables; Figure 6.1) consists of tholeiitic 

andesite, while all other major centres are calc-alkaline in composition (Smith et al., 2013). 

The petrology of the calc-alkaline volcanoes led Smith et al. (2013) to propose that many of 

the centres experience similar magmatic histories and therefore may be connected. Further, 

zircon geochronologies of magmas from ten volcanoes reveal a common thermal evolution 

(Howe et al., 2015). Despite these studies, there is limited knowledge on the upper crustal 

magmatic conditions of the late Quaternary magmas as recorded in rock and mineral 

chemistry. Here, we evaluate equilibrium constraints between minerals and melts in the 

andesitic deposits, and integrate them with petrography and whole-rock geochemistry to 

develop a model of upper crustal processes occurring beneath Dominica. Specifically we 

assess if the andesites can be generated by simple fractionation, magma mixing, open system 

convection, and/or a mixture of all such processes. 

6.3 Geologic Background 

6.3.1 Tectonic setting 

Active since the late Miocene, the Lesser Antilles island arc consists of 11 volcanic 

islands and marks the westward subduction of the oceanic North American Plate beneath the 

Caribbean Plate (Figure 6.1A). Convergence is estimated at ~2 cm/year and is associated 
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with a low magma production rate of ~3 km3/Ma (McCann and Sykes, 1984; Wadge and 

Shepherd, 1984). Due to the subduction of an aseismic ridge at the centre of the arc’s 

curvature near Dominica (Bouysse and Westercamp, 1990), the arc is segmented, with the 

northern part trending at 330° and the southern part trending at 020°. This subdivision is 

coincident with a change in the slab-dip from 50-60° in the north to 60-90° in the south 

(Wadge and Shepherd, 1984). Dominica lies on the southern end of the northern segment of 

the arc (Figure 6.1). 

Sitting atop >25 km of crust, the Lesser Antilles is considered a special case in island 

arcs which usually have crustal thicknesses of <20 km (Leat and Larter, 2003). Although 

little is known about the crust beneath the Lesser Antilles, it is thought to consist of mid-

Cretaceous to Palaeocene arc-related material associated with an older subduction zone 

(Macdonald et al., 2000).  Based on a seismic survey across the central part of the arc, a 

crustal model consisting of three layers has been proposed: 1) volcanogenic sediments (0-10 

km), 2) intermediate to felsic crust (10-20 km), and 3) a lower plutonic crust (20-28 km) 

(Kopp et al., 2011). Isotopic compositions of Lesser Antilles magmas are highly variable and 

have been attributed to the addition of variable amounts of subducted sediments (Davidson, 

1985; Macdonald et al., 2000). Recent work on St. Lucia volcanic rocks suggests that crustal 

contamination may also play a role in the development of magmas within the arc (Bezard et 

al., 2014). 

6.3.2  Geology of Dominica 

Dominica has eight potentially active volcanic centres (Figure 6.1B) including two 

possible calderas (Demange et al., 1985; Lindsay et al., 2005a). Although thick pyroclastic 

flow deposits indicate the occurrence of explosive activity, Pleistocene to Recent volcanism 

has been dominated by Pelean-style dome-forming eruptions similar to the ongoing eruption 

of Soufrière Hills on Montserrat (Lindsay et al., 2005b). In the early Pleistocene (1.7 – 2 Ma), 

volcanism was constrained to the northern half of Dominica and led to the development of 

Diablotins, a large stratovolcano, and Aux Diables, a smaller Pelean dome complex (Figure 

6.1; Smith et al., 2013). During the late Pleistocene (0 – 1.1 Ma) at least six more volcanic 

centres developed: Foundland, Morne Anglais, Trois Piton, Micotrin, Grand Soufrière Hills, 

and the Plat Pays Volcanic Complex (PPVC) (Figure 6.1). Foundland and Morne Anglais are 

the only basaltic centres active since the late Pleistocene (Lindsay et al., 2005b), and with the 

exception of the PPVC, all of the late Pleistocene volcanic centres consist of an obvious 

central dome surrounded by parasitic domes and associated block-and-ash flow deposits. 
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Figure 6.1: (A) Map of the Lesser Antilles volcanic arc. (B) Map of Dominica showing the main 
volcanic centres. Ignimbrite distributions from Lindsay et al. (2003) and Smith et al. (2013). (C) 
Simplified geology map of the Plat Pays Volcanic Complex indicating major features. Volcanic 
deposits modified from Lindsay et al. (2003; 2005b). Possible volcanic domes determined by Lindsay 
et al. (2005b) are designated by letters as follows V–LaVue/Vigie, A–Acouma, Cr–Crabier, R–Rouge, 
Vt–Vert, Pw–Powell, B–Bois d’Inde, Cb–Cabrits, H–Hagley, Fs–Fous, P–Patates. 
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Table 6.1: Location information with ages.  

 

Field 
Stop 

Sample Coordinates Location Description Outcrop 
Description

Previous Ages

33 Aux Diables 1 N15°37.942 
W61°27.584

Right side of road just 
south of Bellevue

Block-and-ash 
flow deposit

34 Aux Diables 2 N15°37.108 
W61°27.812

Small quarry south of 
Clifton

Block-and-ash 
flow deposit

35 Aux Diables 3 N15°36.465 
W61°27.819

SW side of Aux 
Diables 

Block-and-ash 
flow deposit 

170 ± 14 ka1 (U-Th/He)

36 Aux Diables 4 N15°37.352 
W61°26.173

Roadside outcrop at 
Aux Diables’ summit

Coherent lava flow

10 Micotrin N15°20.459 
W61°18.586

Western edge of 
Freshwater Lake

Weathered lava 
boulder field

1082 ±  68 Cal a BP2  

13 Trois Piton N15°23.367 
W61°18.738

Quarry on northern 
side of Trois Piton

Block-and-ash 
flow deposit

26 ± 3 ka1 (U-Th/He)

29 Grand 
Soufríere Hills

N15°16.615 
W61°15.371

Quarry south of Point 
Mulatre

Block-and-ash 
flow deposit 

8.1 ± 0.7 ka1 (U-Th/He)

41 Diablotins N15°30.012 
W61°24.873

Along Kachibona 
Lake track

Lava boulder 75 ± 4 ka1 (U-Th/He)

7505 ± 46 Cal a BP3

7543 ± 46 Cal a BP2

7682 ± 68 Cal a BP4

19 Plat Pays 
[D.Margin]

N15°14.161 
W61°20.608

NE edge of 
Depression Margin

Block-and-ash 
flow deposit.

61 ± 3 ka1 (U-Th/He)

40 Plat Pays 
[Lofty]

N15°15.347 
W61°20.931

NW side of Plat Pays 
at Mt. Lofty estate

Lava boulder 11 ± 1 ka1 (U-Th/He)

38 Fous N15°12.803 
W61°20.233

SW edge of Morne 
Fous behind Petit 
Coulibri estate

Boulder field 40 ± 3 ka1 (U-Th/He)

455 ± 935 Cal a BP5

629 ± 50 Cal a BP4

26 Crabier N15°12.788 
W61°21.592

South-western side of 
Crabier along 
Waitakubuli Nature 
Trail

Lava Boulder 16 ± 1 ka1 (U-Th/He)

39 Southern 
Rouge

N15°12.763 
W61°20.779

Southern edge of 
Rouge Ridge, near 
Coulibri estate

Lava Boulder 3.8 ± 0.3 ka1 (U-Th/He)

Southern Domes (Inside Depression Margin)
25 Patates N15°13.720 

W61°21.173
Road outcrop 
between Galeon and 
Soufrière

Lava Boulder

Southern Domes (Outside Depression Margin)

15 Plat Pays 
[Geneva]

N15°14.951 
W61°19.020

Geneva Estate Quarry Block-and-ash 
flow deposit 
above ignimbrite

Central Domes

Aux Diables
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Superscripts refer to references as follows: 1 = Howe et al. (2015); 2 = Lindsay et al. (2005b); 3 = Le Friant et al. 
(2002); 4 = Lindsay et al. (2003); 5 = Roobol et al. (1983); 6 = Howe et al. (2014). 
 
 

The PPVC comprises Morne Plat Pays and a score of smaller lava domes located within 

and adjacent to the Soufrière depression, and is the only well-studied volcanic centre on the 

island (Figure 6.1; Wadge, 1985; Lindsay et al., 2003; Gurenko et al., 2005; Lindsay et al., 

2005b; Halama et al., 2006). Morne Plat Pays is a large stratovolcanic complex that is 

truncated on its southwestern side by a ~900 m high collapse scarp. This forms the edge of a 

3 km wide semi-circular depression known as the Soufrière Depression (Figure 6.1C), which 

is proposed to have formed by flank collapse (Le Friant et al., 2002). Within the Soufrière 

Depression, young lava domes are interspersed with volcanic features of unknown age which 

have been variously described as domes (Lindsay et al., 2003; 2005b) or debris avalanche 

deposits (Roobol et al., 1983; Le Friant et al., 2002; Samper et al., 2008). Only three small 

domes (Rouge, Crabier and Patates) are unanimously considered to be in-situ post-collapse 

lava domes (Le Friant et al., 2002; Lindsay et al., 2005a; Samper et al., 2008).  

Several workers have attempted to determine the characteristics of the magma reservoir 

beneath the PPVC (Gurenko et al., 2005; Lindsay et al., 2005b; Halama et al., 2006; Smith et 

al., 2013). Although Lindsay et al. (2005b) found no evidence of mafic recharge within the 

system and suggested crystal fractionation as the main control on geochemical trends, 

Halama et al. (2006) proposed that andesitic to dacitic PPVC lavas are formed via injection 

and mixing of mafic magmas into a shallow silicic reservoir, which existed at 1.1 to 2.3 kbar 

1 Goodwill N15°18.506 
W61°23.067

Road outcrop inside 
Goodwill Quarry

5 m thick deposit 62 ± 8 ka6 (U-Th/He)

2 Link Road N15°18.256 
W61°22.465

Road outcrop along 
Santa Romet Road

Three ignimbrites 
interspersed with 
paleosols.

35 ± 3 ka6 (U-Th/He)        

25 ± 2 ka6 (U-Th/He)

16 Grand Bay N15°14.553 
W61°18.701

Grand Bay beach  - 
type locality

10 m thick deposit

4 Layou N15°23.859 
W61°25.607

Road outcrop just 
north of Layou river

4 m thick deposit 65 ± 5 ka6 (U-Th/He)

7 Grand Savanne N15°26.349 
W61°26.379

Road outcrop located 
500m north of 
Salisbury

Ignimbrite 
overlying surge 
deposits

9 Londonderry N15°33.614 
W61°17.832

Beach outcrop just 
north of Londonderry 
river

15 m thick deposit 80 ± 7 ka6 (U-Th/He)

Layou Ignimbrite

Northern Ignimbrites

Ignimbrites
Roseau Sequence
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pressure and was characterized by low temperatures (800-880 °C), moderately oxidizing 

conditions (ΔFMQ +1.5 ± 0.3), and water contents close to H2O saturation (5.2-5 wt.%). A 

melt inclusion study by Gurenko et al. (2005) suggests that PPVC magmas are mixtures of 

variably fractioned melts that have been contaminated by assimilation of older, possibly 

hydrothermally altered volcanic rocks.  An isotopic study of the PPVC indicates that εNd (+2 

to +4) and 87Sr/86Sr (0.7041 to 0.7047) are relatively homogenous (Lindsay et al., 2005b). 

While these values are higher than mantle values, this has been attributed to recycling of 

subducted pelagic sediment (White and Patchett, 1984). 

Although Pleistocene-Recent volcanic activity on Dominica has been dominated by 

dome-forming eruptions, pumiceous pyroclastic flow deposits also crop out across the island. 

Sourced from south-central Dominica, the Roseau Sequence is a series of six to seven 

ignimbrite-forming eruptions that occurred between ca. 20 and 70 ka (Table 6.1; Howe et al., 

2014). Deposits from these eruptions outcrop throughout the Roseau Valley and along the 

southern coast of Dominica outside the Soufrière Depression (Table 6.1; Figure 6.1). The 

Layou Ignimbrite outcrops within the confines of the Layou valley and is thought to be 

sourced from Trois Piton (Smith et al., 2013), while the northern ignimbrites, found at Grand 

Savanne and Londonderry (Table 6.1; Figure 6.1) are thought to be sourced from Diablotins 

(Sparks et al., 1980; Smith et al., 2013).  

A broad compilation of whole rock and mineral chemistry from centres across the island 

suggests that the majority of the volcanic rocks contain a chemically heterogeneous 

population of crystals which have experienced varying thermal histories (Smith et al., 2013). 

Within individual centres, this heterogeneity can be attributed to either magma mixing, partial 

melting of a partially crystalline mush zone, or to convective circulation within a single 

magma chamber (Smith et al., 2013). While such heterogeneity is common in andesites in 

general (e.g., Kent et al., 2010; Price et al., 2012), Dominica provides an opportunity to 

assess the relative roles of different processes within a suite of closely spaced volcanic 

centres. Based on similar whole rock and mineral compositions, Smith et al. (2013) suggests 

that the mid- to upper-crustal magma chambers beneath each centre may have coalesced to 

form an island-wide batholith. While zircon geochronology from multiple centres across the 

island indicates that centres up to 40 km apart on the surface have overlapping crystallization 

histories (Howe et al., 2015), evidence for full magmatic connectivity beneath Dominica’s 

volcanic centres is circumstantial and thus, the presence of an island wide batholith is still a 

subject of debate.  
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6.4 Methods 

6.4.1 Sampling 

Fifteen lava samples related to nine separate domes were collected for this study (Figure 

6.1). Samples were retrieved from block-and-ash flow deposits, lava boulders, and coherent 

lava flows (Table 6.1). Lava samples at Aux Diables 1, Trois Piton, Mictorin, Grand 

Soufrière Hills, Plat Pays Depression Margin (Plat Pays [DM]), Plat Pays Mt. Lofty (Plat 

Pays [L]), Crabier, and Patates contain mafic enclaves. Eleven such enclaves were large 

enough for separate geochemical analysis. Splits from all lava samples were cut for thin 

sections and crushed into powder for major and trace element analyses. A small piece of each 

sample was then coarse-crushed and minerals hand-picked for analysis. Pumices from 

ignimbrites across the island were also analyzed. In general 4 to 5 pumices from each outcrop 

were collected. A minimum of 2 pumices per outcrop were coarse-crushed for mineral 

picking. Geochemical data from the pumices is presented in detail in Howe et al. (2014). 

 

6.4.2 Major and trace elements 

Whole rock major elements and V, Zr, and Zn were determined on the 15 lava dome 

samples and 11 enclaves by X-ray Fluorescence on a Siemens SRS3000 sequential X-ray 

spectrometer at the University of Auckland. Preparation followed the method in Norrish and 

Chappell (1977). Three separate fused glass disks of each lava sample were created in order 

to ensure that the crushed powder was representative. Due their small size, each of the 

enclaves had only 1 analysed aliquot. Major elements have accuracy of <3.5% (absolute 

error). Trace elements other than V, Zr, and Zn were determined by ablating fused XRF disks 

with the Excimer LPX 120 laser and attached quadropole ICP-MS (Agilent 770 CS) at 

Australian National University, Canberra (ANU). The ablation was done under an Ar-He 

stratified environment (30% He, 70% Ar) with a scan speed of 20 µm/s and a spot size of 103 

µm. With the exception of Pb, which has >25% accuracy due to common Pb contamination, 

all trace elements have <10% accuracy (see Table 3.1 and Table 3.3 for standard data).  

6.4.3 Mineral and glass chemistry 

Glass and crystals were analysed using a JEOL JXA-850A electron microprobe at the 

University of Auckland. The accelerating voltage was 15 kV, and the beam current was 0.8 

nA. For mineral analyses, a ~2 µm focused beam was used. For glass analyses, a ~10 µm 

beam was used to minimize the time dependent migration of sodium. All analyses were done 

using a count time of 100 seconds. Glass analyses were normalized to 100% on a water free 



 

122 
 

basis. Samples were prepared following the method of Froggatt and Gosson (1982). Errors 

for major oxides in glass and minerals were determined via replicate analyses of Astimex™ 

standards. Typical errors on the glass are SiO2 (<±0.13 %), TiO2 (<±7.5 %), Al2O3 (<±0.90 

%), FeO (<±3.2 %), MnO (<±25 %), MgO (<±6.5 %), CaO (<±8.6 %), Na2O (<±1.2%), K2O 

(<±4.4 %), Cl (<±10 %). All major oxides in minerals have errors <5% except for those of 

low abundance (i.e. <0.4 wt.%), where the error increases to >25%. 

6.5 Results 

6.5.1 Petrography  

Lava samples are porphyritic, with ~40-55% phenocrysts (Figure 6.2A). Phenocryst 

phases include plagioclase (71-77%), clinopyroxene (cpx; 3-10%), orthopyroxene (opx; 7-

16%), Fe-Ti oxides (2-5%), and amphibole (0-9%).  Lava samples from Patates and Crabier 

contain complexly zoned plagioclases and glomerocrysts up to 3 mm in size. Glomerocrysts 

generally consist of inter-grown pyroxenes and plagioclases. Olivine is a major phenocryst  

 

 

Figure 6.2: Photomicrographs of Dominica lavas and enclaves. A) Typical porphyritic texture in 
andesites (from Micotrin).  B) Example of a chilled margin (dark grey) between andesitic lava (right) 
and mafic enclave (left) indicating that the enclave was molten when emplaced (from Grand Soufrière 
Hills) C-D) Irregular boundaries between chilled highly crystalline enclaves and andesitic host lava 
found in Aux Diables 1 and Plat Pays [L], respectively. E) Boundary of enclave (left) and host lava 
(right) found within Trois Piton sample. Enclave is clearly being broken apart, suggesting it was not 
molten when entrained. E = enclave; H = host rock. F) Highly crystalline enclave found within 
Patates. 
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phase within the Plat Pays [DM] sample, but is rare in all other units. Zircon and apatite are 

accessory minerals in all lava samples. 

 Mafic enclaves are present in most of the studied centres, and range in size from ~1 to 

~10 cm. Some enclaves in Trois Piton, Plat Pays [DM], and Grand Soufrière Hills are 

porphyritic (~15-60% crystals), and have chilled margins (Figure 6.2B), indicating that they 

were molten when entrained (Bacon, 1986). Enclaves within the Trois Piton, Aux Diables 1, 

and Plat Pays [L] samples all have irregular boundaries and display crystal exchange between 

the host lava and the enclave (Figure 6.2 C-E). Holocrystalline enclaves were found within 

the Trois Piton and Micotrin domes. Crystals within these enclaves are much smaller (<0.3 

mm) than those in their related host lavas (0.5 – 2 mm). Holocrystalline enclaves (~98% 

crystals) were also found within the Patates and Crabier samples, and have intergranular 

textures with an average crystal size of ~80-100 µm (Figure 6.2F). The modal mineralogies 

of the enclaves are very similar to that of their host lavas, and typically consist of plagioclase 

(70-80%), orthopyroxene (0-12%), clinopyroxene (5-10%) and Fe-Ti oxide (2-3%). A large 

(~7 cm) mafic enclave from the Plat Pays [DM] sample contains <15% crystals and is 

comprised of plagioclase, clinopyroxene, rare Fe-Ti oxides, and amphibole.  

Pumice clasts from the ignimbrites are crystal rich with ~25-30% crystals. They share a 

common mineral assemblage of plagioclase (73-83%), Fe-Ti oxides (1-4%), clinopyroxene 

(0-12%), and orthopyroxene (6-15%). Crystals are generally euhedral and uniform in size 

(~120 µm). Clinopyroxene was not found in the Layou deposit. Olivine is rare in all units, but 

occurs as small bladed crystals in Roseau Sequence pumices. No enclaves were found in any 

of the pumices. See Howe et al. (2014) for full petrographic information of the pumices. 

 

6.5.2 Whole-rock geochemistry   

With the exception of samples from Aux Diables dome, which are low-K, tholeiitic 

andesites, all studied lava samples are medium-K, calc-alkaline rocks ranging from andesitic 

to dacitic in composition (Figure 6.3A; Electronic Appendix 5). Enclaves range from a basalt 

in the Plat Pays [DM] sample (Figure 6.3B) to basaltic-andesites in the Mictorin, Trois Piton, 

and Grand Soufrière Hills samples (Figure 6.3A). Trois Piton, Mictorin, and Grand Soufrière 

Hills samples have overlapping whole rock compositions and are virtually indistinguishable 

in their major and trace elements (Figure 6.3A; C; E; G), while Diablotins has a lower SiO2 

content (~58-59 wt.% SiO2; Figure 6.3A). The low K, Aux Diables samples can be split into 

two groups. One group has high Sr (>275ppm) and low La/Lu ratios (<2.5) compared to other 

andesites; while the other group has comparable Sr (~240) and La/Lu ratios (~3) (Figure  
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Figure 6.3: Whole-rock geochemical plots. K2O classifications shown in the uppermost plots are from 
Le Maitre (1989). Northern and central domes and associated enclaves are shown in the left panels, 
while southern domes and associated enclaves are shown in the right panels. Note, the basaltic 
enclave appears in plot B, but has been excluded from plots D, F, and H in order to maintain a 
reasonable scale. Compositions of pumices found in the ignimbrites (from Howe et al. (2014)) are 
shown as fields: northern ignimbrites = white field, Roseau Sequence = lined field, Layou ignimbrite 
= hatched field. All analyses are normalized to 100% water free. 
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6.3E; G). Rocks from within the PPVC display a compositional range from 58 to 66 wt.% 

SiO2 (Figure 6.3B). The younger domes (i.e. Rouge, Crabier, and Patates) have similar major 

and trace element whole rock compositions and are slightly more evolved than the Morne 

Plat Pays edifice samples [DM, L, and G]. In general, they have higher K2O and Sr than the 

Plat Pays samples but lower MgO (Figure 6.3D; F; H). The ignimbrites range from 62 to 67% 

SiO2 (Figure 6.3A; Howe et al., 2014), and have higher SiO2, K2O, and La/Lu ratios and 

lower Sr and MgO than most andesitic lava domes (Figure 6.3C; E; G). 

 

 

Figure 6.4: Trace element multi-element plots for the northern centres (A-B), central centres (C-D), 
and southern centrals (E-F). Left side = N-MORB normalized incompatible trace element diagram. 
Right side = Chondrite normalized rare earth element (REE) plots. N-MORB and chondrite values 
are from Sun and McDonough (1989). The average composition of the Roseau Sequence ignimbrites 
is shown for comparison (C; D). This composition is representative of ignimbrites across the island 
(Howe et al., 2014; Smith et al., 2013). 
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Trace element compositions of Dominica lavas follow a general subduction zone trend 

on multi-element plots (depleted Nb, enriched LILE; Figure 6.4). All lava samples are 

enriched in light rare earth elements (LREE) and contain small negative Eu anomalies (Eu* = 

0.77 – 0.94; Figure 6.4). The Aux Diables samples also display large negative Zr and Hf 

anomalies and small positive Sm anomalies (Figure 6.4A). Pumices from the Roseau 

sequence (representative of all ignimbrite deposits) display trace element and REE variations 

similar to those of the lava domes (Figure 6.4 C-D; Howe et al., 2014). 

Enclaves display lower trace element abundances than their related host rock lavas and 

have distinct negative Zr anomalies and large positive Sr anomalies (Figure 6.4). REE 

diagrams for the enclaves found in Trois Piton, Mictorin, and Grand Soufrière Hills lavas 

show clear positive Eu anomalies (Eu* = 0.98 – 1.18; Figure 6.4F). The basaltic enclave 

found within Plat Pays [DM] has a negative Eu anomaly (Eu* = 0.81) and large Nb, Ta and 

Sr anomalies (Figure 6.4E). It is also depleted in heavy rare earth elements (Figure 6.4F).  

 

6.5.3 Mineral chemistry 

Plagioclase   

Plagioclase is the dominant phenocryst in all samples and occurs as subhedral to 

euhedral laths, 0.1 to 3 mm in size. Many grains display wavy resorption boundaries, sieve 

textures, and complex zoning. Phenocryst plagioclase in the lava domes and pumices 

(compiled from multiple rim to core profiles per sample) range in composition from An45 to 

An95, with most samples showing a dominant compositional peak at ~An50-60 (Figure 6.5A). 

High An (i.e. An>80) compositions were observed both at rims and cores. While groundmass 

plagioclase compositions often overlap with the related phenocryst compositions, they also 

display more sodic compositions, as low as An30. Plagioclase phenocrysts in the enclaves 

display a similar range in composition to their host lavas (Figure 6.5A).  

Clinopyroxene   

Clinopyroxene occurs as green, subhedral to euhedral augite phenocrysts 0.3 to 1.5 mm 

in size. In places, it occurs as overgrowths on orthopyroxene. Within the lavas and pumices, 

clinopyroxene compositions (based on single spot analyses) range from En33 to En48, with 

most samples displaying dominant population between En36 and En40 (Figure 6.5B). 

Clinopyroxenes in some lava and enclave samples have distinctly elevated Al compositions 

(>2 wt.% Al2O3), which has been correlated with high-pressure crystallization from a basaltic 

magma (Le Bas, 1962; Mercier, 1980). Such high-Al2O3 clinopyroxenes are  
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Figure 6.5: Chemistry of crystals found in Dominica lavas, enclaves, and ignimbrites: A) plagioclase 
compositions, B) clinopyroxene compositions, C) orthopyroxene compositions. D) Plot showing the 
variation in Al2O3 wt.% with En content of clinopyroxenes. All Centers* refers to all studied centers 
including Plat Pays, Aux Diables, and Diablotins which contain both low-Al and high-Al 
clinopyroxenes. Ignimbrite data was taken from Howe et al. (2014). 
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found within the Aux Diables 3, Aux Diables 4, Diablotins, and Morne Plat Pays [DM, L, 

and G] samples (Figure 6.5D). Within the Diablotins and Morne Plat Pays samples, high 

Al2O3 is correlated with high En content; within the Aux Diables samples, higher Al2O3 

shows no correlation with En composition (Figure 6.5D). Although clinopyroxene occurs as a 

groundmass phase in some samples, this was too small to analyse. Clinopyroxenes within the 

enclaves generally have similar compositions to those found in their host lavas, ranging from 

En36 to En40 (Figure 6.5B). Clinopyroxenes in the basaltic enclave from Plat Pays [DM] are 

all mafic with elevated Al (2-5 wt.% Al2O3) and Mg (>En46) contents (Figure 6.5B; D). 

Orthopyroxene 

 Orthopyroxene occurs as subhedral phenocrysts, 0.1 to 1 mm in size, and as inclusions 

in both plagioclase and amphibole. In general, spot analyses of phenocryst orthopyroxenes in 

lavas and pumices yield compositions from En47 to En67, with most samples showing a 

dominant peak between En47 and En57 (Figure 6.5C). Groundmass orthopyroxene was 

analyzed in Diablotins, Trois Piton, and the Morne Plat Pays [DM and L] samples and is 

always >En62 (Figure 6.5C). Here, orthopyroxenes with En values <60 are defined as a ‘low-

Mg’ population; while those with En values >60 are defined as a ‘high-Mg’ population. No 

high-Mg orthopyroxenes were found in any of the pumices. Within the enclaves, 

orthopyroxene compositions overlap with those in the host rock. Some enclaves also contain 

high-Mg orthopyroxene phenocrysts. Although orthopyroxene is not found as a phenocryst 

phase within the basaltic enclave [19X], it is found as a groundmass phase and has a 

composition of >En74. In the younger domes (i.e. Rouge, Crabier, and Patates), 

orthopyroxene has a limited compositional range of En50-58 (Figure 6.5C). 

Amphibole 

Amphibole is found in pumices from the Roseau Sequence and Layou ignimbrites and in 

all lava samples except Aux Diables [1, 2 and 4], Trois Piton, and Fous. Where present, it 

makes up <1% of the total crystal population and occurs as subhedral tabular crystals 

typically <1 mm in size, although some reach up to 3 mm. Black reaction overgrowth rims of 

Fe-Ti oxides are common and in some cases make up >60% of the amphibole mass. Micro-

inclusions of orthopyroxene, plagioclase, glass and Fe-Ti oxides are common in amphiboles. 

Most crystals are non-zoned. Amphibole stoichiometry was calculated following Leake et al. 

(1997). All amphiboles are classified as magnesiohornblendes (see Appendix E). The 

uniformity of amphibole compositions both within and between crystals (6.5-6.9 formula Si; 
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1.55-1.75 formula Ca) makes it is difficult to assess whether temperature or pressure control 

processes have operated. All substitution plots are presented in Appendix E.  

Fe-Ti Oxides 

Fe-Ti oxides (titanomagnetite and ilmenite) occur as small <1 mm phenocrysts and as 

inclusions in pyroxene, amphibole, and plagioclase. With the exception of the Aux Diables 3, 

Plat Pays [G], and Patates samples, oxides within Dominica lava samples display exsolution 

lamellae. As analyses of exsolved grains do not represent magmatic compositions, only Fe-Ti 

oxides from the three unexsolved samples are presented in this study. Ulvospinel (Usp) 

contents for titanomagnetites (from spot analyses) range from 0.27 to 0.31 Usp; while 

ilmenites range from 0.84-0.89 Ilm. There was no compositional difference between Fe-Ti 

oxide inclusions in host crystals and those that occur as phenocrysts. Within the ignimbrite 

pumices, Fe-Ti oxides range from 0.25 to 0.35 Usp (Howe et al., 2014). 

Olivines 

Olivine occurs in the Diablotins, Trois Piton, Morne Plat Pays [DM, L, and G], and 

Patates samples as small <0.5 mm euhedral phenocrysts with no optical zoning. Some 

phenocrysts up to 1.5 mm in size are found in the Plat Pays [DM] sample. No evidence of 

resorption or overgrowth is visible in thin section. Within the Trois Piton sample, olivines 

range in composition from Fo62 to Fo77. Within the Morne Plat Pays and Diablotins samples, 

olivine compositions range from Fo76 to Fo88. Rare olivine microcrysts within Patates have 

compositions of ~Fo64. No olivine was found in any of the enclaves. Olivine found within 

Roseau Sequence pumices is fayalitic in composition (Fo1-2, Fa98-99). 

  

6.5.4 Glass Chemistry  

Within Dominica lava samples, groundmass glass (normalized to 100% water free) is 

dacitic to rhyolitic, ranging from 67 to 79 wt.% SiO2 with 1-6 wt.% K2O, with  single 

specimens often displaying a wide range of compositions (Figure 6.6 A-B). Analysed glass 

from several samples could not be used due to varying microlite content. With the exception 

of Plat Pays [G] which displays a range of 66 to 78 wt.% SiO2, all PPVC samples have 

rhyolitic groundmass glass (>73% SiO2). The three lava domes found within the Soufrière 

Depression (i.e. Crabier, Rouge, and Patates) have a very restricted glass compositional range 

(75-78 wt.%  SiO2; Figure 6.6B). The Aux Diables samples have notably different 

groundmass glass than all other samples, with <2 wt.% K2O (Figure 6.6A). Groundmass glass 

from an enclave within Grand Soufrière Hills is rhyolitic and overlaps with the glass 
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composition of the host lava, which displays a wide compositional range from 67 to 77 wt.% 

SiO2 (Figure 6.6A). Melt inclusions within orthopyroxenes are generally rhyolitic, with >74 

wt.%  SiO2 and 1-5 wt.% K2O (not shown) and overlap with their host lava compositions. 

Based on the water-by-difference method from electron microprobe data, water contents 

within the melt range from 1 to 5%.  

 

Figure 6.6: Glass chemistry of groundmass glass from the northern and central centres (A) and the 
PPVC centres (B). Groundmass compositions from pumices found in the ignimbrites from Howe et al. 
(2014) are shown as fields: northern ignimbrites = white field, Roseau Sequence = lined field, Layou 
ignimbrite = hatched field. All analyses are normalized to 100%. 

 

Groundmass glass from pumices within the ignimbrites is rhyolitic with 73-78 wt% SiO2 

(Figure 6.6A; Howe et al., 2014). Although the ignimbrite glasses generally have lower K2O 

than glass from Grand Soufrière Hills and Diablotins (Figure 6.6A), they overlap in 

composition with glass analyses from Micotrin, Plat Pays, and PPVC centres. 

 

6.5.5 Thermobarometry 

Plagioclase-Liquid  

Plagioclase-liquid equilibrium constants (KD values) were calculated following the Ab-

An exchange formula of Putirka (2005).  For temperatures <1050°C, Putirka (2008) suggests 

that KD
Plag-Liq values of 0.1 ± 0.05 indicate equilibrium. As glass compositions within 

individual lava samples are heterogeneous (Figure 6.6A-B), the entire range of plagioclase 

compositions in each sample was tested against its related spectrum of glass compositions for 

equilibrium. In contrast, as glass compositions within individual pumice clasts are relatively 
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uniform (Figure 6.6A), equilibrium constraints for the ignimbrites were calculated using the 

average glass composition for each samples. In all cases these were 74-77 wt.% SiO2. 

Equilibrium plots for all samples are presented in Appendix E. All plots display the most 

evolved and least evolved glass compositions in order to show the full equilibrium range. Plat 

Pays [DM] and Grand Soufrière Hills are typical examples (Figure 6.7 A-B). In general, it 

was found that groundmass glass with <74 wt.%  SiO2 is in equilibrium with plagioclase 

crystals ranging from Ab30 to Ab 45 (An55-70) (e.g. Figure 6.7 A-B), while  groundmass glass 

with >74 wt.%  SiO2 is in equilibrium with plagioclases with >Ab45 (<An55) (not shown, see 

Appendix E). Calcic plagioclases with >An70 have KD
Plag-Liq<0.01 and are not in equilibrium 

with any of the observed glass compositions. Within the Rouge and Crabier samples, 

available glass compositions failed to generate KD values higher than 0.03. Therefore, no 

equilibrium pairs were found within these samples.  

Temperatures using equilibrium pairs and assuming an average water content of 5 wt.% 

were calculated following Putirka (2008).  This water content was chosen based on the 

compilation by Macdonald et al. (2000) for Lesser Antilles magmas and also falls within the 

range of values (4-6% H2O in volatile-rich melt inclusions) determined for Dominica by 

Gurenko et al. (2005). Calculated temperatures are highly dependent on water content and 

vary by ±38°C per 1% H2O (Putirka, 2008). As intermediate melts in island arcs typically 

have water contents of 2-3 wt.% (Moore and Carmichael, 1998; Pertermann and Lundstrom, 

2006; Wade et al., 2006), the temperatures were also calculated at 3% H2O for comparison. 

Plagioclase-melt equilibrium temperatures range from ~800 to >1020°C for Dominica lavas 

and from ~825 to ~870 °C for the ignimbrites (Table 6.2; Figure 6.8). Based on melt 

modelling calculations, this thermometer has an error of ±23 °C (Putirka, 2008). 

Orthopyroxene-Liquid  

KD values for orthopyroxene-liquid equilibrium were calculated using the Fe-Mg 

exchange originally described in Roeder and Emslie (1970) for olivine. Glass MgO values 

vary from 0.02-1.5 wt. %. MgO values of <0.4 wt. % are below the reliable detection limit of 

the electron probe and were therefore not used. Although the equilibrium range is generally 

stated as KD
Opx-Liq =0.29 ± 0.06, it decreases with increasing silica following the formula 

KD
Opx-Liq =0.4805-0.3733(X SiO2), where X SiO2 is the cation fraction of silica in the liquid 

(Putirka, 2008). At XSiO2 =0.70-0.74, the equilibrium range decreases to KD
Opx-Liq =0.21 ± 

0.06. Orthopyroxene-melt KD values were individually determined for all glass compositions  
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Figure 6.7: Equilibrium constraints for (A-B) plagioclase-melt, (C-D) clinopryoxene-melt, (E-F) 
orthopyroxene-melt, and (G-H) clinopyroxene-orthopyroxene. Dotted boxes display the equilibrium 
range of the two components of interest. Data from Grand Soufrière Hills is shown on the left, while 
data from Plat Pays [DM] is shown on the right. These two samples were selected to illustrate 
equilibrium constraints based on the completeness of their datasets. Based on equilibrium constraints 
(see section 6.4.5 for details), minerals from equilibrium Group 3 crystallized in melt with >74 % 
SiO2, while minerals in equilibrium Group 2 crystallized in melt with <74 % SiO2.  Note: all glass 
compositions were tested to derive the >/< 74 % SiO2 division. The SiO2 value of the glass 
compositions used for the individual plots is shown next to the related data. For all equilibrium plots, 
see Appendix E. Panels A-F also indicate calculated temperatures on the top axis. 
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using the appropriate XSiO2 value. As the majority of glass compositions from Dominica lavas 

have XSiO2 values of >70, the lower KD
Opx-Liq  of 0.21 ± 0.06 is shown in Figure 6.7 (C-D) to 

illustrate equilibrium pairs. In general, ‘low-Mg’ orthopyroxene is in equilibrium with glass 

compositions >74 wt.% SiO2 (e.g. Figure 6.7 C-D),  while ‘high-Mg’ orthopyroxene is in 

equilibrium with glass compositions <74 wt.% SiO2 (e.g. Figure 6.7D). No orthopyroxenes 

found within the Rouge sample are in equilibrium with the related melt. Within the 

ignimbrites, ‘low-Mg’ orthopyroxene is in equilibrium with glass >74 wt.% SiO2. For 

equilibrium plots of all samples, see Appendix E.  

Temperatures were calculated following the revised formulas in Putirka (2008). As with 

plagioclase-liquid calculations, the water content was assumed to be 5 wt.%. Based on 

experimental data, the orthopyroxene-melt thermometer has an error of ±26 °C (Putirka, 

2008). Although replicate analyses at varying water contents indicate that temperatures from 

this thermometer vary by +12 °C with +1% H2O, this is within the error range of the 

technique. Calculated temperatures from this thermometer range from ~800 to ~990 °C, with 

a clear difference between temperatures calculated using ‘low-Mg’ orthopyroxene-liquid 

pairs (800-940 °C) and ‘high-Mg’ orthopyroxene-liquid pairs (950-990 °C) (Figure 6.8A; 

Table 6.2).  

Clinopyroxene-Liquid  

Clinopyroxene-liquid equilibrium was also determined using Fe-Mg exchange, where 

KD
Cpx-Liq=0.27±0.03 (Nimis and Taylor, 2000; Putirka et al., 2003; Putirka, 2008). KD values 

were determined by comparing the atomic Mg# of the glass with the atomic Mg# of the 

clinopyroxene. The KD value for the clinopyroxene-liquid thermometer does not vary with 

increasing silica content. In general, clinopyroxenes (Mg#<72) are in equilibrium with glass 

compositions <74 wt.% SiO2 (Figure 6.7 E-F),while high-pressure clinopyroxenes (Mg#>72)  

are not in equilibrium with any of the measured glass compositions (Figure 6.7F). No 

clinopyroxenes in the Aux Diables 2, Plat Pays [G], or ignimbrite pumice samples were 

found to be in equilibrium with their related groundmass glass. Equilibrium plots of all 

samples are in Appendix E. 

As with plagioclase-liquid calculations, clinopyroxene-liquid temperatures were 

calculated at 5% water following the revised formulas in Putirka (2008). Although replicate 

analyses at different water content indicate that temperature varies +10 °C with +1% H2O for  
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Figure 6.8: Plots showing the variation in temperature with thermometers. [A] The full range of 
temperatures for all lava, enclave, and pumice samples. [B] Mean temperatures with 1 standard 
deviation. For full thermometry information, please see Table 6.2.  

 

this thermometer, this is within error of the thermometer uncertainty (±52 °C). Using this 

thermometer, temperatures were calculated for the Grand Soufrière Hills and Morne Plat 

Pays [DM and L] lava samples. Temperatures range from ~830 to ~950 °C, with all units 

showing extensive overlap (Figure 6.8A; Table 6.2). 

Two-Pyroxene  

Equilibrium between clinopyroxene and orthopyroxene was determined based on Fe-Mg 

exchange between crystals. Equilibrium is indicated by KD
Cpx-Opx =1.09± 0.14 (Putirka, 2008). 

KD
Cpx-Opx was determined by dividing the atomic Fe/Mg ratios of clinopyroxene and 

orthopyroxene. Equilibrium constraints for the two pyroxene thermometer are temperature 

independent and display no relationship to water content (Lindsley and Andersen, 1983). 

Overall, low-Mg orthopyroxenes are not in equilibrium with any of the measured 

clinopyroxene compositions (e.g Figure 6.7 G-H). However, high-Mg orthopyroxenes are in  
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Table 6.2: Thermometry of Dominica rocks. Blank spaces refer to samples where data was unavailable to complete the calculation. N.E. infers that the phases of interest were 
not in equilibrium and therefore a temperature could not be calculated. All temperatures are in °C. Superscripts refer to the thermometer used, see footnotes for further 
details. Black diamonds refer to equilibrium groups present in each individual sample. 

 
1 = Fe-Ti oxide thermometer (Ghiorso and Evans, 2008); 2 = Amphibole thermometer (Ridolfi et al., 2010); 3 = Amphibole-plagioclase thermometer (Holland and Blundy, 1994). 4 = Two-
pyroxene thermometer (Brey and Kohler, 1990; Putirka, 2008); 5 = Glass-component thermometers (Putirka, 2008)

Thermometer 
Group 
1

Group 
2

Group 
3

Fe‐Ti 
Oxides1 Amp2

Amp ‐ 
Plag3 Cpx +  Opx4

Plag‐
Glass5  

3% H2O

Plag‐
Glass5  

5% H2O

Plag‐
Glass5   

3% H2O

Plag‐
Glass5   

5% H2O
Cpx ‐ Glass5  

5% H2O
Opx ‐ Glass5  

5% H2O
Opx ‐ Glass5  

5% H2O

Details (High‐Mg Opx) (<74% SiO2)  (<74% SiO2)  (>74% SiO2)  (>74% SiO2) 
(Low Al  Cpx + 
<74% SiO2)

(Low Mg Opx + 
>74% SiO2)

(High Mg Opx + 
<74% SiO2)

Aux Diables 1   N.E. 923‐934 872‐888 898
Aux Diables 2   977‐1001 922‐944 N.E.
Aux Diables 3   905‐911 781‐827 763‐872 N.E.
Aux Diables 4   N.E.
Diablotins    769‐824 794‐864 N.E. 871‐879 834‐845
Trois Piton    922‐1077 851‐860 807‐814 839‐941
Micotrin   772‐807 798‐968 N.E. 922‐932 873‐881 856 808
Grand Soufriere Hills   806‐837 N.E. 996‐1020 940‐961 828‐829 786‐787 871‐940 866‐927
Plat Pays [DM]    749‐800 822‐919 918‐960 946‐963 897‐910 N.E. N.E. 844‐924 796‐858 950
Plat Pays [G]    814‐1023 775‐809 848‐858 N.E. 1004‐1010948‐953 N.E N.E N.E 918‐940
Plat Pays [L]    774‐809 837‐883 933‐960 N.E N.E N.E N.E 827‐945 N.E 990
Rouge   772‐938 817‐892 N.E. N.E N.E N.E
Crabier   765‐810 811‐888 N.E. N.E N.E 875
Patates   802‐837 770‐809 777‐866 N.E. 906‐916 856‐866 880‐943
Fous   N.E.
Mic Enclave 1    777‐843 821‐924 951
Mic Enclave 2   773‐796 907 N.E. 886‐889 839‐842 865‐905
Plat Pays Enclave  910‐960
Crabier Enclave  759‐881 700‐770 N.E.
GSH Enclave 1  788 935‐950 884‐898 N.E. N.E.
GSH Enclave 2   927‐929 878‐880 N.E 849‐912
Roseau Sequence   790‐880 772‐815 759‐919 N.E. 882‐904 833‐857 843‐938
Layou  765‐805 758‐811 770‐900 873‐883 827‐836 852‐880
Northern Ignimbrites   840‐897 N.E. 869‐914 824‐866 886‐977
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equilibrium with low-Al clinopyroxenes (Figure 6.7H). In general, samples from Aux 

Diables, Micotrin, Grand Soufrière Hills, and the Soufrière Depression domes (i.e. Crabier, 

Rouge, and Patates) have calculated KD
Cpx-Opx values in the range 0.5-0.7, indicating that the 

two pyroxenes are not in equilibrium. No equilibrium pairs were found in the any of the 

ignimbrites. Equilibrium plots of all samples are in Appendix E. 

Two-pyroxene temperatures were calculated following the revised formulas of Brey and 

Kohler (1990) in Putirka (2008). Although the stated error for this thermometer is ±30 °C 

(Brey and Kohler, 1990), Blundy and Cashmann (2008) note that the thermometer is more 

reliable at temperatures >1000 °C, and that the error may be underestimated at lower 

temperatures. They also suggest that the formulation of Brey and Kohler (1990) is preferable 

to the QUILF model  (Andersen et al., 1993), which systemically overestimates temperatures 

by >100 °C. Using the Putirka (2008) formulation, temperatures were calculated for the Trois 

Piton and Morne Plat Pays [DM and L] samples which all contained equilibrium pairs. The 

Morne Plat Pays [DM and L] samples generated temperatures of 920-960 °C, while 

calculated temperatures from Trois Piton range from ~920 to ~1080 °C (Figure 6.8A; Table 

6.2). Although groundmass orthopyroxene analyzed from the basaltic enclave [19X] is not in 

equilibrium with its partner clinopyroxenes, it is chemically in equilibrium with the high-Al 

clinopyroxene population found within the related host lava. Assuming equilibrium, two-

pyroxene thermometry using enclave orthopyroxene and high-Al clinopyroxene yields 

temperatures of 955-965° C. 

Fe-Ti Oxides  

Equilibrium between titanomagnetite and ilmenite was determined based on Mg-Mn 

exchange criteria of Bacon and Hirschmann (1988). Temperatures and oxygen fugacity were 

calculated from equilibrium pairs following the formulas in Ghiorso and Evans (2008). Non-

exsolved Fe-Ti oxides were found in the Aux Diables 3, Plat Pays [G] and Patates lava 

samples. They yielded temperatures of 905-911°, 814-1023°, and 802-837 °C respectively. 

Oxygen fugacity was estimated at +0.25 to +0.52 (ΔNNO) in the Patates sample and +0.51 to 

+0.61 (ΔNNO) in Plat Pays [G] and +0.66 to +0.67 (ΔNNO) in Aux Diables 3, on the same 

basis as temperature determinations. Within the ignimbrites, calculated temperatures range 

from 750 to 900 °C (Table 6.2) while oxygen fugacity ranges from -0.25 to +0.35 ΔNNO 

(Howe et al., 2014). 
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Amphibole-Plagioclase 

Although amphibole-plagioclase thermometry depends on the exchange of Na, Al, and 

Ca, there is no test for equilibrium between the phases (Blundy and Cashman, 2008). 

Temperatures were calculated following the edenite + albite = richterite + anorthite exchange 

formula of Holland and Blundy (1994). As equilibrium could not be ascertained, calculations 

were done using the mean plagioclase phenocryst composition of Dominica andesites, Ab45 ± 

5, and individual amphibole crystals. The temperature is highly dependent on Ab content and 

varies +7.5 °C per +1% Ab. As this thermometer is weakly pressure dependent (±72 °C/GPa), 

a pressure of 200 MPa was assumed following the recommendations of Blundy and Cashman 

(2008). Calculated temperatures are in the range 760-970° C (Figure 6.9). For all lava dome 

deposits, the data shows that plagioclase-amphibole temperatures are ~30-40° C higher than 

those calculated using the Ridolfi et al. (2010) formulation for amphibole alone. Within the 

ignimbrites, plagioclase-amphibole temperatures are generally ~20-30° C higher than those 

calculated using the Ridolfi et al. (2010) formulation. 

Amphibole 

Amphiboles in all Dominica lava and pumice samples show evidence of disequilibrium 

in the form of resorbed boundaries and reaction rims. Temperatures for amphibole were 

calculated following Ridolfi et al., (2010), which does not require equilibrium with another 

phase. However, due to the homogeneity of amphibole compositions it is difficult to assess 

whether temperature and/or pressure control of atomic substitution occurred (see Appendix 

E). Thus, T and P estimates must be viewed with caution. Calculated temperatures range 

from ~750 to 938 ± 22 °C (Figure 6.9), with most samples falling between 770 and 810 °C 

(Table 6.2). Pressures calculated using the single amphibole barometer of Ridolfi (2010) 

range from 80 to 150 MPa (4-6 km). 

 

Figure 6.9: Comparison of temperature estimates from the Holland and Blundy (1994) plagioclase 
amphibole thermometer and the Ridolfi et al. (2010) amphibole thermometer. Amphiboles from all 
samples fall within the shaded field. Holland and Blundy calculations were done using the mean 
plagioclase phenocryst composition (Ab45 ±5) determined for all samples.  
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6.6 Discussion 

6.6.1 Mineral-mineral and mineral-melt equilibrium assemblages 

Mineral-mineral and mineral-melt equilibrium constraints suggest that many crystals 

within each sample are not in equilibrium, either with each other or with the matrix glass. 

Close examination of mineral chemistry and equilibrium conditions reveals that various 

minerals within all samples fall into one of three ‘equilibrium’ groups (see Figure 6.7 and 

Appendix E for equilibrium plots). The first group (Group 1) consists of enclave 

orthopyroxene (>En70), high-Al clinopyroxene (>En40), and high-An plagioclase (>An70). 

Pyroxenes from this group have high Mg#75-85. Such high Mg# values suggest that the high-

Fo olivine (Fo >80) present in some samples would also be in equilibrium with this group. As 

no minerals from Group 1 are in equilibrium with any of the analysed glass compositions, 

and high-Al clinopyroxenes are not in equilibrium with any of the observed orthopyroxene 

compositions, no temperatures or pressures could be calculated for this assemblage.  

The second group (Group 2) comprises low-Al clinopyroxene (<En40), high-Mg 

orthopyroxene (En60-70), and plagioclase with An55-70. Minerals within this assemblage are in 

equilibrium with glass compositions <74% SiO2 and their compositions overlap with most 

crystal compositions found within the enclaves. Pyroxenes from this group have Mg#60-65. 

Based on two-pyroxene, clinopyroxene-liquid, and orthopyroxene-liquid thermometry, 

temperatures for this group range from 920-1030 °C (Figure 6.10).  

The third group (Group 3) comprises the most evolved minerals: low-An plagioclase 

(<An55) and low-Mg orthopyroxene (<En60). Minerals within this assemblage are in 

equilibrium with glass compositions >74% SiO2. The orthopyroxenes in Group 3 have Mg#50-

55. Amphibole and zircon are assumed to belong to this group due to amphibole stability 

limits and low zircon saturation temperatures (Howe et al., 2015), respectively. Based on 

plagioclase-liquid, orthopyroxene-liquid, amphibole, and amphibole-plagioclase 

thermometry, temperatures for this group range from 750 to 890 °C (Figure 6.10).  

Equilibrium Groups 2 and 3 are present in all lava samples and all ignimbrite pumice 

samples except Layou Ignimbrite pumices which only contain Group 3 minerals (Table 6.2). 

Group 1 minerals are only found in deposits from the large stratovolcanic centres (Morne Plat 

Pays [DM, L, and G], Diablotins, and Trois Piton samples) and in two enclaves from Plat 

Pays and Micotrin samples (Table 6.2). Although enclaves from Micotrin and Grand 

Soufrière Hills samples contain both Group 2 and 3 minerals, an enclave from the Crabier 

sample contains only Group 3 minerals (Table 6.2).  
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Figure 6.10: Diagram showing the variation of temperature within individual lava, enclave, and 
ignimbrite samples. Thermometers are divided based on their equilibrium groupings. The 2-pyroxene 
thermometer includes temperatures from low-pressure clinopyroxene and high-Mg orthopyroxene. 
The clinopyroxene-melt temperatures are based on equilibrium pairs of groundmass glass and low-
pressure clinopyroxene. The orthopyroxene-melt temperatures are based on equilibrium pairs of 
groundmass glass and low-Mg orthopyroxene. No temperatures were able to be calculated for 
equilibrium Group 1. 

 

The presence of heterogeneous compositions within each mineral phase was also noted 

by Halama et al (2006), and was attributed to the disaggregation of mafic enclaves and the 

incorporation of remnant material from fractionation and/or incomplete magma mixing. 

Smith et al. (2013) also noted the presence of mafic and silicic minerals in Dominica 

andesites and suggested mixing and convection within an island-wide batholithic intrusion. In 

order to determine whether the range in mineral compositions can be generated through 

differentiation of a single parent magma, we assess the role of fractional crystallization in the 

system.  

 

6.6.2 The role of fractional crystallization  

Co-variation of various elements and SiO2 (Figure 6.3) suggest fractional crystallization 

plays a role in the evolution of Dominica magmas. Fractional crystallization has also been 

suggested by Lindsay et al. (2003) as the primary mechanism of differentiation within the 

PPVC. In order to assess whether the different components found within each sample (i.e. the 

three equilibrium mineral groups) are part of a single fractionating assemblage, we modelled 
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fractionation using the least evolved basaltic-andesitic enclave (~53% SiO2; TH-DM-11X2), 

found in Micotrin dome lava, as the parent. The trace element composition of this enclave is 

similar to other enclaves found in Micotrin, Trois Piton, and Grand Soufrière Hills samples 

(Figure 6.4B). Using this enclave as the parent, andesite Micotrin dome lava as the daughter, 

and the typical phenocryst assemblage of the enclave (Group 1 and Group 2 minerals), mass 

balance Model 1 yielded a sum-of-squared-residuals (SSR) of 0.64 (Table 6.3) and required 

47% crystallization to generate the daughter composition. Rayleigh fractional crystallization 

modelling of trace elements yielded reasonable values for Sr, Rb, Ba, V, and Zn (Table 6.3; 

elements were chosen based on high abundance and availability of KD values in the 

literature). Based on this model, we suggest that the whole rock compositions of Dominica 

med-K andesites can be generated via fractionation of a basaltic andesitic melt. Therefore, 

equilibrium Groups 1 and 2 may be part of a cognate fractionation assemblage.  

To determine if further fractional crystallization of the andesitic whole-rock 

compositions could generate the rhyolite glass seen in many of the samples (Model 2; Table 

6.3), the Micotrin dome lava was used as a parent, while Micotrin’s most evolved glass 

composition (~78% SiO2) was selected as the daughter. Using typical mineral compositions 

found in Micotrin lava (Group 2 and 3 minerals), mass balance models indicate that the glass 

composition can be generated by 42% crystallization (SSR=0.55) of an assemblage 

comprising amphibole, magnetite, low-Mg orthopyroxene, and plagioclase (Table 6.3). As no 

trace element compositions are available for the glass, it is not possible to further test the 

validity of this model. Based on Models 1 and 2, the range of compositions from basaltic-

andesitic enclaves through whole rock lava and rhyolitic glass can be explained via varying 

degrees of fractional crystallization.  

Such large degrees of crystallization (>50%) suggest that much of the mafic material 

injected beneath Dominica never erupts, but instead resides as intrusives within the crust. 

With the exception of enclaves found within the Plat Pays [DM] and Grand Soufrière Hills 

deposits, most enclaves within Dominica lavas are highly crystalline, ranging from 80 to 98% 

crystals. Within these enclaves, crystals are generally >100 µm in size. Trace element multi-

element diagrams show positive Eu anomalies (Eu* = 0.98 to 1.18), along with positive Sr 

anomalies (Figure 6.4). As the crystal compositions within the enclaves overlap with crystal 

compositions seen within the host lavas (Figure 6.5), we suggest that these enclaves are 

cognate xenoliths (i.e. crystalline components of the same magma system). Following the 

model of Martin et al. (2006), the crystalline enclaves may be derived from the
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Table 6.3: Results of fractional crystallization modeling for Micotrin magma evolution 

Model 1 - Enclave to Lava (Micotrin); Solution = 47% crystallization; F = 0.53; SSR=0.64; R2=1 
  Parent Phases     Daughter Daughter Residuals

  
Micotrin 
Enclave  

Low-Al 
Cpx Magnetite Olivine Plag

Micotrin 
Lava Calculated   

SiO2 54.76 52.02 10.21 39.74 54.77 61.23 61.21 0.02 
TiO2 0.64 0.27 2.06 0.08  0.59 1.07 -0.48 
Al2O3 16.29 1.05    28.36 16.73 16.85 -0.12 
FeO 8.90 10.76 74.09 18.31 0.30 6.56 6.55 0.01 
MnO 0.22 0.52 0.68 0.28  0.16 0.21 -0.06 
MgO 4.98 13.88   41.73  2.67 2.69 -0.02 
CaO 9.61 20.56   0.22 11.33 6.50 6.53 -0.03 
Na2O 2.70 0.42    4.78 3.27 2.66 0.61 
K2O 0.65      0.36 1.32 1.16 0.16 
Rayleigh fractionation for F=0.53       
  Parent Daughter Calculated  % Crystals   
Sr 248.16 231.35 232.85   Cpx 15.83   
Rb 23.58 35.93 40.20   Mag 4.54   
Ba 144.64 252.29 252.50   Oli 3.64   
V 175.00 139.00 144.50   Plag 28.92   
La 7.26 10.31 12.90       
Y 16.00 20.02 27.42       
Zn 81.00 60.00 58.77       
KD Values were taken from the following sources: 
Plagioclase (Bacon and Druitt, 1988; McKenzie and O'nions, 1991; Ewart and Griffin, 1994) 
Clinopyroxene (Bacon and Druitt, 1988; Hart and Dunn, 1993; Ewart and Griffin, 1994)  
Magnetite (McKenzie and O'nions, 1991; Ewart and Griffin, 1994) 
Olivine (Villemant, 1988; Dunn and Sen, 1994; Ewart and Griffin, 1994) 

Model 2 - Lava to Glass (Micotrin); Solution = 42% crystallization; F=0.58; SSR=0.55; 
R2=1 
Parent Phases      Daughter Daughter Residuals 

Micotrin 
Lava Amphibole Magnetite 

Low-
Mg Opx Plag 

Micotrin 
Glass Calculated

61.23 46.68 10.21 52.33 54.77 78.04 78.0253 0.0166 
0.59 1.49 2.06 0.09  0.25 0.9658 -0.7119 
16.73 6.63   0.45 28.36 11.66 11.7542 -0.0947 
6.56 17.79 74.09 26.15 0.30 1.22 1.2014 0.0167 
0.16 0.40 0.68 0.99  0.13 0.0400 0.0920 
2.67 11.80   18.71  0.00 0.0764 -0.0764 
6.50 10.77   1.10 11.33 1.65 1.5162 0.1291 
3.27 1.34     4.78 3.92 3.8571 0.0632 
1.32 0.43     0.36 2.87 2.8573 0.0170 
        % Crystals
         Amp 8.41  
       Mag 2.91  
         Opx 8.8  
        Plag 23.74



 

142 
 

disaggregation of earlier crystallized magma. The fragmentation of such crystalline 

inclusions was suggested for PPVC lavas (Halama et al., 2006) and has been linked with 

significant hybridization and homogenization in other magma systems (e.g. Tepley et al., 

2000). 

Although modelling suggests that the different components seen in each of the studied 

samples may be cognate, it is important to test if the geochemistry of separate centres could 

result from varying degrees of differentiation of a common source. Three basalt compositions 

are available for Dominica: 1) the basalt enclave found in Plat Pays lava (19X), 2) Morne 

Anglais (40 ka – present) and 3) Foundland (~1.1 Ma). In order to assess whether the med-K, 

calc-alkaline and low-K, tholeiitic suites can be generated via pure fractionation from any of 

the basaltic compositions, mass balance and Rayleigh style fractional crystallization 

modelling were undertaken. 

For the med-K, calc-alkaline centres, mass balance fractionation modelling of major 

elements using the basaltic enclave (TH-DM-19X) as a parent, Plat Pays lava (TH-DM-19) as 

a daughter, and typical phenocryst compositions from Plat Pays as extraction components 

generated an SSR value of <1 (not shown). Despite this good fit, the Sr, Rb, and Ba 

concentrations of the enclave could not be modelled to fit the daughter concentrations using 

any realistic amount of Rayleigh fractional crystallization (see Table 6.3 for information on 

the KD values). This suggests that the enclave is not a reasonable parent for Dominica 

andesites. Modelling using Morne Anglais basalt (composition taken from Lindsay et al. 

2005b [D-JL-23]) as the parent and Plat Pays (TH-DM-19) as the daughter generated an SSR 

value of >2 (not shown). Although this suggests that these compositions are not related by 

fractionation, this could be due to a lack of data regarding extracted phases. However, trace 

element modelling also does not provide a good fit for Sr, Rb, Ba, V, La, Y and Zn (not 

shown). Therefore, we suggest that Morne Anglais basalt is also not a reasonable parent for 

Dominica andesites. Although this conflicts with the findings of Lindsay et al. (2005b), who 

suggested that compositional trends in PPVC lavas are consistent with fractional 

crystallization from a parental magma similar to Morne Anglais basalt, their models also 

produced very poor fits for Rb, Ba, and Zr (>30% difference). Using Foundland basalt as a 

potential parent, major element models yielded SSR values of ~6.4 (not shown). Despite this 

poor fit, Rayleigh fractional crystallization trace element modelling using Foundland as the 

parent suggests that all the med-K andesites can be generated through varying degrees of 

fractional crystallization of a plagioclase dominated assemblage (F=0.5-0.7; Figure 6.11). 

This is consistent with the narrow range of Sr and Nd isotopes reported for the med-K centres 
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(Lindsay et al., 2005b), which suggest that upper crustal assimilation plays a negligible role 

in the generation of these compositions.  

Mass balance models using Aux Diables lavas as the daughter products and either Foundland, 

Anglais, or Plat Pays enclave basalt as parent yielded SSR values >3. Although trace element 

modelling using any of these parents does not work using pure Rayleigh fractional 

crystallization, modelling using Foundland basalt as a parent indicates that Aux Diables lavas 

can be generated through combined assimilation and fractionation (AFC), using a 

plagioclase-dominated mineral assemblage and the lower crust (global average; Rudnick and 

Fountain, 1995) as an assimilant (F=0.3-0.4; r = 0.3; Figure 6.11). The suggestion that 

fractional crystallization alone is not enough to generate Aux Diables andesites and that 

crustal assimilation is also needed is consistent with the presence of xenocrystic Eocene 

zircons within Aux Diables rocks (Howe et al., 2015). At present it is not possible to fully 

determine the composition or extent of assimilation occurring beneath Aux Diables. Isotope 

data would be useful in this regard (Bezard et al., 2014).  

 

 

 

Figure 6.11: Trace element modelling using Foundland basalt as a parent. Med-K centres clearly fall 
along a fractional crystallization trend; while Aux Diables, the low-K centre, falls along a trend of 
assimilation and fractionation (AFC). The fractionation assemblages were plagioclase dominated 
with minor amounts of clinopyroxene, orthopyroxene, magnetite, and olivine. The lower crust 
(Rudnick and Fountain, 1995) was used as an assimilant (r=0.3).  
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6.6.3 A model for andesite genesis beneath Dominica 

Despite the fact that whole rock and glass compositions for the med-K samples can be 

modelled via fractional crystallization (Figure 6.11), all Dominica andesites (both dome lava 

and ignimbrite pumices) display evidence that more complex processes are also operating. 

The occurrence of mafic enclaves with chilled margins (Figure 6.2) in some samples provides 

evidence for magma-mixing. Hybrid melts produced from such mixing events could explain 

the range of glass compositions at a microscopic scale found in some samples (Fig 6.6). 

Beyond evidence of mixing, crystals within all samples also display disequilibrium features 

such as sieve-textures and resorption boundaries in plagioclases, overgrowths of 

clinopyroxene on orthopyroxene, and amphibole reaction rims. Additionally, geochemical 

equilibrium criteria indicate that at least three separate mineral equilibrium assemblages 

contributed to these magmas. We suggest that these equilibrium groups are not representative 

of three distinct, interacting magmas, but instead represent different components of a single 

magmatic system. 

In order to explain all of these disequilibrium features, we propose a model where 

basaltic material, represented by Group 1 minerals, underplates a crystal-mush reservoir 

(Figure 6.12). At the contact between this underplating magma and the base of the reservoir, 

a ‘hybrid layer’ is generated (Marshall and Sparks, 1984; Wiebe, 1996). Such hybrid layers 

are generally more evolved than the underplating melt (Tepper and Kuehner, 2004; Wiebe et 

al., 2004), and can form through mechanical mixing of crystals, selective exchange of H2O, 

trace elements, or isotopes (Wiebe, 1996), or through simple conductive heat transfer which 

can remelt crystals accumulated at the base of the chamber (Campbell, 1996; Wiebe et al., 

2004). Melt hybridisation could also result in the crystallisation of compositionally different 

phases and the possible resorption of previously crystallised phases (Devine et al., 1998). The 

remelting of older intrusive material correlates with the findings of Gurenko et al. (2005) 

which suggest that the range of isotopes seen in a single PPVC sample was the result of 

assimilation of older volcanic rocks. We suggest that the proposed hybrid layer is the source 

of those basaltic-andesitic enclaves for which textural observations suggest were molten 

when emplaced. In some places, perhaps linked to the volume of recharge, thermal and 

compositional differences between the underplating magma and hybrid layer may create a 

double diffusive boundary causing instability and convection (Huppert and Sparks, 1984). 

This could account for the presence of basaltic phases such as high-An plagioclase (>An80) 

and high-Al clinopyroxene (>En40) (i.e. Group 1 minerals; Table 6.2) in the andesite magmas. 
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Figure 6.12: Schematic diagram showing the processes involved with andesite genesis beneath 
individual centres on Dominica. A) A crystal mush zone, consisting of basaltic-andesitic crystals with 
interstitial rhyolitic melt sits within the crust above a series of frozen basaltic sills associated with 
previous recharge events. B) The system is recharged by basaltic material. This basalt underplates 
the magma reservoir, melting a portion of the mush and creating a ‘hybrid layer’. This hybrid layer 
creates the material from which the basaltic-andesitic mush crystallizes. Gas release from the 
underplating basalt causes gas sparging and the interstitial rhyolite melt begins to percolate upward 
forming a silicic cap. For a short period, the reservoir is partially stratified. C) Due to density and 
thermal instabilities, however, wide-spread convection within the chamber occurs, leading to 
eruption.  Once the underplating basalt cools, the system stabilizes and crystallizes until it is once 
again dominated by basaltic-andesitic crystal-mush. 

 

This is supported by Halama et al (2006), who suggested that such mafic phases may be 

remnants of incomplete mixing of basaltic material.  

As the crystalline enclaves do not contain Group 1 minerals, we suggest that they result 

from side-wall and roof-wall crystallization of the basaltic-andesitic magma rather than from 

the underplating basalt. The continuous fractionation, accumulation, and disaggregation of 

such crystalline material could lead to the generation of ‘crystal-mush’ zones beneath 

individual volcanic centres. Such mush zones would contain large amounts of crystals that 

have experienced varying thermal histories, thus creating an ample supply of antecrysts 

(Group 2 minerals). The continuous fractionation of this material would also generate 

‘evolved’ interstitial melt pockets. Evidence for such silicic melt pockets is inferred here 

from the presence of rhyolitic groundmass glass, Group 3 mineral phases (low-An 
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plagioclase (<An55), and low-Mg orthopyroxene (<En60)), and zircons (Howe et al., 2014; 

Howe et al., 2015). Due to density differences and volatile release from the underplating 

basalt, the interstitial rhyolite melt moves upward, creating a temporary silicic cap at the top 

the reservoir (Figure 6.12B). Previous authors have suggested gas sparging, filter pressing, or 

compaction via crystal settling as methods of generating such a density stratified magma 

chamber (Sisson and Bacon, 1999; Lindsay et al., 2001; Bachmann and Bergantz, 2004). This 

could explain the presence of Group 3 minerals in all units, as the ascent of less silicic 

magmas during eruption would involve disruption of the stratification and entrainment of 

rhyolitic material.   

Our model thus suggests that Dominica andesites are the result of three magmatic 

components: an underplating basalt, a basaltic-andesitic component comprised of a molten 

hybrid layer and crystalline mush, and an interstitial rhyolitic component that may also 

accumulate in a silicic cap (Figure 6.12B). Although these components explain the genesis of 

the three equilibrium groups, they do not explain the preservation and coexistence of the 

groups within a single sample. Taking into account the wide-spread evidence of 

disequilibrium, we suggest that Dominica magmas experience vigorous convection and self-

mixing just prior to eruption (Figure 6.12C). Such mixing could be driven through gas 

sparging caused by volatile release from the underplating basalt (Couch et al., 2001; 

Bachmann and Bergantz, 2003) or via instability and overturning caused by density or 

thermal stratification (Sparks et al., 1984; Turner and Campbell, 1986; Ruprecht et al., 2008).  

After eruption, the basaltic recharging magma cools and crystallizes. Without continued 

thermal input, the overlying chamber also begins to crystallizes, and the system thus returns 

to being dominated by an inactive, highly crystalline mush (Figure 6.12A). 

 

6.6.4 The presence of basaltic-andesitic mush: implications for andesite-dacite genesis 

Andesitic-dacitic lavas on Dominica contain varying proportions of three distinct mineral 

equilibrium groups, which we suggest is the result of convective self-mixing within a 

recharged, temporarily stratified magmatic reservoir (Figure 6.12C). Although Aux Diables, 

Dominica’s northern centre (Figure 6.1B), is the only low-K andesitic centre on the island, 

crystals within Aux Diables lavas have overlapping chemistry with those found in other lava 

domes, suggesting that all of Dominica’s andesitic-dacitic magmas undergo similar 

processes. Together with mineral equilibrium groups, rhyolitic matrix and inclusion glass 

chemistries indicate that the studied centres are underlain by varying degrees of basaltic-

andesitic mush. The presence of such long-lived mush is supported by zircon crystallization 
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ages which suggest that most centres on the island have intermittently crystallized zircon over 

time periods of >350 ka (Howe et al., 2015). Based on our findings, we suggest that the 

majority of crystals found within Dominica lavas are antecrysts found within the mush zone 

that have been perpetually recycled due to recharge of the system. This implies that 

Dominica’s andesites-dacites are essentially comprised of mafic crystal cargoes mixed with 

interstitial rhyolitic melt. 

6.7 Conclusions 

The island of Dominica has been the site of numerous andesitic-dacitic eruptions in the 

past 50 ka. Centres across the island display similar petrographic characteristics and have 

overlapping mineral chemistry. Mineral-mineral and mineral-melt equilibrium calculations 

suggest that three equilibrium groups, representing a basaltic, basaltic-andesitic, and rhyolitic 

component, comprise Dominica lavas. While modelling indicates that fractional 

crystallization is a common process in all of the studied centres, Dominica magmas also 

undergo other processes such as convective self-mixing; such mixing within a stratified 

reservoir prior to eruption could explain the preservation of multiple mineral equilibrium 

assemblages within the samples. Trace element modelling indicates that Aux Diables, the 

only tholeiitic centre on the island, undergoes similar magmatic processes but is also 

influenced by crustal assimilation. Previous work on Dominica suggested that PPVC 

andesites result from the intrusion of mafic magmas into a shallow silicic reservoir (Gurenko 

et al., 2005; Halama et al., 2006). Based on our findings, we suggest that Dominica’s silicic 

rocks are actually the result of mafic intrusion into a basaltic-andesitic mush zone, which is 

present in varying proportions beneath the entire island.  

6.8 Acknowledgements 

This study was funded by a University of Auckland Doctoral scholarship, an internal 

University of Auckland PBRF grant and a New Zealand GNS Science contract to P.S., and a 

New Zealand Earthquake Commission grant to J.M.L. Thanks go to John Wilmshurst and 

Ritchie Sims for technical support. We are very grateful to Axel Schmitt for support in the 

field and useful discussions. 

 

 



 

148 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

149 
 

Chapter 7:  Synthesis, Conclusions, and Future Work 

 

 

7.1 Synthesis 

The aims of this thesis were to better constrain the chronology of volcanic activity on the 

island of Dominica using (U-Th)/He dating, to use geochronologic, geochemical and 

petrographic tools to elucidate the magmatic processes occurring beneath it, and to evaluate 

these findings in the context of island arc evolution. These aims have been achieved through 

a geochemical and chronologic correlation study of the ignimbrites (Chapter 4), a U-Th 

zircon study of both lava domes and ignimbrites which assessed the timescales of magma 

storage and recycling within the crust (Chapter 5), and a complete geochemical and 

petrographic study of all sampled units which attempted to create a model for the evolution of 

Dominica’s silicic magmas (Chapter 6).  

To fully elucidate the subsurface processes associated with volcanic activity on 

Dominica, the stratigraphy of subaerial volcanic deposits had to be reassessed so that selected 

samples could be analysed in the context of their spatial, temporal, and source relationships. 

The geology of Dominica is dominated by lava domes, their associated volcaniclastic aprons, 

and a series of pumiceous pyroclastic flow deposits (also referred to here as ignimbrites) 

which provide evidence of more explosive activity. Twenty new (U-Th)/He eruption ages 

indicate that Dominica has experienced at least 15 major eruptions in the past 90 ka, with a 

minimum of 5 eruptions occurring in the last 15 ka alone. With the exception of Morne 

Espagnol (744 ± 45 ka), (U-Th)/He ages for lava dome deposits range from 3 ± 0.4 ka to 174 

± 15 ka; while (U-Th)/He ages for ignimbrites range from ~25 to ~80 ka. While the new lava 

dome ages provide important constraints for the volcanic history of the island, further 

unravelling of the ignimbrite stratigraphy was considered of particular importance as 

Dominica is thought to be the source of the Roseau Tuff, the largest eruption in the Caribbean 

in the past 200,000 years. Correlation of tephra in deep sea cores to a single pyroclastic flow 

deposit on Dominica led Carey and Sigurdsson (1980) to propose that the Roseau Tuff 

eruption had a total tephra volume of ~53 km3 and occurred at ~30 ka based on 14C 

geochronology. (U-Th)/He ages from a new deposit within the confines of the Roseau Valley, 

however, indicate that at least three ignimbrite-forming eruptions occurred between ~ 34.7 ± 

3.1 ka and ~24.5 ± 2.0 ka. Further, six separate pyroclastic flow deposits on Dominica have 

overlapping whole-rock, mineral, and glass chemistry, making geochemical fingerprinting of 
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individual events extremely difficult. Therefore, the tephra volume proposed for the Roseau 

Tuff eruption (Carey and Sigurdsson, 1980) likely reflects amalgamation of material from 

multiple eruptions with homogenous geochemical features. Thus, the Roseau Tuff eruption is 

now thought to consist of a series of at least six separate eruptions that occurred between ~24 

and ~61 ka (Chapter 4; Howe et al., 2014).  

 Geochemical analysis of both ignimbrites and lava domes indicates that young (Late 

Pleistocene – Recent) volcanism on Dominica has been dominated by silicic (andesitic-

dacitic) activity. With the exception of Aux Diables, which is tholeiitic, all studied centres 

consist of calc-alkaline andesites-dacites (57–64 wt.% SiO2) that contain mafic enclaves, 

heterogeneous mineral populations, and in some cases a wide range of glass compositions 

(Chapter 6). While Rayleigh fractionation models indicate that the whole-rock composition 

of the samples can be generated by >50% crystallization of a plagioclase-dominated mineral 

assemblage (Figure 6.11), petrographic disequilibrium features and the presence of mafic 

enclaves implicate the involvement of magma mixing and/or mingling. Mineral-mineral and 

mineral-melt equilibrium calculations suggest that Dominica’s silicic rocks are comprised of 

three separate equilibrium assemblages, which are related to a basaltic,  basaltic-andesitic, 

and rhyolitic component (Chapter 6). The presence of these three equilibrium groups in the 

erupted material without evidence of resorption suggests that these components were mixed 

together and homogenized just prior to eruption. The preservation of these heterogenous 

mineral populations further implies that crystal recycling plays a major role in the formation 

of Dominica’s silicic rocks.  

In order to fully elucidate the role of antecrysts and thus recycling within the system, a 

U-Th study of zircons found within Dominica’s andesites-dacites was conducted (Chapter 5) 

and revealed wide ranges of zircon ages (up to ~350 ka) within individual samples. This 

suggests that these magmas experienced periods of protracted storage and recycling within 

the crust. Further, as all zircon ages determined in this study are rim ages, the large spread in 

ages suggests that crystals within a single sample were in contact with melt at varying times 

and were subsequently mixed back together just prior to eruption. This implicates the 

existence of a long-lived mush zone, where zircons are trapped in the crystalline framework 

and thus separated from the melt until ‘defrosting’ (Mahood, 1990) of the system.  

Together, the presence of mafic enclaves, the geochemical evidence of multiple 

equilibrium groups, and the wide spread in zircon rim ages indicate that Dominica’s silicic 

rocks are the result of injection of basaltic material into a highly crystalline mush reservoir. 

Based on equilibrium constraints and fractionation modelling, this mush zone is thought to be 
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basaltic-andesitic in composition with pockets of interstitial rhyolitic melt that evolved due to 

continued crystallization of the mush. Thermal rejuvenation associated with the injecting 

basalt causes melting at the base of the reservoir, leading to density instability in the system 

which in turn, causes wide-spread convection (Figure 6.12). Such magmatic overturn could 

transfer heat to different parts of the reservoir and lead to non-uniform melting of the mush. 

This could account for the petrographic characteristic of the rocks as well as the large spread 

in zircon age spectra seen in many of the samples.  

Based on whole-rock, mineral, and glass geochemistry, this model is thought to operate 

beneath all of Dominica’s volcanic centres to varying degrees. However, despite the evidence 

of crystal-mush beneath the studied centres, geochemical evidence that their individual 

reservoirs have coalesced to form a single island-wide batholith as proposed by Smith et al. 

(2013) is tenuous. Zircon ages indicate that centres up to 40 km apart on the surface 

experience similar thermal histories (Figure 5.7). When combined with the similar 

petrographic and geochemical features of the studied samples, the overlapping zircon 

crystallization histories support the existence of a large, laterally continuous crystalline 

reservoir beneath the island. The full extent of this reservoir, however, is difficult to 

constrain. Particularly as Aux Diables and the Plat Pays Volcanic Centres (PPVC), the 

northernmost and southernmost centres on Dominica, respectively, have unique magmatic 

properties.  

Based on overlapping mineral chemistry and comparable petrographic features (Chapter 

6), lavas associated with Aux Diables are thought to undergo similar magmatic processes to 

the other centres. However, whole-rock analyses from this centre yield tholeiitic rather than 

the typical calc-alkaline compositions. Modelling suggests that this is the result of >50% 

crystallization combined with lower crustal assimilation (Figure 6.11). The presence of two 

Eocene zircons found within Aux Diables lava provide further evidence that assimilation 

plays a major role within this centre. Further, the zircon age spectra from Aux Diables lava 

consists of mostly secular equilibrium grains and it has its major crystallization peak ~100 ka 

before any other centre. Combined with evidence of an old eruption (~174 ka), this suggests 

that it may not be related to the other studied centres, which are all <100 ka old. Thus, the 

northern extent of Dominica’s batholithic scale mush zone and Aux Diables’ relationship to 

the other centres remains uncertain.   

Another interesting contrast is found within lavas from the Plat Pays Volcanic Complex 

(PPVC) in the south of the island. While PPVC lava domes (Rouge, Crabier, and Patates) all 

have similar whole-rock, glass and mineral chemistry (Chapter 6), the zircon age spectra 
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within these deposits varies from >350 ka in Patates to <50 ka in Rouge and Crabier. The 

preservation of only young rim ages in Rouge and Crabier is attributed to the growth of a new 

magmatic reservoir beneath the southernmost tip of the island. While this could suggest that 

Dominica’s mush zone does not extend beneath these centres, overlapping zircon age spectra 

from centres across the island indicate a progressive movement of crystallization from north 

to south (Figure 5.7). This implies that the magmatic foci beneath the island migrate arc-

parallel with time. Such arc-parallel movement has been suggested for several islands in the 

Lesser Antilles and has been attributed to changes in the subduction orientation (Harford et 

al., 2002). Therefore, based on its young zircon age spectra and the migration of the 

magmatic foci,  the PPVC is thought to be both the likely location of future volcanic activity 

on the island and the current site of lateral growth of Dominica’s batholithic-scale intrusion. 

 Based on geochemical and geochronologic constraints, Dominica is thus underlain by 

a batholith-scale mush zone that extends from the PPVC in the south to at least Diablotins in 

the north. This intrusion is partially stratified and consists of three parts: intruding basalt, 

basaltic-andesitic mush, and interstitial rhyolitic melt which may also form a silicic cap on 

the top of the reservoir. Zircon age spectra suggest that this reservoir has experienced 

periodic thermal rejuvenation on timescales of >350 ka and U-Pb ages indicate that it may 

have formed within the last 2 Ma. These timescales are similar to those suggested for 

continental arc volcanoes (e.g., Claiborne et al., 2010a; Walker et al., 2007).  

Taking an overarching view of the data collected for this thesis, a few other discussion 

topics emerge that are outside the scope of the discussions detailed in the papers presented as 

Chapters 4-6. These topics are addressed below.  

7.2 Volcanism on Dominica 

7.2.1 Volcanic stratigraphy, eruption frequency, and hazard implications 

Based on a compilation of ages, including previous 14C and K-Ar ages (Smith et al., 

2013) and the new (U-Th)/He ages collected as part of this study, Dominica has experienced 

at least 28 eruptions in the past 100 ka (Table 7.1). Following the basic formula of eruption 

frequency (i.e., total time/number of eruptions), this suggests that Dominica experiences 

volcanic activity at least once every 3.6 ka. However, as the volcanic stratigraphy of 

Dominica is still very poorly constrained, with many ignimbrites and lava domes remaining 

completely undated, this estimate is considered a minimum. It is also important to note that  
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Table 7.1: Known eruptions that have occurred on Dominica in the past 100 ka.  

 

References for ages are as follows: 1 =Smith et al. (2013); 2 = Bellon (1988); 3 = Wadge (1989); 4 = Monjaret 
(1985); 5 = Seismic Research Unit (Unit, 2000); 6 = Roobol et al. (1983); 7 = Le Friant et al. (2002); 8 = 
Lindsay et al. (2003); 9 = Samper et al. (2008).; 10 = Howe et al. (2014); 12 = Howe et al. (under review); 13 = 
Sigurdsson (1972); 14 = Lindsay et al., (2005b); 15 = Sparks (1980). *Considered  unreliable by previous 
authors. 

Original [Cal] Method Ref. # of Eruptions From
Each Centre (<100 ka)

Northern Domes

Aux Diables 43,710 ± 1590 [45,398 ± 2054] 14C 1 1

Diablotins >46,620                                   
75 ± 4

14C              
(U-Th)/He

1 1

Central Domes

1,160 ± 45 [868 ± 68] 14C 5 2

25,370 ± 120 [28,253 ± 274] 14C 5

17,240 ± 720 [18,722 ± 913] 14C 3 2

25,310 ± 230 [28,230 ± 307] 14C 6

26 (+ 2, - 3) (U-Th)/He 12

Grand Soufríere Hills 8.1 ± 0.7 (U-Th)/He 12 2

11,000 ± 85 [10,970 ± 112] 14C 5

Plat Pays Volcanic 
Complex
Plat Pays 6,600 ± 50 [5,555 ± 46] 14C 7 3

11 ± 1 (U-Th)/He 12
61 ± 3 (U-Th)/He 12
>47,330* 14C 8 1

96 ± 2 K-Ar 9

84 ± 5 (U-Th)/He 12

Fous 40 ± 3 (U-Th)/He 12 1

Bois d'Indie 31 ± 10 Ar-Ar 9 1

Soufriere Depression 
Lava Domes

Patates 685 ± 55  [635 ± 50] 14C 8 1

Rouge 3.8 ± 0.3 (U-Th)/He 12 2
9.9 ± 0.7 (U-Th)/He 12

Crabier 16 ± 1 12 1

Ignimbrites

Petit Fond 19,500 ± 500 14C 14 1

Roseau Sequence 26,380 ± 190 [29,234 ± 362] 14C 13 6

28,400 ± 900 [31,000 ± 800] 14C 14

24 ± 2 (U-Th)/He 10
35 ± 3 (U-Th)/He 10
38,600 ± 400 [41,100 ± 600] 14C 8
62 ± 8 (U-Th)/He 10

Layou Flow 80 ± 8 (U-Th)/He 10 1

Grand Savanne >22,200 14C 15 1

Wesley/Londonderry 65 ± 5 (U-Th)/He 10 1

Total # of Eruptions =      28

Trois Piton

Micotrin

La Falaise

Centre
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all the studied ignimbrites erupted between ~20 and ~85 ka, whereas dome-forming activity 

appears to have occurred through the history of the island. 

To fully understand the long term hazard implications of these new ages, it is important 

to access spatial and temporal trends. Based on the available ages, eruptive activity appears to 

have migrated southward with time (Figure 5.7). Indeed, the southernmost centre, the PPVC 

has experienced at least 7 major dome-forming eruptions in the last 15 ka alone (Table 7.1) 

and is home to the youngest dome on the island, Patates (~685 years). This spatio-temporal 

trend is supported by zircon crystallization age spectra which suggest that the magmatic 

activity that drives eruptions is migrating southward. This trend also has implications for the 

type of eruptive activity that is likely to occur on Dominica in the future. 

Based on current geochemical and geochronologic correlations, ignimbrite-forming 

eruptions on Dominica are sourced from three centres, the Wotten Waven and Trois Piton 

calderas and Diablotins (Demange et al., 1985; Smith et al., 2013), all of which are located in 

the central highlands of Dominica. While the two caldera structures are invoked as the source 

of the southern pyroclastic flow deposits, field evidence for these calderas is limited (Lindsay 

et al. 2005a) and it remains unclear if they actually exist. Despite this, geologic mapping 

indicates that all the major ignimbrites are sourced from central Dominica (Sigurdsson, 1972; 

Whitham, 1989; Smith et al., 2013). As this region has been the site of continuous volcanism 

since the early Pleistocene, the generation of explosive volcanic activity on Dominica may be 

related to increasing thickness of the crystal mush beneath the central part of the island. 

However, the southward migration of Dominica magmatism has led to the most recent locus 

of activity occurring beneath the PPVC, which is consistent with young U-Th zircon ages 

implicating the construction of a new magmatic reservoir. Built up over <50 ka, the crystal 

mush zone in this region is likely much thinner than that under central Dominica. It is 

interesting to note that based on current age data, ignimbrite-forming activity on Dominica 

last occurred at ~20 ka (Chapter 4). One could thus speculate that due to its young age, the 

crystal mush beneath the PPVC is not yet thick enough to generate ignimbrite-forming 

eruptions, which may explain the predominance of dome-forming eruptions in this sector of 

the island. As the PPVC is considered the probable site of future volcanism, which is 

supported by continued geothermal activity and the recent occurrence (in 1998-2000) of 

earthquake swarms beneath this centre, one could infer that Dominica is unlikely to 

experience ignimbrite-forming activity in the near future. However, as the volcanic 

stratigraphy of the island is still poorly constrained, it impossible to fully support such strong 

conclusions.  
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Indeed, as much of the island is inaccessible due to heavy vegetation and lack of viable 

roads, many lava domes and ignimbrites remain undated. Smith et al. (2013) suggests that 

while Dominica hosts >40 Pelean domes and dome complexes, <15 of them have been 

accurately dated. Further, geologic mapping suggests that >5 ignimbrites located on the north 

of the island remain unstudied (Smith et al., 2013). Thus, despite the new ages determined in 

this study, the volcanic stratigraphy of Dominica is still not well constrained. In addition, 

continued seismic activity beneath Aux Diables in 2003 and 2009-present suggests that the 

PPVC is only one area of potential future activity on the island.  Without further age 

constraints, the periodicity and likelihood of either dome-forming or more explosive 

eruptions on Dominica cannot be adequately determined.  

7.2.2 The timing of sector collapse event in southern Dominica 

While southern Dominica has experienced multiple dome-forming eruptions in the past 

15 ka, it has also been the site of three major collapse events known as the Plat Pays, 

Soufrière, and Morne Rouge Events, which were assigned maximum ages of 100, 6.6, and 2.3 

ka, respectively (Figure 7.1; Le Friant et al., 2002; Samper et al., 2008). New (U-Th)/He ages 

provide important constraints on the history of collapse on the island. Lava entrained in the 

Plat Pays debris avalanche deposits (i.e., La Falaise sample from Loubiere Quarry) yielded an 

age ~84 ka, suggesting that the maximum age of the Plat Pays Event is younger than 

previously thought. While the second sector collapse (Soufrière Event) was assigned a 

maximum age of 6.6 ka (Le Friant et al., 2002; Lindsay et al., 2003), the (U-Th)/He age of 

Crabier, ~15 ka, suggests that this age is far too young. (U-Th)/He analysis of a sample taken 

directly adjacent to the collapse structure (Plat Pays [DM] sample) indicates that the 

maximum age of the Soufrière Event is actually closer to ~60 ka. This constrains the sector 

collapse to between 15 and 60 ka.  

Within the Soufrière Depression, the arcuate shape of Morne Rouge is thought to reflect 

a third collapse (Rouge Event; Figure 7.1). Given the complex history of the area, which has 

been the site of multiple eruptions and large scale collapse events, it remains unclear whether 

or not this third collapse occurred. If the Rouge Ridge does represent a sector collapse as 

proposed by previous authors (Le Friant et al., 2002), it is difficult to explain the (U-Th)/He 

age obtained for the Crabier sample (~15 ka), which is older than the age obtained for Rouge 

(~3 ka). Given the topography and the age constraints, it seems very unlikely that the ‘Rouge’ 

collapse occurred. Instead, Rouge and Crabier may represent multiple extrusions of a single 
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volcanic centre. According to the new eruption dates, this Rouge-Crabier centre experienced 

eruptive episodes at ~15, ~10 and ~3 ka. 

 

Figure 7.1: (A) Schematic map showing the sector collapse scarps proposed by Le Friant et al. 
(2002). (B) Aerial photograph of the in-situ domes within the Soufrière Depression. (C) Photograph 
facing north, showing the topographic relationship of Crabier, Rouge, and Fous (photo courtesy of L. 
Honeychurch). (D) Shaded topography Google Earth image showing the location of the dated 
samples. 



 

157 
 

7.3 Magmatism Beneath Dominica 

7.3.1 Formation of Dominica’s batholith-scale mush zone 

Based on zircon geochronology and whole-rock, mineral, and glass chemistry, 

Dominica’s magmatic system is thought to consist of a stratified magmatic reservoir 

comprising three components: an underplating basalt, a basaltic-andesitic mush, and an 

interstitial rhyolitic component. This reservoir is thought to be laterally extensive, forming a 

batholith-scale mush zone beneath the island. The formation of such a large intrusive 

complex, however, poses an interesting question. Did it form through coalescence of 

horizontally separate magma chambers as proposed by Smith et al. (2013)? Or did it form via 

continuous amalgamation and lateral extension of a single chamber such as has been 

suggested for the formation of batholith-scale intrusions in continental arcs (e.g., Glazner et 

al., 2007)? One factor in favor of coalescence of magma chambers beneath Dominica is the 

small size of the island. Less than 70 km long, the majority of volcanic centres on the island 

are within <5 km of another volcanic edifice. While the dimensions of magma chambers are 

relatively unconstrained and can only be fully elucidated by geophysical studies, Iyer (1985) 

suggests that magma chambers associated with stratovolcanic centres such as Mount Etna 

(e.g., Trois Piton, Diablotins and Plat Pays) would have chambers 2-8 km across at the 

shortest axis and up to 20 km across at the widest axis. Following such dimensions, the 

majority of Dominica magma chambers would have coalesced based on their vent locations. 

Thus it seems likely that Dominica’s large intrusive complex formed through amalgamation 

of individual reservoirs over time. The implication is that the mush zone beneath the island is 

likely of varying thickness depending on the length of activity beneath any given centre. 

While this could also imply that the mush is compositionally heterogeneous, whole-rock and 

mineral chemistry suggest that it is relatively homogenous. While Smith et al. (2013) 

suggested that Aux Diables evolved separately from the rest of the island, it is unclear if this 

is the case. Indeed, given the similar features of Aux Diables lavas to other lava domes on the 

island, it is possible that the magmatic reservoir of this centre is part of the island-wide mush 

zone beneath Dominica. The tholeiitic composition could then be explained by the alteration 

of the recharging magma due to assimilation prior to reaching the subsolidus intrusion. 

7.3.2  Comparison to other silicic systems in island arcs  

The magmatic processes suggested for Dominica’s volcanic centers (Figure 6.12) are 

similar to those suggested for other andesitic-dacitic systems in the Lesser Antilles, such as 

the Soufrière Hills volcano on the island of Montserrat (Couch et al., 2001) and Mt. Pelee on 



 

158 
 

the island of Martinique (Pichavant et al., 2002), as well as to silicic volcanoes in other 

‘mature’ island arc settings such as Unzen volcano in Japan (Nakamura, 1995). The major 

difference is that the processes suggested for Dominica’s magmas also implicate the 

existence of a basaltic-andesitic mush zone of batholithic proportions beneath the island. 

While crystal recycling is common in all arc andesites (e.g., Gill, 1981; Price et al., 2012), 

evidence of crystal-mush in island arcs has been limited, in part due to a lack of zircon 

studies in such tectonic settings. Work by Schmitt et al. (2010) indicates that silicic magmas 

on the island of St. Lucia, Lesser Antilles have zircon histories similar to those seen in 

continental arcs and are generated through a process of re-melting mid-crustal plutons of 

intermediate composition. However, zircon age distributions from Veniaminof volcano in the 

Aleutian arc span <20 ka, suggesting that zircon growth was relatively short-lived and that 

the crystals did not experience multiple recycling events (Bacon et al., 2007). These two 

studies indicate that magmatic processes in island arcs are not uniform, likely as a result of 

varying structural, thermomechanical and compositional factors. 

7.3.3 Timescales: from injection to eruption 

The preservation of wide ranges in zircon rim ages (up to 350 ka) as well as multiple 

equilibrium groups within individual samples suggests that defrosting of the crystalline mush 

beneath Dominica must have occurred relatively rapidly just prior to eruption. Indeed, it had 

to occur at a rate faster than the time necessary to grow or resorb measurable rim thicknesses 

of zircon. Based on zircon growth and dissolution rates (i.e., between 10-19 and 10-13 cm/s 

depending on temperature; Watson, 1996), it would take a minimum of 100 years to grow a 5 

µm zircon rim. As this is the minimum thickness required to analyse the rim age via SIMS, 

this implies that eruption could have occurred <100 years after the defrosting event. 

However, the growth and dissolution rates of plagioclase and pyroxene (i.e., ~2.5-2.9 x 10-10 

cm/s; Burkhard et al., 2005) are much faster than those of zircon. Using these rates, a 100 µm 

pyroxene crystal (the average size of an analysed grain) would grow or dissolve within <5 

years. This thus suggests that in order to preserve the equilibrium assemblages found in 

Dominica lavas, eruption must have occurred within <5 years of the defrosting event. 

However, as most of the crystals do not display resorption rims, let alone full dissolution, this 

is considered a maximum time estimate. In fact, dissolution or growth of a ~2-3 µm rim (the 

size of the microprobe beam) could occur within a matter of months. Taking this one step 

further, if future basaltic injection is associated with seismic activity and these growth rates 

are still considered applicable, then the time from the onset of volcanic earthquakes to 
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eruption could vary between ~3 months and 5 years. Interestingly, this matches well with the 

timeline of seismic activity for Montserrat, which began experiencing earthquake activity in 

1992, three years prior to its 1995 eruption (Druitt and Kokelaar, 2002). 

7.3.4  Implications for crustal maturation in island arcs 

Island arcs have been suggested as one of the primary locations for the generation of 

continental crust (Taylor, 1967; Scholl and von Huene, 2009), and their temporal evolution 

from a juvenile (dominantly tholeiitic) to mature (dominantly calc-alkaline) state is thought to 

be an important part of understanding how the upper crust forms (Jagoutz et al., 2009). 

Indeed a major difference between juvenile and mature arcs is the volume of granitoid rock 

formed (Baker, 1968). Recent geophysical surveys of the Izu-Bonin (Kodaira et al., 2007; 

Takahashi et al., 2008) and Lesser Antilles (Kopp et al., 2011) arcs indicate they are 

underlain by thick layers (>10 km) of intermediate plutonic material with seismic affinities 

similar to continental crust. This suggests that both Izu-Bonin and the Lesser Antilles arcs 

have relatively ‘mature’ overriding crust. While the timescales and mechanisms associated 

with such maturation are poorly understood, evidence from extinct island arcs such as the 

Kohistan arc in Pakistan suggest that granitic intrusions in island arcs form through 

continuous accumulation and fractionation of mantle-derived melts over timescales of ~30 

Ma (Jagoutz et al., 2009).  

Zircon data from Dominica suggests that crystal-mush reservoirs beneath the island have 

coalesced to form a near island-wide proto batholith (Chapter 5). Despite the presence of 

rhyolitic phases and matrix glass in the rocks, however, petrographic and geochemical 

constraints suggest that this batholith is not granitic but is rather basaltic-andesitic in 

composition (Chapter 6). Despite this, Dominica’s silicic (andesite-dacites) calc-alkaline 

rocks display the characteristics of magmas formed in a ‘mature’ island arc. Together with 

zircon crystallisation histories, which are similar to those seen in continental arcs, the 

occurrence of more explosive eruptions clearly implies that the Lesser Antilles arc is more 

complex than other island arcs. The Lesser Antilles, therefore, may represent an example of 

an island arc transitioning into a continental arc. However, the extent of this transition 

remains unclear, in part because scientific understanding of the temporal maturation of island 

arcs is limited. While it may not be possible to fully elucidate the stage of maturity of the 

Lesser Antilles arc, the development of a batholith scale intrusion, comprising varying 

proportions of crystal mush, within <2 Ma beneath Dominica indicates that its magmatic 

processes are very similar to those in continental arcs.  
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7.4 Conclusions 

 (U-Th)/He zircon and apatite geochronology is a valuable method for dating 

Quaternary volcanic rocks and can be used to fill chronologic gaps in areas where 14C 

and K-Ar or Ar/Ar methods are not applicable. With the exception of two ages 

(Morne Espagnol, ~744, and Aux Diables ~174), (U-Th)/He eruption ages determined 

in this study from Dominica rocks range from 3.8 ± 0.3 ka to 90 ± 15 ka. Pyroclastic 

flow deposits range in age from ~25 to ~80 ka (Chapter 4); while ages for the  lava 

dome deposits range from ~3 to ~90 ka (Chapter 5). The eruption ages are oldest in 

the north and youngest in the south suggesting that volcanic activity on Dominica is 

moving southward over time. While these ages provide new constraints on the 

volcanic stratigraphy of the island, much of Dominica’s volcanic history is still 

unknown. Further age constraints are required in order to fully understand the 

eruptive history of the island.  

 Whole-rock, mineral, and glass chemistry of Dominica ignimbrites indicate that all 

explosive deposits found in the south of the island have overlapping geochemical 

characteristics, making fingerprinting of individual eruptions difficult. Based on these 

findings together with the new ages, the Roseau Tuff eruption defined by Carey and 

Sigurdsson (1980) is now thought to be a series of smaller eruptions with similar 

geochemical and petrographic characteristics (Chapter 4; Howe et al., 2014). This 

sequence represents at least six eruptions that occurred between 24 – 61 ka. The 

Grand Bay Ignimbrite, which was previously mapped as resulting from a separate 

eruption, is now considered to be part of this sequence. The homogenous 

geochemistry of the deposits has implications for tephrostratigraphy in the Lesser 

Antilles, and suggests that correlations of deep-sea tephra material to on-shore 

deposits can only be accurately achieved when the on-land stratigraphy of the region 

is well constrained. 

 Mineral-mineral and mineral-melt equilibrium constraints suggest that all Dominica 

magmas are comprised of three equilibrium assemblages which represent a basaltic, 

basaltic-andesitic, and rhyolitic component (Chapter 6). Petrographic and 

geochemical analysis indicate that these components could be related via fractionation 

and, therefore, likely belong to a single magmatic system. The equilibrium groups are 

then entrained in the erupted material due to injection of basaltic magma which drives 

widespread convective self-mixing within the reservoir. The preservation of the three 
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groups suggests that eruption occurs within 5 years of the onset of defrosting and 

magmatic convection. 

 With the exception of Aux Diables, Dominica lavas can be generated through varying 

degrees of fractional crystallization of a mafic parent magma similar in composition 

to Foundland basalt (Figure 6.11). While mineral chemistry of crystals within Aux 

Diables lavas indicates that the centre experienced similar magmatic processes to 

other lava domes on the island, whole-rock geochemistry suggests that Aux Diables 

lavas are affected by lower crustal assimilation in addition to fractionation (Figure 

6.11). This is supported by the presence of Eocene zircons within the Aux Diables 

sample. 

 U-Th analysis of zircon found within Dominica’s volcanic rocks indicates that many 

of the samples experienced periodic zircon crystallization over time periods of >350 

ka (Chapter 5). This suggests protracted storage and recycling of zircons in the upper 

crust and suggests that the magmatic system beneath the island comprises a long-

lived, periodically reactivated basaltic-andesitic crystal-mush zone. Overlapping 

zircon age spectra from spatially separated centres (up to 40 km apart) implies that 

this mush zone may be laterally continuous beneath the island. Based on geochemical 

constraints, this mush is thought to be basaltic-andesitic in composition. 

 The Plat Pays Volcanic Complex (PPVC) has experienced at least 7 major eruptions 

in the past 15 ka. Within several PPVC lava domes, zircon rim ages are exclusively 

young (<50 ka), suggesting the ongoing construction of a new magma reservoir 

beneath the southern portion of the island (Chapter 5). Combined with recent seismic 

activity in 1998-2000 and ongoing geothermal activity, this points to the PPVC as the 

likely site of future volcanic activity on the island.  

 With the exception of two Eocene zircons found within Aux Diables lavas, U-Pb 

zircon ages from Dominica deposits are <2 Ma (Chapter 5). This implies that the 

crystal mush zone beneath the island has been rapidly constructed and is entirely 

Quaternary in age.  Such timescales of magmatic accumulation are similar to those 

seen in continental arcs (Walker et al., 2007).  

 The presence of silicic volcanism and the evidence for a long-lived batholithic scale 

mush zone beneath Dominica indicate that the Lesser Antilles is a ‘mature’ island arc 

that experiences similar processes and timescales to magmatic systems in continental 

arcs. Despite this similarity, however, it is unclear exactly how crustal maturation 
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proceeds within island arcs and, therefore, it is not possible to determine when or even 

if the crust beneath the Lesser Antilles will mature into continental crust.   

7.5 Suggestions for future work 

This thesis has identified areas of further research which could contribute to a greater 

understanding of the volcanic history of Dominica, the evolution of andesitic-dacitic 

magmatism, and the mechanisms that influence crustal maturity in intra-oceanic arcs. These 

are: 

1) In-situ trace element analyses in glass: electron microprobe (EMP) data shows that 

basic glass and mineral chemistry do not yield definitive fingerprinting results for 

Dominica ignimbrites. Trace element analyses in glass have been used at Santorini to 

classify multiple eruptions (Bichler et al., 2004). Such data could help geochemically 

differentiate between ignimbrite-forming eruptions on Dominica. This would not only 

increase our knowledge of the number of eruptions that have occurred on the island, 

but also provide a more robust framework for the correlation of deep sea tephra in the 

region (Pearce et al., 2007). 

2) Further sampling and dating: Although the 20 new (U-Th)/He ages obtained in this 

study greatly enhance our understanding of the volcanic stratigraphy of the island, 

many centres either remain completely undated or have only a single eruption age. As 

the majority of volcanic centres have experienced multiple eruptive events (Smith et 

al., 2013), this means that the volcanic stratigraphy of Dominica is still very poorly 

constrained. We suggest that further sampling and dating of deposits across the island 

is necessary to fully understand the eruptive history of Dominica and thus constrain 

the volcanic hazard posed to the island’s population.   

3) In-situ analysis of Ni in olivines: EMP work suggests that high fosterite olivines 

(Fo80-90) are present in samples from many of the larger centres. Such compositions 

have been linked to mantle-derived melts. Nickel contents in olivines from the central 

Mexican Volcanic Belt have been used to demonstrate the formation of high-MgO 

andesites in the upper mantle (Straub et al., 2011). As most arcs are dominated by 

low-MgO andesites, a similar study on Dominica’s rocks would provide valuable 

insight into andesite genesis. Other studies have also used Ni in olivine to constrain 

ascent timescales from the mantle to the surface (Costa and Dungan, 2005). As data 

on the ascent time of magmas for Dominica is lacking, this would be another potential 

area of interesting future research. 
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4) In-situ Cr analysis in clinopyroxene: EMP work suggests that high pressure 

clinopyroxene, identified by elevated aluminium contents (>2 wt.% Al2O3), is present 

in many of the centres. Nimis and Taylor (2000) present a Cr-in-Cpx barometer, 

which could be used to elucidate the depths at which such high-pressure 

clinopyroxene crystallize. As these pyroxenes have been linked with the underplating 

basalt (Chapter 6), such data may provide valuable insight into the lowest depth of 

magma injection into the shallow crust (i.e., the depth at which earthquakes could be 

categorized as volcanic-tectonic). 

5) Depth profiling of zircons: U-Th zircon age data collected in this study focused solely 

on rim ages. Depth profiling of zircons from St. Lucia, Lesser Antilles, and Tarawera 

volcano, New Zealand, suggest that individual zircons can record multiple reheating 

events and can show evidence of crystallization hiatuses (Schmitt et al., 2010; Storm 

et al., 2011). In order to better understand the level of crystal recycling taking place 

beneath Dominica, we suggest that depth profiling or simple rim and core analyses of 

Dominica zircons be undertaken. Age information from zircon cores would also 

provide further insight into the level of connectivity between centres beneath the 

island.  

6) Within-crystal trace element and isotope analyses: Compositional profiling of crystals 

within textural context can provide a record of the variation in melt composition, 

temperature, and pressure that occurs during crystal growth (Davidson and Tepley, 

1997; Martin et al., 2010; Tepley et al., 2000). Isotope and trace element analyses 

from within crystal samples have also been used to provide evidence for recharge and 

assimilation in a multitude of volcanic systems (Bezard et al., 2014; Davidson et al., 

2007; Davidson et al., 2005; Davidson and Tepley, 1997). In-situ crystal work from 

the island of St. Lucia has indicated that crustal contamination may play a major role 

in the development of Lesser Antilles magmas (Bezard et al., 2014). A within crystal 

study of Dominica samples, specifically on Aux Diables lava which are thought to be 

affected by assimilation (Chapter 6), would be a valuable addition to the debate 

around crustal assimilation in island arcs. 

7) Whole-rock Sr/Nd isotopes for Aux Diables: Trace element modelling indicates that 

Aux Diables lavas are affected by assimilation. The quantity and type of assimilant, 

however, is not well constrained. Whole-rock isotopes would provide insight into the 

magmatic processes associated with this centre. Aux Diables is of particular interest 

as it experienced earthquake swarms in 2003 and 2009-present. 
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8) Further zircon work, specifically looking for zircons within enclave material: This 

would help constrain the relationship between enclaves and eruptive deposits, and 

provide insight into amount of plutonic material existing beneath the island. Such 

information is critical to fully understand the role of magmatic activity in crustal 

thickening and maturation.   
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APPENDIX 
 

This appendix contains background information as well as graphic plots of all data used 

in this project. Part A covers field observations and includes descriptions and photographs of 

the individual outcrops sampled in this study. Part B gives a complete overview of zircon 

systematics with specific focus on the (U-Th)/He technique and its applied corrections. Part C 

gives an overview of all the geochemical data used in this thesis; while Part D gives an 

overview of all the geochronologic data. Part E includes equilibrium plots used to determine 

the equilibrium mineral assemblages discussed in Chapter 6. All data shown in this appendix 

and used in the thesis is available as excel files in the Electronic Appendix.  
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A. APPENDIX: Field Observations 

 

This study is based on field observations and material collected from a total of 41 field 

locations (Figure 3.1) This appendix includes detailed field descriptions and photographs of 

each outcrop. Comprehensive location maps as well as stratigraphic columns are provided 

where necessary.  Outcrop names, coordinates, location information, and the number of 

samples taken are available in Table 3.1. All field location numbers correspond to those 

presented in Figure 3.1. 

Field Location 1: Goodwill Quarry 

Located within the Roseau Valley, just to the north of the capital city of Roseau (Figure 

A.1), the Goodwill Quarry is the type locality of the Roseau Tuff (Carey and Sigurdsson, 

1980; Sigurdsson, 1972). The main quarry exposes a series of interbedded pumiceous 

pyroclastic flow deposits >20 m high (Figure A.2). The pyroclastic flow deposit at the base of 

the main quarry is ash rich and pumice poor with a weathered glass matrix. The deposit 

contains minor lithics (<2%) of volcanic composition that range in size from 0.01 to 1.5 cm. 

Samples for this study were collected just opposite the main quarry at a road outcrop of the 

same sequence. The outcrop comprises a ~1 m thick tephra fall deposit overlain by a 

weathered ~4 m thick pumiceous pyroclastic flow deposit (Figure A.3). The lower unit is 

made of unconsolidated, well layered, sub-rounded lapilli clasts (0.05-5 cm in size). The 

upper layer contains large, angular pumices, up to 0.6 m in diameter. Pumice clasts are white 

to light grey and moderately crystal rich (~25% crystals) with weathering rinds up to 2 cm 

thick. Most contain large, dark crystals of pyroxene (<50 mm). The contact between the two 

units is well preserved and there is no evidence to suggest a time gap between the deposition 

of the two units.  
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Figure A.1: Detailed maps of (A) the Roseau Valley, (B) the Grand Savanne area, (C) Micotrin 
Dome, and (D) the Soufrière Depression. Areas shown are denoted by boxes in Figure 3.1. 
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Figure A.2: Exposed cliff face within the Goodwill Quarry. The cliff consists of a series of 
interbedded pumiceous pyroclastic flow deposits related to the Roseau Tuff eruption. Palm tree in 
foreground approximately 6 m high. 
 

 

 

Figure A.3: Goodwill Quarry outcrop at Field Location 1. Samples taken from the outcrop are 
detailed on the right-hand side of the figure. Sledgehammer shown for scale. 
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 Field Location 2:  Link Road Sequence 

Inland of the Goodwill quarry within the confines of the Roseau Valley, a recent road cut 

has exposed an outcrop along the Santa Romet Link Road (Figure A.1A). Located just east of 

Roseau, the Santa Romet Link Road is ~700 m long and crosses an elevation of ~ 60 m. 

Exposed along this road are 3 unconsolidated pumiceous pyroclastic flow deposits 

interspersed with finer ash-grade flows, paleosols, and a single pumiceous fall deposit (Figure 

A.4). A schematic stratigraphic column cataloguing the entire sequence is shown in Figure 

A.5. 

 

Figure A.4: Field Location 2 - Link Road outcrop. A) Basal pumiceous pyroclastic flow deposit (Link 
Flow 1). B) Paleosol that overlies Link Flow 2; contact is shown by the dashed white line. C) 
Exposure of the road outcrop on the Santa Romet Link Road. Two contacts are highlighted by the 
dashed white lines. The contact on the right-hand side of the photo lies between the two ash-grade 
pyroclastic flow deposits. Axel is standing at the contact between the top-most ash-grade pyroclastic 
flow deposit and Link Flow 2.  
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Figure A.5: Stratigraphic log of the Link Road Sequence. Unit name abbreviations are as follows: 
LF1 – Link Flow 1, LF2 – Link Flow2, LFa – Link Fall, LF3 – Link Flow3.  
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 Informally named Link Flow 1, the basal unit of this section consists of a >15m thick, 

massive pumiceous pyroclastic flow deposit containing fresh, sub-rounded pumice clasts (1-

30 cm in diameter) entrained in a glassy matrix (Figure A.4A; Figure A.5 ). Pumice clasts 

contain dark crystal clusters of pyroxene. The deposit has a possible flow break at ~2 m. 

Above Link Flow 1, a 0.3 m thick ash-rich pyroclastic flow deposit is overlain by a ~50-100 

cm thick paleosol. The paleosol is in turn, overlain by two fine-grained, grey pyroclastic flow 

deposits (each ~3-5 m thick). These ash-grade pyroclastic flow deposits are crystal rich 

(~30%) but contain no pumices or lithics. They are covered by Link Flow 2, a <4 m thick 

pumiceous pyroclastic flow deposit (Figure A.4C). Pumice clasts from this deposit are similar 

in size and shape to those found in Link Flow 1, but the glass appears more fibrous. Above 

Link Flow 2, a small red paleosol indicates another time break (Figure A.4B). This paleosol 

is overlain by a third ash-rich pyroclastic flow deposit (0.8 m thick), which in turn is overlain 

by another paleosol. Link Fall, a ~0.3 m thick lapilli fall deposit sits above this lowermost 

paleosol but beneath a group of cross-stratified pyroclastic surge deposits. This tephra deposit 

consists of well-layered, small (1-4 cm) lapilli clasts entrained in a glassy matrix. Above the 

surge deposits, a final ash-rich pyroclastic flow deposit (0.4 m thick) is overlain by Link 

Flow 3, a slightly weathered, >5 m-thick, unconsolidated pumiceous pyroclastic flow deposit. 

Pumice clasts from this flow are whitish-grey, subrounded and 3-40 cm in size.  

Field Location 3: Link Road Base 

Across the river from the junction of the Santa Romet Link Road with Trafalgar Rd 

(Figure A.1A), another large pumiceous pyroclastic flow deposit (>10 m thick) is visible high 

up in the cliff. Based on elevation and location, we correlate this deposit to Link Flow 1. 

Beneath this pyroclastic flow deposit is a white ash layer underlain by a series of sedimentary 

layers consisting of volcaniclastic fluvial sandstones and conglomerates (Figure A.6). The 

origin of the ash layer is unknown. No paleosol is visible at the contact between sedimentary 

layers and the pumiceous pyroclastic flow deposit. No samples were taken at this outcrop. 
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Figure A.6: Field Location 3 - Link Road Base. Located across the river from the main Link Road 
deposit, this outcrop shows a thick white ash layer overlying sandstone. Although the upper part of 
the photo shows volcanogenic sedimentary deposit, above this is a thick pumiceous pyroclastic flow 
deposit.   
 

Field Location 4: Layou  

On the northern side of the Layou Valley (Figure 3.1), just 20 m from the beach, an 

outcrop of pumiceous pyroclastic flow material is present in a road cut. This outcrop consists 

of volcaniclastic fluvial deposits overlain by a 10 cm thick tephra deposit, a 2-3 cm thick 

white ash layer, and >3 m thick pumiceous pyroclastic flow deposit (Figure A.7). The fall 
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Figure A.7: Outcrop at the mouth of the Layou River consisting of a fluvial conglomerate overlain by 
a pumiceous airfall unit, an ash layer, and a pumice-rich pyroclastic flow deposit. 
 

deposit consists of a mix of unconsolidated sub-rounded lapilli (0.1 – 4 cm) and <5% small 

lithic clasts (<1 cm). The lithics are highly angular and are volcanic in origin. The pumiceous 

pyroclastic flow deposit is pumice rich (>20%). Pumice clasts range in size from 1 to 30 cm 

and are generally white-grey, with 1-2 cm of weathered rind. Large (≤ 1 cm) pyroxenes and 

amphiboles are visible within the pumice clasts. Although Whitham (1989) suggested that 

pumiceous pyroclastic flow deposits found in the Layou Valley are related to the Roseau 

Tuff, other authors have suggested that these are likely related to activity at Trois Piton 

(Lindsay et al., 2005a; Sparks et al., 1980; Wadge, 1989).  

Field Location 5: Salisbury Beach 

At the northern end of Salisbury beach (Figure A.1B), the lower welded section of the 

Grand Savanne Ignimbrite outcrops in the cliff face (Smith et al., 2013; Sparks et al., 1980). 

Highly indurated, the ignimbrite is red in color and contains abundant fiamme (Figure A.8). 

Lithic clasts are also common. Beneath the ignimbrite is a blocky, unconsolidated deposit. 

Although Sparks et al. (1980) proposed that it is a block-and-ash flow deposit from 

Diablotins, the presence of well-rounded clasts and complete lack of sorting suggest that it is 

more likely to be reworked volcaniclastic material.  



 

191 
 

Field Location 6: Grand Savanne 1 

At a road outcrop 10 m above Salisbury beach (Figure A.1B), there is another outcrop of 

the Grand Savanne Ignimbrite. Here the ignimbrite is non-welded and is overlain by a 20 cm 

thick tephra deposit (Figure A.8). Within the tephra deposit, layers of lapilli are interbedded 

with fine grey-white ash. Lapilli are sub-rounded and no lithics are visible. Above the tephra 

deposit, a series of surges containing rare, medium-sized (~3-5 cm) pumices is present 

(Figure A.9A).  

 

 Field Location 7: Grand Savanne 2 

Another pumiceous pyroclastic flow deposit (>10 m thick) crops out 500 meters further north 

along the coastal road (Figure A.1B; Figure A.8). The base of this flow appears clast 

supported and has highly angular pumices ranging from 1-25 cm in size (Figure A.9B). It 

also contains abundant dark volcanic lithic clasts. Larger pumices appear to be concentrated 

within flow zones. Higher up in the outcrop, the ignimbrite becomes matrix supported. 

Although no clear contact is visible, this may represent a separate second pyroclastic flow.  

 

Field Location 8: Anse de Mai 

On the right side of the road just north of Anse de Mai village (Figure 3.1), a highly 

weathered pumiceous pyroclastic flow deposit outcrops. This outcrop is unconsolidated and 

contains abundant lithics (>40%). Pumices and lithics are both highly angular and range in 

size from 1-20 cm. Lithics are generally dark and volcanic in origin. Banded pumices are 

common. No previous work has been done on this deposit. 
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Figure A.8: Stratigraphic log of the Grand Savanne Sequence. This column combines outcrops seen 
at field locations 5, 6, and 7. 
 

 

Figure A.9: Grand Savanne outcrops at locations 6 (A) and 7 (B). A) Upper part of the lower 
pumiceous pyroclastic flow deposit. It is overlain by a small air fall unit and surge deposits. B) 
Outcrop of the upper pumiceous pyroclastic flow deposit. It appears clast supported.  
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Field Location 9: Londonderry  

A series of interbedded pyroclastic flow deposits outcrops at Londonderry beach (Figure 

3.1; Figure A.10). At the base of the sequence, a volcaniclastic conglomerate is overlain by a 

highly weathered pumiceous pyroclastic flow deposit. The first 3-5 m of this flow is clast-

supported due to pumice accumulation. The pumices are medium sized (<20 cm) and highly 

angular. Above this pumice accumulation zone, the flow becomes finer grained, with small 

pumices (~2-3 cm) dispersed throughout. A second pumice accumulation zone is visible ~20 

m up the cliff face. Pumices in this zone are also medium in size (<20 cm) and highly 

angular. This zone is about 1 m thick and is overlain by another finer grained pyroclastic flow 

deposit. A stratigraphic log showing the full sequence is shown in Figure A.11. Part of the 

Wesley Ignimbrite, this flow is likely sourced from Diablotins (Smith et al., 2013). 

 

Figure A.10: Field Location 9 - the cliff face at Londonderry beach.  
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Figure A.11: Stratigraphic log of the Londonderry sequence based on the pyroclastic flow deposits 
visible in the beach cliff.  See Figure A.5 for legend. 

 

Field Location 10: Micotrin [Freshwater Lake] 

Freshwater Lake (Figure A.1C) is a small lake that exists in the moat between Micotrin 

dome and a crater that surrounds the dome’s north-eastern side. At the edge of the lake, an 

outcrop of Micotrin dome carapace is visible. The outcrop is highly vegetated and consists of 

sub-rounded lava blocks 0.2 – 2 m in size (Figure A.12A). The weathered rinds are generally 

1-20 cm thick. Internally, the lava clasts are fresh, light grey, and glassy with porphyritic 

texture. Large plagioclase and pyroxene crystals (<1 mm) are visible throughout. Small 

darker grey xenoliths (<2 cm) are visible throughout the lava.  

 

Field Location 11: Micotrin [Road 1] 

The road to Freshwater Lake curves around the southern side of Micotrin dome (Figure 

A.1C). Along this road, outcrops of dome lava are visible (Figure A.12B). At Field Location 

11, large blocks of weathered lava are visible. Lava is light to dark grey with abundant flow 

banding and xenoliths. Xenoliths range in size from 1 to 20 cm, and in color from black to 

pinkish grey.  
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Field Location 12: Micotrin [Road 2] 

About 100 m in elevation below Field Location 11 on the western side of the dome 

(Figure 3.1), the road cuts across a 10 m thick block-and-ash flow deposit (Figure A.12C). 

Large angular lava blocks are mixed with lithic clasts of unknown origin. Lava is light to 

dark grey and contains large (<20 cm) xenoliths.  

 

 

Figure A.12: Micotrin dome outcrops at locations 10 (A), 11 (B), and 12 (C). A) Dome carapace 
outcrop seen at the edge of Freshwater Lake. B) Outcrop of dome lava along the road to Freshwater 
Lake. C) Block-and-ash flow deposit on the western side of Micotrin dome. 
 

Field Location 13: Trois Piton Quarry 

Trois Piton Quarry is an active quarry on the north side of Trois Piton Dome (Figure 

3.1). A thick (<20 m) series of block-and-ash flow deposits is exposed in the quarry walls 

(Figure A.13). It contains angular blocks up to 3 m in size entrained in an ash-rich gray 

matrix. Lithics are present but make up <5% of the deposit.  Lithics are generally red-purple 

and may represent pieces of the surrounding country rock. The outcrop is slightly weathered 

with some overgrowing vegetation.  
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Figure A.13: Block-and-ash flow sequence exposed in the wall at Trois Piton Quarry. 
 

Field Location 14: Rosalie  

On the eastern side of the island, just north of Rosalie village (Figure 3.1), a pumiceous 

pyroclastic flow deposit outcrops along the road. The outcrop is extremely weathered and 

mostly covered in vegetation. Pumice clasts within the deposit are angular and range in size 

from 1 to 40 cm. Some banded pumices are also present. No lithics are visible. Carey and 

Sigurdsson (1980) proposed that pyroclastic flows near this location are related to the Roseau 

Tuff eruption. 

 



 

197 
 

Field Location 15: Geneva Quarry 

The Geneva Quarry is an inactive quarry located to the north and inland of Grand Bay 

Beach (Figure 3.1). At this location, a 4 m–thick pumiceous pyroclastic deposit is overlain by 

a blue-grey block-and-ash flow deposit (Figure A.14). The lower unit contains abundant 

pumices and ~10% volcanic lithic clasts. Pumice clasts are generally ~3-10 cm in size, white 

to grey, and very angular. A few pumice clasts are dark blue to purple indicating the presence 

of a more mafic component. All pumices appear relatively fresh and are crystal rich with a 

fibrous glassy matrix. The upper unit in the quarry consists of angular blocks of lava 

embedded in an ash-rich matrix. A charred log is also visible, indicating a high temperature 

of deposition. Lindsay et al. (2003) correlated the pumiceous pyroclastic flow deposit at this 

location to the Grand Bay Ignimbrite and suggested that the block-and-ash flow deposit is 

related to a Plat Pays eruption dated as 6,600 years BP. 

 

 

Figure A.14: Field location 15 - Geneva Estate Quarry outcrop. Here, a block-and-ash flow deposit, 
possibly related to the Plat Pays centre, overlies a thick pumiceous pyroclastic deposit previously 
correlated to the Grand Bay Ignimbrite (Lindsay et al., 2003). 
 

Field Location 16: Grand Bay  

Grand Bay Beach is the type locality of the Grand Bay Ignimbrite (Lindsay et al., 2003). 

At this location (Figure 3.1), a ~10 m-thick pumiceous pyroclastic flow deposit faces the sea 

(Figure A.15). The flow is unconsolidated and slightly weathered. It contains pumice clasts 

up to 30 cm. Clasts are white-grey and contain large dark pyroxenes. No mafic pumices or 

lithics were noted at this outcrop.  
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Figure A.15: Outcrop of the Grand Bay Ignimbrite at Grand Bay Beach. 
 

Field Location 17: Fond St. Jean 

Fond St. Jean lies on the coast to the east of Grand Bay Beach (Figure 3.1). At this 

outcrop, a 6 m thick series of interbedded pumiceous pyroclastic flow and ash-grade fall 

deposits is underlain by a lapilli fall layer and a highly weathered basaltic lava flow (Figure 

A.16). Although the upper pyroclastic flows are unreachable, they appear to be pumice poor 

(<10% pumice) and contain several charred logs which have yielded uncalibrated 14C ages 

of >36,800 (Lindsay et al., 2005a) and 38,890 ±600 years BP (Sigurdsson and Carey, 1991). 

The lapilli fall unit is 60 cm thick, highly weathered, and contains subrounded pumice clasts 

(<3 cm in size) that are encased in a mossy overgrowth. The basaltic material is highly 

weathered, but appears to consist of thick basaltic lava. The pumiceous pyroclastic flows at 

this outcrop have been correlated to the Grand Bay Ignimbrite (Lindsay et al., 2003), and it 

has been proposed that the basaltic material is related to the nearby Foundland centre 

(Lindsay et al., 2005a; Lindsay et al., 2005b).  
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Figure A.16: Stratigraphic log of the Fond St. Jean outcrop.  
 

Field Location 18: Petite Savanne River 

In the Petite Savanne River, Wills (1974) found a series of plutonic clasts. Two small 

clasts were found within the washout of the riverbed. Their relationship to larger centres is 

unclear. 
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Field Location 19: Plat Pays [Depression Margin] 

The eastern scarp of the Soufrière Depression forms a 50 m high cliff. At the very top of 

this cliff, just 10 meters from the edge, a block-and-ash flow deposit was found (Figure 3.1). 

This overgrown deposit contains angular lava clasts up to 0.5 m in size entrained in a dark 

purple matrix (Figure A.17). The clasts are highly vesicular but very dense and crystal rich. 

Xenoliths (<4 cm in size) are visible throughout the collected lava clasts. Lindsay et al.  

(2005b) correlated this unit with Morne Plat Pays and the block-and-ash flow deposit seen at 

the Geneva Estate Quarry based on geochemistry. 

 

Figure A.17: Vegetated block-and-ash flow deposit found at the eastern edge of the Soufrière 
Depression Margin. 
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Field Location 20: Wall House Quarry 

The Wall House Quarry is located on the south side of the capital city of Roseau (Figure 

3.1). Within the quarry, a 10 m-thick pumiceous pyroclastic flow deposit is exposed (Figure 

A.18). This unit contains angular pumice clasts up to 60 cm in diameter and abundant 

volcanic lithics (>15%). Pumice clasts are grey-brown and contain some darker-colored 

mafic inclusions. The pyroclastic flow is underlain by a small (30 cm thick) massive fall 

deposit with lapilli averaging ~1-3 mm in size. Above the flow, a brown ash-rich layer is 

visible but unreachable. Based on age constraints and thickness, Lindsay et al. (2003) 

correlated the pyroclastic flow unit at this outcrop to the Grand Bay Ignimbrite.  

 

 

Figure A.18: Field location 20 - the Wall House quarry outcrop.  
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Field Location 21: La Falaise Quarry 

La Falaise Quarry is a large, active quarry located on the coast just north of the Soufrière 

Depression (Figure 3.1). The quarry consists of 15 m high walls cut into a highly brecciated 

deposit. Within the deposit, intact lava blocks of up to 5 m across are visible. The quarry wall 

is cross cut by a series of large faults down-dropping to the south (Figure A.19). This deposit 

was interpreted as a debris avalanche deposit by Le Friant et al. (2002) and as the exposed 

core of an in-situ lava dome by Lindsay et al. (2003). While a single 14C analysis yielded an 

age of >47 ka for this deposit (Lindsay et al., 2003), K-Ar whole-rock geochronology yielded 

an age of 96 ± 2 ka (Samper et al., 2008). 

 

Figure A.19: Field Location 21 - debris avalanche deposit at La Falaise Quarry. Large faults are 
visible within the quarry wall. 
 

Field Location 22 and 23: NP Ash 

Along the northern edge of the Soufrière Depression, a discontinuous, thick white ash 

layer outcrops at several locations (Figure 3.1). The ash is 20-50 cm thick and is generally 

found within larger uninterrupted domains of volcanic material within a mega-breccia 

deposit. The stratigraphic relevance of this layer is questionable as the blocks are found 

within a debris avalanche deposit and are therefore not in-situ. Despite this, the thickness of 

the ash layer is considerable and it must reflect a major plinian eruption either on Dominica 

or elsewhere in the Caribbean. 



 

203 
 

 

Figure A.20: Field Location 22 - NP Ash. Note the truncation of the layers within the unit, suggesting 
that this package of material is not in-situ. 

Field Location 24: Enigmatic Outcrop 

This outcrop is located within the centre of the Soufrière Depression, on the road 

between the villages of Galion and Soufrière (Figure A.1D). The outcrop is covered in 

vegetation and moderately weathered. It consists of angular blocks of shattered lava entrained 

in a slightly-vesicular, glassy matrix (Figure A.21B). Lava blocks are grey and glassy with no 

visible xenoliths. Based on location and topography, this outcrop is thought to represent the 

northern part of the Rouge Ridge. 

Field Location 25: Patates Dome 

Six hundred meters down the road from location 24 (Figure A.1D), a highly vegetated 

outcrop of angular, broken lava blocks is present (Figure A.21A). Located on the flanks of 

Morne Patates, these blocks are up to 4 m high and consist of very fresh, homogenous blue-

grey lava. The lava contains large plagioclase crystals and abundant darker xenoliths.   

Field Location 26: Crabier Dome 

Crabier is located in the south-western side of the Soufrière Depression, and the sample 

was collected 2.5 km along the Waitukubuli Nature Trail which cuts across the dome (Figure 

A.1D). The outcrop consists of a series of slightly weathered, in situ lava blocks (Figure 

A.21C). The blocks are <2 m in size and consist of fresh, highly crystalline grey lava with 

some darker xenoliths (2-3 cm).  
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Figure A.21: Outcrops at locations 24 (A), 25 (B), and 26 (C). A) lava blocks exposed on the flank of 
Morne Patates. B) Block-and-ash flow deposit seen at the enigmatic outcrop, believed to be related to 
Morne Rouge. C) Lava blocks exposed on the side of Crabier Dome. 
 

Field Locations 27 and 28: Foundland  

Foundland volcano is located in the southeastern corner of Dominica (Figure 3.1). Lava 

from this centre outcrops along the coast road before Fond St. Jean (Figure 3.1). Field 

location 27 consists of a 3 m high, coherent lava flow (Figure A.22A). The dark grey flow is 

heavily weathered with iron staining. Beneath the weathering, the lava is porphyritic and 

contains large plagioclase crystals. Field location 28 is located 500 meters further along the 

road. At this outcrop, a scoriaceous basaltic unit is overlain by a thick, 0.3 m paleosol (Figure 

A.22B). The scoriaceous unit is very poorly sorted and contains sub-rounded blocks up to 0.2 

m across entrained in a dark grey ash.  
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Figure A.22: Foundland outcrops at field locations 27 and 28. A) Coherent dark grey lava flow. B) 
Poorly sorted scoriaceous unit. Pen shown for scale. 
 

Field Location 29: Grand Soufrière Hills 

Located on the south-eastern side of Dominica, Grand Soufrière Hills is a dissected 

andesitic dome with a circular crater that opens towards the sea. On the coastal road to the 

east of this centre, a multi-level quarry contains a large, ~15 m thick series of block-and-ash 

flow deposits (Figure A.23). Dated as ~11 ka old based on 14C (Smith et al., 2013), the 

deposit consists of 0.2 to 2 m sub-rounded blocks of volcanic material, both andesitic and 

basaltic, entrained in a fine grained grey matrix. The lava is mostly light grey and crystal rich, 

but it contains abundant darker xenoliths of variable size. A single block of black schistose-

like material (sample 29.3) was found at this location and is thought to represent a remnant of 

the basement rock within the area. 

 



 

206 
 

 

Figure A.23: Field Location 29 - quarry to the east of Grand Soufrière Hills. 
 

Field Location 30: Grand Savanne Block-and-Ash Flow Deposit 

On the northern side of the Grand Savanne fan, the road cuts down into a series of block-

and-ash flow deposits (Figure A.1B). About 15 m along this road cut, a highly weathered 

block-and-ash flow deposit overlain by a lithic fall deposit is visible (Figure A.24). The 

block-and-ash flow deposit is pale brown in color, slightly indurated and contains sub-

rounded lava blocks ranging from 0.1-1 m in size. The flow is ~3 m in height and appears to 

be clast supported. The overlying fallout deposit contains poorly sorted lithics and pumiceous 

lapilli reaching up to 2 cm in size. It thickness varies from 1-30 cm over the length of the 

outcrop. Reworked volcanic material of unknown origin lies above the fallout deposit. Based 

on location, these deposits are thought to be sourced from Diablotins (Smith et al., 2013).  
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Figure A.24: Block-and-ash flow deposit overlain by lithic fallout deposit of variable thickness. The 
block-and-ash flow deposit is highly weathered and appears to be clast supported. 
 

Field Location 31: East Cabrits 

Just north of Portsmouth, two small domes, known as east and west Cabrits, create a 

small peninsula into the Atlantic Ocean (Figure A.25A; Figure A.26). Although the area is 

highly vegetated, a relatively fresh outcrop of dome material (5 m by 2 m) was found on the 

southern edge of East Cabrits along a hiking trail. Within this deposit, large blocks of 

coherent lava (>1.2 m) are surrounded by smaller, angular lava clasts (Figure A.25B). The 

lava is dark gray with large plagioclase crystals. No xenoliths were visible at this outcrop. 
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Figure A.25: A) East and West Cabrits (photograph was taken facing north) B) Outcrop of dome 
scree found on the southern side of East Cabrits. The deposit contains a mix of large lava blocks and 
smaller angular lava clasts. Hammer for scale. 
 

 

 

Figure A.26: Detailed map of the Aux Diables area showing relevant landmarks [denoted as Box e in 
Figure 3.1]. Numbers refer to field locations. 
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Field Location 32: Aux Diables Pyroclastic Flow Deposit 

Aux Diables is the northern-most volcano on Dominica. On its northwestern side, just 

south of Bellevue town (Figure A.26), a significant 4 m thick, weathered pumice fall deposit 

outcrops (Figure A.27). The deposit consists of small (<5 cm) angular pumices within an ash-

rich matrix. The pumiceous layer, which ranges in thickness from 1-15 cm, is clast supported. 

Pumice clasts are highly vesicular with lath-like glass. 

 

Figure A.27: Outcrop of pumiceous fall deposit related to Aux Diables. 
 

Field Location 33: Aux Diables 1 

Five hundred meters south of field location 32 near Capucin village (Figure A.26), a 2 m 

high block-and-ash flow deposit is present along the coastal road (Figure A.28A). This 

deposit is clast supported and contains lava blocks ranging in size from 1 to 30 cm. The 

deposit is very poorly sorted with no obvious layering. Clasts are sub-rounded and appear to 

be of consistent composition. Some of the larger clasts contain cooling cracks and may be 

breadcrust bombs.  A 10 cm thick white ash layer of uncertain origin overlies the deposit. 

 

Field Location 34: Aux Diables 2 

Continuing south along the coastal road, near the village of Clifton (Figure A.26), a 

block-and-ash flow deposit is present in a small quarry (Figure A.28B). The deposit is ~4 m 

high and consists of angular lava clasts entrained in a white-grey ash-rich matrix. Clasts 

range in size from 2 to 40 cm.  
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Field Location 35: Aux Diables 3 

Towards the south-western side of Aux Diables near Toucari (Figure A.26) the road goes 

through a series of sharp switch backs and exposes a large ~5 m thick block-and-ash flow 

deposit (Figure A.28C). The deposit is clast supported and contains sub-rounded lava clasts 

ranging in size from 1 to 50 cm. Lava clasts are slightly vesicular, dark grey to purple in 

color, and contain large crystals.  No lithics were visible. The deposit lies above a series of 

highly layered pyroclastic surges.  

 

Field Location 36: Aux Diables 4 

North of Portsmouth, a single road turns inland and cuts across Aux Diables. Along this 

road, at the volcano’s summit, a large 6 m cliff of partially coherent lava is present (Figure 

A.26; Figure A.28D). The outcrop is covered in vegetation, and is highly weathered. It 

contains angular lava blocks up to 3 m across. The lava is dark grey with a reddish tint and 

very dense.   

 

 

Figure A.28: Block-and-ash flow and lava flow deposits related to Aux Diables Dome. A) Location 33 
(pen for scale) B) Location 34  C) Location 35  D) Location 36. 
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Field Location 37: Morne Espagnol 

Morne Espagnol is a small Pelean dome on the west coast of Dominica just south of 

Point Ronde (Figure 3.1). Half way up the dome, a ~5 m high outcrop of coherent dark lava 

crops out (Figure A.29). The lava appears dacitic and is very dense; megacrysts (1-3 cm) of 

pyroxenes and plagioclase are abundant. 

 

 

Figure A.29: Outcrop of lava at Morne Espagnol. 
 

Field Location 38: Morne Fous 

Morne Fous is a small Pelean dome that sits on the southern edge of Dominica, just to 

the east of the Soufrière Depression (Figure A.1D). Along the cliffs behind Petite Coulibri 

Estate, an outcrop of mossy boulders represents dome talus (Figure A.30). The boulders are 

generally 30-50 cm across and consist of weathered, dark grey lava.  

 

Field Location 39: Morne Rouge 

Morne Rouge forms an arcuate ridge within the south side of the Soufrière Depression 

(Figure A.1D). On the eastern side of the ridge, large coherent boulders of lava dot the 

landscape. Samples were taken from a large boulder (1.5 m x 0.75 m) found on the side of the 

road towards Coulibri estate (Figure A.30). Lava at this location is light grey with large, dark 

pyroxenes. Small dark, mafic xenoliths are abundant. 
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Figure A.30: Outcrops at locations 38 (A) and 39 (B). A) Mossy boulder field on the flanks of Morne 
Fous. B) Large boulder sampled on the southern side of Morne Rouge Ridge. 

Field Location 40: Plat Pays [Mt. Lofty] 

Mount Lofty Estate sits on the eastern side of Morne Plat Pays, just beneath the summit 

(Figure 3.1). Large boulders up to 5 m across are visible throughout the area. Samples were 

taken from a 1 m x 2 m boulder consisting of dense purplish grey lava. The sample contains 

large crystals of plagioclase and pyroxene. 

 

Figure A.31: Lava boulder found at Mt. Lofty Estate just below the summit of Morne Plat Pays. The 
ridge in the background is part of Plat Pays central summit area. 

Field Location 41: Diablotins 

On the western flanks of Diablotins, boulders up to 5 m across dot the highly vegetated 

landscape. Towards the summit of the volcano, a large boulder of dense, dark grey lava was 

sampled. No xenoliths were visible within the block. 
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B. APPENDIX: Theory of Zircon Geochronology 
 

Zircon (ZrSiO4) is a common accessory mineral in igneous rocks that incorporates a 

variety of elements and is relatively insoluble and resistant to breakdown (Finch and 

Hanchar, 2003; Harley and Kelly, 2007). The stability of zircon, when combined with its low 

internal diffusion rates, preserves isotopic information over varying conditions and over long 

periods of time.  A single zircon can contain multiple generations of geochemical information 

(Hoskin and Schaltegger, 2003). As such, it is one of the primary minerals used to examine 

the processes and timescales associated with magmatic systems. 

During growth, zircon incorporates a variety of trace elements into its structure including 

radiogenic isotopes such as uranium (U) and thorium (Th) but excludes elements with larger 

ionic radii and lower charge such as lead (Pb). Once contained within the zircon structure, 

elements such as uranium and its daughter products are highly immobile due to extremely 

low diffusion rates, on the order of 10-20 – 10-23 m2sec-1 (Cherniak et al., 1997). This means 

that once crystallized, zircon’s radiometric clock is set (Reid, 2008). U-Th disequilibrium 

ages obtained from zircons, therefore, record the time of crystallization. In order to calculate 

eruption ages using zircons, (U-Th)/He dating is required (Farley, 2002). As zircon can be 

used to calculate both the time of crystallization and the eruption age, it is an ideal 

geochronometer that provides a unique link between surface and sub-surface processes. 

B.1 Zircon Stability 

Zircon stability in a magmatic system depends on the temperature and Zr concentration 

of the melt (Boehnke et al., 2013; Watson and Harrison, 1983). The temperature at which a 

melt is saturated in Zr is known as the zircon saturation temperature (Tzir). At this 

temperature and below, zircon is stable. Above this temperature, Zr is undersaturated leading 

to zircon resorption and dissolution (Watson, 1996).  Tzir is determined using the Zr content 

of the melt and the cation ratio M. M can be calculated following the formula [(Na + K + 

2Ca)/(Al*Si)], where the elements are given as cation fractions of the melt. Tzir is then 

calculated using the equation: Tzir  = 12900/ (2.95 + 0.85*M + Ln (47600/Zr)), where T is the 

temperature in Kelvins and Zr refers to the zirconium content of the melt in ppm (Hanchar 

and Watson, 2003).  

As zircon dissolution rates are extremely slow (on the order of  10-19 to 10-15 cm/s at 

temperatures of 640-850 °C (Watson, 1996)), zircon is often recycled within magmatic 
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systems and experiences several thermal events prior to eruption. The relationship of zircon 

to the erupted melt, therefore, can be uncertain. As zircon only grows in melts where TZir > 

TMelt, the comparison of TZir to magmatic temperatures (TMelt) is often used as a measure of 

zircon solubility in the erupted melt. Although melt temperatures can be calculated using a 

variety of geothermometers, temperatures calculated based on Fe-Ti-oxide equilibrium are 

thought to best represent the temperature at the time of eruption (Ghiorso and Evans, 2008) 

and are, therefore, the most common thermometer used for comparison (Charlier et al., 2005).   

B.2 Principles of U-Series geochronology 

Radioactive isotopes such as uranium (U) and thorium (Th) decay via complex chains of 

intermediate, relatively short lived daughter isotopes. 238U (t1/2 = 4.47 billion years), for 

example, decays to 206Pb via a chain of 13 intermediate isotopes (Figure B.1). Although U-Pb 

geochronology is ideal for dating crystals >400,000 years old, in younger crystals not enough 
206Pb is produced via decay to distinguish radiogenic 206Pb from the small amount of 206Pb 

incorporated during crystal growth or present as a contaminant (Reid 2008). To accurately 

date crystals <400,000 years old, therefore, the intermediate daughter isotopes are best used. 

The daughter isotopes typically have half-lives much shorter than that of the original parent 

isotope and allow for dating over timescales equivalent to roughly five times their half lives 

or tens to hundreds of thousands of years (Turner and Costa, 2007). The most ideal daughter 

isotope is 230Th, which has a half life of 75,381 years (Cheng et al., 2000) and is both 

radiogenic (produced by the decay of 238U) and radioactive (decaying to 226Ra). 

B.2.1 U-Th geochronology 

During crystallization, zircon preferentially incorporates uranium relative to thorium. 

This means that, in the beginning, more 230Th is produced via 238U decay than is lost from 
230Th decay (Figure B.2B). Eventually, however, because the half-life of 230Th is shorter than 

that of 238U, the system will reach secular equilibrium, a steady state equilibrium in which the 

number of decays from 230Th equals the number of decays from 238U (Figure B.2A). This 

occurs around ~380 ka, 5 times the half life of 230Th. This is true of all radioactive parent-

daughter systems in which the half life of the daughter is shorter than that of the parent. 

Eventually, the activities (number of decays per unit time [Nλ]) of the parent and the  
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Figure B.1: Schematic diagram of the 238U and 235U decay chains. Isotopes typically used for 
geochronology in volcanic systems are shown in black boxes. Diagram taken from Cooper and Reid 
(2008). Half-lives shown were compiled in Bourdon et al.(2003). 
 

 

 

 

Figure B.2: Diagram showing [A] secular equilibrium and the eventual return of the system to 
secular equilibrium with either [B] a preferential fractionation of U or [C] a preferential fraction of 
Th into the crystal. Figure from Reid (2008). 
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daughter will become the same (Bateman 1910). Once this condition, known as secular 

equilibrium, is reached, no data on the amount of time passed can be obtained (Schmitt 

2011). Zircon’s strong fractionation of U relative to Th makes it ideal for U-Th 

disequilibrium dating compared to other major minerals which have similar distribution 

coefficients of U and Th. 

Two-Point Isochron Model 

Zircon U-Th disequilibrium ages are calculated using a two point isochron model based 

on the activity ratios of the parent daughter isotopes (Figure B.3). The two-point isochron 

method requires two major assumptions. The first is that either the melt was in equilibrium 

when the zircon crystallized (i.e. (230Th/ 232Th) = (238U/ 232Th)) or that the present day 

activities of melt and zircon are known. The second is that the zircon was erupted in its parent 

melt, which allows the assumption that the initial (230Th/ 232Th) of the zircon is same as that 

of the whole rock. On a two-point isochron diagram, (238U)/(232Th) is plotted against 

(230Th)/(232Th) and the isochron is created by drawing a line from the whole rock isotope 

analysis to the U-Th value of the zircon of interest.  

 

 

 

Figure B.3: Schematic two-point isochron diagram for (238U/230Th). Zircons 1 and 2 are hypothetical 
examples with isochron slope ages equal to 150 and 20 ka, respectively. 
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The slope of the isochron (m) is calculated using the following equation (Cooper and 

Reid, 2008): 

 

where (230Th0)/(
 232Th) is the initial activity ratio of the daughter isotope and λ230 is its decay 

constant. Due to the long half-life of  238U, the (238U0)/(
 232Th) ratio is assumed to be equal to 

the measured (238U)/( 232Th) ratio. The model age can be calculating by plugging the gradient 

(m) into the following formula: 

 

On the two-point isochron plots, young zircons will have very shallow slopes and older 

zircons will have steeper slopes as decay brings them closer to equiline, which represents the 

values at which secular equilibrium occurs (Figure B.3; Smith 2011). Samples that evolved 

coevally will plot on a single isochron.  

B.2.2 U-Pb geochronology 

U-Pb geochronology is based on the decay of 238U and 235U decay to 206Pb and 207Pb, 

respectively (Figure B.1).  As Pb2+ is incompatible with the zircon structure due to its large 

radius and low charge (Watson et al., 1997), most of the Pb found within zircons is 

radiogenic Pb (Pb*). As both U and Pb are highly immobile within zircon, the radiometric 

clock is set at the time of crystallization. Zircons found to be in secular equilibrium using U-

Th dating are often redated using U-Pb geochronology to determine the actual crystallization 

age. To calculate time of crystallization (t), two geochronometers (238U-206Pb and 235U-207Pb) 

are applied using the following formulas (Dickin, 2005): 

 

Here the subscript 0 indicates the isotopic composition of Pb at the time of crystallization (i.e. 

non-radiogenic Pb), t is the time of crystallization, and λ238 and λ235 are the decay constants of 
238U and 235U, respectively. In order to correct of non-radiogenic Pb, 204Pb is analysed and the 

amount of initial 206Pb and 207Pb is estimated from the whole rock ratios and/or from the 

composition of laboratory blanks (Dickin, 2005). If the system has remained closed with 

respect to U and its daughter isotopes since formation, the chronometers give concordant 

dates and will fall on the concordia line of a (207Pb/235U) vs (206Pb/238U) diagram. Discordant 
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ages indicate Pb loss due to a geologic event such as metamorphism or thermal recharge. As 
235U is much less abundant than 238U (present day 238U/ 235U =137.88), only small amounts of 

radiogenic 207Pb are produced by decay. The small quantity of 207Pb in Cenozoic to Mesozoic 

zircons yields imprecise 235U-207Pb dates via SIMS (secondary ion mass spectrometry), and 

thus SIMS dating of the zircons analyzed here  is limited to the 238U-206Pb method (Schmitt, 

2011).  

B.3 Principles of (U-Th)/He geochronology 
238U, 235U, 232Th, and 147Sm decay via α particle (4He) radiation. The accumulation of 

4He from the α-decay of these elements forms the basis of (U-Th)/He geochronology. At high 

temperatures, 4He is highly mobile and readily diffuses out of crystal structures. Once a 

system reaches the closure temperature (~100°C for apatites and ~200°C for zircons; Farley, 

2002), however, 4He is trapped within the crystal and begins to accumulate. For volcanic 

rocks, the system generally reaches closure temperature at the time of eruption. This means 

that any He found within zircon or apatite crystals is radiogenic He that has been 

accumulating since the time of eruption, making (U-Th)/He geochronology an important 

eruption geochronometer.  

B.3.1 Accumulation of 4He via α-Ejection 

The amount of accumulated 4He can be calculated following the formula (Farley, 2002): 

 

where He, U, and Th refer to the analysed quantities of each element, t is the accumulation 

time (He age), and λ refers to the individual decay constants. Coefficients in the equation 

relate to the number of α particles emitted within each decay series, while (1/137.88) refers to 

the present day 235U/238U ratio. It is important to note that this equation assumes that no initial 
4He is present in the crystal being dated. This assumption is supported by the low closure 

temperature and low atmospheric concentration of He, which indicates that all He in the 

crystal will be radiogenic. The equation also assumes that all daughter products are in secular 

equilibrium. For crystals younger than 350 kyr, therefore, a disequilibrium correction must be 

applied (Farley et al., 2002). Prior to the disequilibrium correction, however, another 

correction must be made in order to calculate an accurate eruption age, namely the alpha-

ejection correction.   
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B.3.2 The α-Ejection Correction 

During α-decay, an α particle is energetically ejected from the parent isotope and comes 

to rest at some distance from the parent nuclei. Known as the stopping distance, this spatial 

separation has important implications for the calculation of eruption ages using accumulated 

He. Basically, three possible situations can arise as the result of α-ejection (Farley, 2002): 

1) If the parent nucleus is located more than the stopping distance away from the 

crystal edge, then the He is retained in the crystal regardless of the trajectory of 

ejection (Figure B.4).  

2) If the parent nucleus is located at the edge of the crystal within the stopping 

distance, then there is some probability that the He particle will be ejected (Figure 

B.4). 

3) α particles can also be implanted from the surrounding material (Figure B.4). 

However, as the concentration of the parent nuclide in the crystal being dated is 

generally much higher than the concentration seen in the host rock, the quantity of 

implanted He is considered insignificant (Farley et al., 1996). 

 

Figure B.4: The effects of α-stopping distance on He retention. Three possibilities are shown 1) α 
retention, 2) α ejection, and 3) α implantation. The radius of the circles indicates the α-stopping 
distance, thus the edges of the circle represent the possible locations where the α particle may come 
to rest. Diagram from Farley (2002). 
 



 

220 
 

To correct for ejected He and obtain an “α-ejection-corrected” age, the measured age is 

divided by the “FT” parameter, which represents the percentage of He retained in the crystal. 

The FT parameter is calculated using the crystal geometry, the surface-area-to-volume ratio 

(β) of the crystal, and the α-stopping distance. As the  α-ejection-correction cannot be well-

approximated using basic Monte-Carlo modelling in grains with irregular habit, grains are 

partially chosen on the basis of good crystal morphology that matches one of the ‘ideal’ 

geometries (Reiners, 2005). In general, a hexagonal prism system is used for apatites, while a 

tetragonal prism system is used for zircon (Farley, 2002). As both of those geometries ignore 

prism terminations, Hourigan et al. (2005) calculated new formulations for tetrahedral prisms 

with pinocoidal and pyramidal terminations. The β of a crystal is determined by measuring 

the two perpendicular crystallographic axis (a1 and a2) and calculating volume and surface 

area values using formulas determined for the ‘ideal’ geometries (Reiners, 2005). The FT 

parameter can then be calculated using the following formula (Reiners, 2005):  

 

where A1 and A2 are constants determined for each ‘ideal’ geometry that are associated with 

the α-stopping distance (Farley, 2002; Hourigan et al., 2005). In general FT values between 

0.65 and 0.9 are considered realistic (Farley, 2002). Grains with <0.65 FT are avoided due to 

large errors in the correction. Usually such low FT values correspond to grain size, with 

grains <80 µm generating FT values below the acceptable limit (Reiners, 2005). The major 

assumption of this α -ejection correction method is that the distribution of parent nuclides is 

uniform within the crystal. Grains with chemical zonation violate this assumption and can 

have model ages up to 33% older or younger than the true age depending on the distribution 

of parent nuclides (Farley, 2002). Although a zonation dependent α-ejection correction is 

available (Hourigan et al., 2005), it requires depth-profiling to characterize U-Th zonations 

and thus can only be applied in specific situations.  

 

B.3.3 U-Th Secular Disequilibrium Correction 

As (U-Th)/He geochronology assumes secular equilibrium, age values determined for 

young zircons systematically underestimate eruption ages (Farley et al., 2002). This is due to 

an initial deficit of 230Th which generates less He production than would be expected if the 

system was in secular equilibrium (Schmitt et al., 2006). For a system with an initial 

disequilibrium in (230Th/ 238U), the accumulation time of 4He can be calculated following ‘full 

disequilibrium’ formula: 
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where U and Th are measured values, is the accumulation time, and λ refers to the individual 

decay constants. D230 refers to the ratio of (230Th/ 238U) in the crystal to (230Th/ 238U) magma 

(Farley et al., 2002) and is used to gauge the measure of the disequilibrium in the system. 

This ‘full disequilibrium’ equation yields ages based on the assumption that the crystal was 

instantaneously erupted after crystallization (i.e. time of crystallization = time of eruption). If 

the crystal resides in a magma chamber for a period of time prior to eruption, however, the 

degree of disequilibrium will be smaller than estimated because the system has had time to 

move closer to secular equilibrium. D230, therefore, can be modified using the formula: 

 

where tres refers to the period the crystal resided in the magma chamber prior to eruption 

(Farley et al., 2002). Without information on the timing of crystallization (i.e. tres), it becomes 

clear that the eruption age lies somewhere between the full equilibrium age (calculated 

assuming secular equilibrium) and the full disequilibrium age (calculated assuming 

crystallization = eruption).  
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C. APPENDIX – Geochemistry Results – Petrography, Mineral Chemistry, Whole 
Rock Chemistry, and Glass Chemistry 

 

C.1 Introduction 

This appendix summarizes the results of all mineral and glass data collected by electron-

microprobe analysis and all whole rock data collected via XRF and LA-ICP-MS analysis. As 

most of the results are presented in two of the papers that serve as discussion chapters (see Ch. 

4 & Ch. 6) in a limited format, this appendix serves to provide a detailed overview of all the 

geochemical data and results.  Due to the large number of samples in this study, the analyzed 

units are broken up first by deposit type (i.e. pyroclastic flow deposits, lava dome deposits, 

and enclaves) and then geographically from north to south. The classification used in this 

chapter is shown in Figure C-1. For full mineral chemistry, see Electronic Appendix 3. 

 

 

Figure C-1: Overview of the classification scheme used throughout this chapter. Numbers in brackets 
refer to sample numbers (see Table 2.1). An X in the sample number denotes that the sample is a 
xenolith/enclave. B&A is used as an abbreviation for block-and-ash flow deposit.  
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C.2 Petrography 

Thin sections of pumices and lava from selected deposits were used to investigate 

mineral assemblages and the mineral and textural relationships within units. For all thin 

sections, point counting was undertaken to estimate the modal proportions of crystals as well 

as the proportion of crystals to groundmass glass (melt). For each section, a minimum of 300 

crystals were counted. Voids, including both vesicles and holes in the thin section, were not 

included in the total.  

C.2.1 Point counting results 

Pumiceous Pyroclastic Flow Deposits 

Based on point counting, pumices within the pyroclastic flow deposits have ~16-30% 

crystals (Table C.1). The Layou and Londonderry deposits have significantly lower crystal 

contents (16-19%) than the other pyroclastic flow deposits. With the exception of the Layou 

deposit, all pyroclastic flows contain plagioclase, orthopyroxene, clinopyroxene, and Fe-Ti 

oxides in varying proportions (Table C.1). The northern deposits (e.g. Grand Savanne, 

Londonderry, and Layou) also contain rare amphibole. 

Lava Dome Deposits 

Lava samples are porphyritic with ~34-55% crystals and include plagioclase, orthopyroxene, 

clinopyroxene, and Fe-Ti oxides in varying amounts (Table C-2; Figure C-2A). Although 

amphibole and olivine occur in some units, they are generally accessories. Both porphyritic 

or holocrystalline enclaves were found in many of the samples and are generally basaltic-

andesitic in composition (see section 4.4). While most were too small for thin sectioning, a 

single large enclave that was point counted is holocrystalline with ~98% crystals (Table C.2; 

Figure C-2B). Despite its crystallinity, the modal mineralogy of the enclave is comparable to 

its surrounding host lava. Enclaves often have irregular boundaries with the surrounding host 

material (Figure C-2C). 

C.2.2 Petrographic   observations 

Plagioclase is the dominant phenocryst in all units and occurs as subhedral to euhedral laths 

with and without optical zoning patterns. Many grains display wavy resorption boundaries, 

sieve textures, and complex zoning (Figure C-2D). In the lava samples, plagioclase appears 

as both phenocryst and groundmass phases, with phenocrysts ranging in size from ~50 µm to 

5 mm. Clinopyroxene occurs as green, subhedral to euhedral elongate, tabular prisms up to 2 

mm in size (Figure C-2E). Inclusions of Fe-Ti oxides are common. In places, clinopyroxene 
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occurs as overgrowths on orthopyroxene. Like clinopyroxene, orthopyroxene occurs as 

subhedral phenocrysts up to 1.5 mm in size. It also occurs as both a groundmass phase and as 

inclusions in both plagioclase and amphibole. Amphiboles occur as rare phenocrysts in some 

lava dome deposits. They show Fe-Ti oxide reaction rims, ranging in thickness from 0.01-0.2 

mm (Figure C-2F). Olivine is rare and only occurs as small (<0.5 mm) phenocrysts. 

Table C.1: Modal mineralogy of pumices from pumiceous pyroclastic flow deposits. Pl=plagioclase; 
Opx=orthopyroxene; Cpx=clinopyroxene; Amp=amphibole. Mag=titanomagnetite. Mineral values 
are shown as percentage of total crystal content of pumice clasts. 

 

 

Figure C-2: Thin section photographs. [A] Example of common porphyritic texture seen in all lava 
dome deposits. [B] Example of highly crystalline texture found in an enclave from Patates. [C] 
Contact between lava and enclave seen in Plat Pays (Mt. Lofty) sample. [D] Plagioclase crystal 
displaying complex zoning and sieve texture. [E] Example of Fe-Ti oxides included within pyroxenes. 
[F] Amphibole with thick black rim indicating dissolution and recrystallization of magnetite. All 
pictures were taken at 4X magnification and pictures are 2mm across. Red scale bar is ~0.5 mm. 
Numbers in the bottom right hand corner refer to sample numbers.  

Loc. # Unit Name Mineral Assemblage Pl Opx Cpx Amp 
Fe-Ti 
oxides 

Total 
crystals 

Glass 

1 Goodwill Quarry plag>>opx>cpx>mag 81 9 6 0 4 23.1 76.9

2 Link Flow 1 plag>>cpx>opx>mag 79 8 9 0 4 26.5 73.5

2 Link Flow 2 plag>>cpx>opx>mag 74 9 12 0 4 25.8 74.2

2 Link Flow 3 plag>>cpx>opx>mag 79 8 9 0 4 25.5 74.5

4 Layou plag>>opx>amp>mag 73 15 0 9 3 19.2 80.8

7 Grand Savanne plag>>opx>cpx>mag>amp 77 13 7 1 3 29.9 70.1

9 Londonderry plag>>opx>cpx>mag>amp 83 7 4 2 4 16.2 83.8

15 Geneva Quarry plag>>opx>cpx>mag 82 10 7 0 1 29.5 70.5

16 Grand Bay plag>>opx>cpx>mag 84 6 6 0 4 22.5 77.5

20 Wall House Quarry plag>>opx>cpx>mag 85 6 6 0 3 24.8 75.2
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Table C.2: Modal mineralogy of lava dome deposits. Pl=plagioclase; Opx=orthopyroxene; 
Cpx=clinopyroxene; Amp=amphibole. Mag=titanomagnetite.  Mineral values are shown as 
percentage of total crystal content. XXenolith. 

 

 

 

Loc # Unit Name Mineral Assemblage Pl Opx Cpx Amp Oli Fe-Ti 
oxides 

Total 
crytals 

Glass 

10 Micotrin - 
Freshwater

plag>>cpx>opx>mag>amp>oli 77 7 8 1 <1 7 48 52

11 Micotrin - Road 1 plag>>cpx>opx>mag>amp 82 5 8 1 0 5 47.8 52.2

12 Micotrin - Road 2 plag>>cpx>opx>mag>amp 78 8 9 <1 0 5 38 62

13 Trois Piton plag>>cpx>opx>mag>amp 76 8 9 1 0 6 43.4 56.6

15 Geneva Quarry 
B&A

plag>>opx>cpx>mag>amp 78 11 7 0 0 3 48.6 51.4

19 Plat Pays – 
Depression 

plag>>cpx>opx>mag>amp 77 7 10 2 0 4 42.2 57.8

21 La Falaise plag>>opx>cpx>mag 85 10 0 0 0 5 40.6 59.4

24 Northern Rouge plag>>opx>cpx>mag>amp 77 15 0 3 0 5 43 57

25 Patates plag>>cpx>opx>mag>amp 77 8 9 <1 0 5 46.5 53.5

25X Patates
X plag>>opx>cpx>mag>amp 80 10 7 <1 0 3 98 2

26 Crabier plag>>opx>cpx>amp>mag 73 16 4 4 0 3 53.7 46.3

27 Foundland 1 plag>>opx>oli>amp>cpx 83 7 2 2 6 0 49.6 50.4

29 Grand Soufriere 
Hills

plag>>cpx>opx>mag>oli 78 8 9 0 1 4 46.5 53.5

29X Grand Soufriere 

Hills
X

plag>>cpx>opx>mag 83 7 7 0 0 4 43.9 56.1

30 Grand Savanne 
B&A

plag>>opx>cpx>mag>oli 82 8 7 0 1 2 44.4 55.6

31 Cabrits plag>>opx>cpx>mag>amp 78 10 7 <1 0 5 46.1 53.9

32 Aux Diables PF plag>>opx>cpx>mag 83 12 4 0 0 1 34.1 65.9

33 Aux Diables 1 plag>>opx>cpx>mag>amp 82 9 6 0 0 3 38 62

34 Aux Diables 2 plag>>mag>amp>opx>cpx 70 2 1 12 0 16 53.2 46.8

35 Aux Diables 3 plag>>opx>mag>cpx 79 9 5 0 0 7 36.1 63.9

36 Aux Diables 4 plag>>opx>cpx>mag>oli 82 8 7 0 <1 3 52.5 47.5

37 Espagnol plag>amp>opx>mag 65 9 0 23 0 3 53.9 46.1

38 Fous plag>>opx>cpx>mag 79 12 5 0 0 4 55.6 44.4

39 Southern Rouge plag>>amp>cpx>opx>mag 73 8 8 10 0 2 47.2 52.8

40 Plat Pays – Mt. 
Lofty

plag>amp>cpx>opx>mag>oli 74 5 7 9 1 4 48.6 51.4

41 Diablotins - 
Summit

plag>opx>amp>cpx>oli>mag 79 7 5 5 2 2 39.4 60.6
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C.3 Mineral Chemistry 

C.3.1 Plagioclase 
Plagioclase is the dominant mineral phase found in all samples, and generally makes 

up >70% of the total phenocryst content (Table C.1; Table C.2). Due to the complexity of 

zoning patterns seen in thin section, phenocryst plagioclase was analyzed via profiles as well 

as spot core and rim analyses. Profiles of individual grains typically were done by analyzing 

the spot composition every 20 µm from rim to core. A minimum of 3 profiles were done per 

sample. Due to the method of sample preparation (i.e. grinding of loose crystals), it was not 

possible to determine if the core was reached in most cases, we use the term core to refer to 

the final distance reached into the crystal. Profiles range from 80 to 200 µm in length, 

depending on the size of the crystal. In samples where the profiles indicated multiple 

plagioclase populations may be present, single rim and core analyses of multiple grains were 

also done. Where possible the groundmass plagioclase composition was also measured. 

Phenocryst plagioclase compositions (core, rim, and profiles) and groundmass compositions 

are shown in the ternary diagrams (Figure C-3 and C-4). For full plagioclase profiles and rim 

to core variation plots, please see Figure C-5.  

Lava Dome Deposits 

Within the lava dome samples, plagioclase phenocryst compositions range from ~45 to 

95% An, with most samples falling between 55 and 70% An (Figure C-3). Several samples, 

such as La Falaise, Fous, and Southern Rouge display a discontinuous range in composition, 

which may be an artifact of sample size. Profiles from Trois Piton, Plat Pays [Depression], 

and Aux Diables contain plagioclase phenocrysts that have uniform compositions at both low 

(~50%) and high (~90%) An content as well as several crystals with changing compositions 

from rim to core (see Figure C-5). In other samples, the variation in individual crystals often 

spans the full range of An content found within the sample as a whole. Groundmass 

plagioclase compositions range from 30-70% An (Figure C-3). In Aux Diables, Diablotins, 

Micotrin, Trois Piton, Grand Soufriere Hills, Plat Pays [Lofty], and Fous groundmass 

plagioclase with lower An content than the related phenocrysts can be found. Within Plat 

Pays [Depression], Cabrits, and Patates, groundmass plagioclase values completely overlap 

with phenocryst values (Figure C-3). 

Xenoliths 

Plagioclase crystals were found in xenoliths from Micotrin, Trois Piton, Plat Pays 

[Depression], Crabier, and Grand Soufriere Hills. Compositions range from 45-95% An 
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(Figure C-4). Groundmass compositions could only obtained on the xenolith from Plat Pays 

(19.1X). Its groundmass was 70-80% An, which overlaps with the related phenocryst 

compositions. In general, plagioclase phenocrysts within the xenoliths overlap in composition 

with plagioclase values from their related lavas. Grand Soufriere Hills xenoliths are a notable 

exception, yielding phenocryst values at higher An content than the those found in the related 

lava.  

Pyroclastic Flow Deposits 

Plagioclase phenocrysts in pumices from the pyroclastic flow deposits range from 40 to 

90% An (Figure C-4). Although phenocrysts from the Londonderry and Grand Savanne 

deposits display almost identical compositions, in the range 50-80% An; two rim analyses of 

Grand Savanne plagioclase yielded compositions of <30% An. Plagioclase phenocrysts from 

the pyroclastic flow deposits in the Roseau Valley mostly fall within 45-70% An (Figure C-4). 

Compositions in excess of 90% An are found in the Goodwill Quarry, Link Flow 1 and Link 

Flow 2 deposits, and reflect the presence of unzoned, high An grains within these deposits 

(see Figure C-5). The southern pyroclastic flow deposits contain plagioclases with ~50-80 An 

(Figure C-4).  
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Figure C-3: Ternary diagrams showing plagioclase phenocryst (rim, core, and profile analyses) and 
groundmass compositions for lava dome deposits.  
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Figure C-4: Ternary diagrams showing plagioclase phenocryst (core, rim, and profile) compositions 
for xenoliths and pumices from pyroclastic flow deposits. 
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Lava Dome Deposits  
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Xenoliths 

 



 

234 
 

 

 

Pyroclastic Flow Deposits  
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Figure C-5: Profiles and rim-core analyses of plagioclase phenocrysts from all units analyzed 
by ion-microprobe. The data is displayed so that multiple profiles and multiple samples are 
shown on each graph/page. Profiles are shown in blocks of a standard size, where each block 
represents a distance of ~200µm. The total distance of each profile is given below the 
corresponding line plot. Pictures of analyzed plagioclase are shown above each block with 
red arrows indicating the direction of the profile from rim to core. As several blocks contain 
multiple line plots, which are from separate crystals, the plot corresponding to the imaged 

grain is marked with a *. Single rim and core analyses are displayed using black arrows 
indicating the change in composition from rim to core. Thick black lines are used to separate 
individual samples. Sample names are shown beneath the plots with the sample numbers 
bracketed for reference. Data are presented in 3 groups (lava dome deposits, xenoliths, and 
pumiceous pyroclastic flow deposits) in order of sample number. 

 

C.3.2 Pyroxenes  

Clinopyroxene and orthopyroxene are ubiquitous in the samples and generally constitute 

1-6% of the total crystal population. While orthopyroxene is present in all samples, 

clinopyroxene is not found in the Layou, La Falaise, Enigmatic, or Espagnol deposits.  Both 

pyroxenes were analyzed using single spots randomly placed on multiple crystals. While 

orthopyroxene mostly occurs as a phenocryst phase, it is found as a groundmass phase in the 

Trois Piton, Diablotins, and Plat Pays [Geneva Quarry and Mt. Lofty] samples. 

Clinopyroxene is only found as a phenocryst phase.  

Lava Domes  

Clinopyroxenes 

With the exception of Aux Diables, Diablotins and Plat Pays samples, clinopyroxene 

compositions within dome deposits are relatively uniform, ranging from En36 to En38 (Figure 

C-6A). Clinopyroxenes from Aux Diables samples are in the range En35 to En39 but vary by 
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deposit (Figure C-7). The Diablotins sample is dominated by mafic clinopyroxenes with En41-

47 and Mg#80-84. Plat Pays samples from the Geneva Quarry, the Depression Margin, and Mt. 

Lofty all have bimodal populations with one group at En36-38 and another at En42-45 (Figure 

C-6B). High-Al clinopyroxenes with ~2-7 wt.% Al2O3 are found in the Aux Diables, 

Diablotins, and Plat Pays samples (Figure C-8). Within the Plat Pays samples, higher Al 

content corresponds with higher En values (ie >40). Within the Diablotins samples, however, 

Al content is inversely related to En composition. No correlation between Al and En is 

evident in the Aux Diables samples.  

Orthopyroxenes 

Within the sampled lava deposits, orthopyroxene phenocryst compositions range from 

En49 to En55 (Figure C-6A), but vary significantly by outcrop (Figure C-7). Groundmass 

orthopyroxenes from Diablotins, Plat Pays [DM], Plat Pays [Mt. Lofty], and Trois Piton 

samples all have compositions >En65 (Figure C-7). Although few orthopyroxene crystals 

were analyzed, three profiles from Aux Diables 4, Fous, and Espagnol samples indicate that 

individual crystals vary by <2 En values from rim to core. 

Pumiceous Pyroclastic Flow Deposits 

Clinopyroxenes 

Clinopyroxene compositions in the pumiceous pyroclastic flows are relatively uniform, 

ranging from En37-39 (Figure C-6A). It is worth noting that Grand Bay has two analyses of 

high pressure, high-Al clinopyroxenes with compositions >En41 and >2 wt.% Al2O3 (Figure 

C-7). 

 

Orthopyroxenes 

Within the northern pumiceous pyroclastic flow deposits, orthopyroxene compositions 

are highly variable. Layou pumices contain orthopyroxenes ranging from En44 to En52, while 

orthopyroxenes from Grand Savanne and Londonderry pumices are more magnesian with 

En56-59 and En58-59 respectively (Figure C-7). Orthopyroxenes found within the Roseau Valley 

and Southern deposits have compositions ranging from En51-54. Fond St. Jean has slightly 

more magnesium orthopyroxenes with En56-57 (Figure C-7). Rim to core analyses from 

several units show <1 En variation.  
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Figure C-6: Ternary diagram showing pyroxene compositions for A) all lava dome and pyroclastic 
flow deposits across the island and B) all enclaves and mafic centers. Dark outlines indicate show 
expanded areas detailed in Figures C-7 and C-9.  



 

239 
 

 

 

Figure C-7: Expanded versions of the (A) clinopyroxenes and (B) orthopyroxene compositions found 
in the lava dome deposits, and expanded versions of the (C) clinopyroxene and (D) orthopyroxene 
compositions found in pumices within the pyroclastic flow deposits. Note that the clinopyroxenes 
show two distinct groupings, while the orthopyroxene compositions are more variable.  
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Figure C-8: Plot of En vs Al2O3 of clinopyroxenes within Aux Diables, Plat Pays, and Diablotins.  

 

Mafic Enclaves and Mafic Centers 

Clinopyroxenes 

Mafic enclaves found within Micotrin and Grand Soufriere Hills domes have 

clinopyroxene compositions of ~En38-39, similar to their host lavas. A single enclave found 

within the Plat Pays (Depression) sample has clinopyroxenes with En46-50, Mg#82-87, and 2-5 

wt.% Al2O3, making them much more mafic than those found in the surrounding host lava 

(Figure C-9A).   Clinopyroxenes from Foundland basalt range from En41-44 (Figure C-9A). 

Two cpx from the basalt have >3% Al2O3. 

 

Orthopyroxenes 

Orthopyroxenes from enclaves found within Mictorin dome and Grand Soufriere Hills 

have compositions of En54-57, similar to their host lavas (Figure C-9B). Most orthopyroxenes 

found within Trois Piton enclaves fall within En50-54 and have a much more restricted 

compositional range than those seen in the host lava. A single analysis from an enclave 

within Plat Pays has a significantly more mafic composition than those found in the host lava 

(Figure C-9B). Orthopyroxenes from Foundland basalt mostly range from En54-55 but have 3-

10% Wo (Figure C-9C). 
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Figure C-9: (A) Expanded version of clinopyroxene data comparing enclave clinopyroxene 
compositions to those found in the related host lavas. (B) Expanded version of the orthopyroxene data 
comparing enclave clinopyroxene compositions to those found in the host lave. [C] Plots showing 
clinopyroxene and orthopyroxene analyses from Foundland basalt. For legend please see Figure 
C-6B. 
 

C.3.3 Fe-Ti Oxides 

Fe-Ti oxides are common in all samples and generally make up 1-3% of the total crystal 

population. Titanomagnetite (spinel) occurs as subhedral to euhdral inclusions in pyroxenes 

and amphibole and as discrete phenocrysts up to 200 µm in size. The rhombohedral phase 

(ilmenite) is found solely as subhedral inclusions in pyroxenes. Ulvospinel values were 

calculated following Carmichael (1967).  Chemical variations in the Fe-Ti oxides are 

presented below. For equilibrium results, see Electronic Appendix 4. 

 

Lava Domes 

Fe-Ti oxides within most dome deposits experienced exsolution due to prolonged 

cooling. Evidence of exsolution is seen in the form of thin lamellae formed by the migration 

of titanium within the crystal (Figure C-10). As analyses of exsolved grains do not represent 

magmatic compositions, all samples containing oxides with exsolution texture were removed 
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from the data set. Only 6 dome samples did not display exsolution features: Plat Pays 

(Geneva) [15.5], Patates [25.1], Grand Savanne B&A [30.1], Cabrits [31.1], Aux Diables 1 

[33.1] and Aux Diables 3 [35.1].  

 

 

 

Figure C-10: (A) Backscatter image of a titanomagnetite inclusion within a pyroxene. Red box 
indicates the area shown in part b. (B) Close up of exsolution lamellae. Sample shown is Aux Diables 
2. 
 

Spinel	Phase	(Titanomagnetite)	

Titanomagnetites within the Aux Diables samples have higher ulvospinel values (Usp32-

35) than the other dome deposits (Usp27-32) (Figure C-11A). They also have higher Al2O3 

values (Figure C-12A). Although no distinct difference between the Aux Diables samples and 

those from the other domes can be seen on a plot of MgO vs MnO, this diagram can be used 

to differentiate the southern domes, specifically Patates and Plat Pays (Geneva) (Figure 

C-12A). 

Rhombohedral	Phase	(Ilmenite)	

In general, the rhombhedral phase (ilmenite) is far less common than the spinel phase. 

Non-exsolved ilemnite was only found in the Plat Pays (Geneva) [15.5], Patates [25.1], 

Grand Savanne B&A [30.1], and Aux Diables 3 [35.1] samples. Ilmenite values for the 

rhombohedral phase range from Ilm84 to Ilm90 but vary by deposit (Figure C-13A). The Plat 

Pays (Geneva) sample has the highest Ilm value; while the Aux Diables 3 sample has the 

lowest (Figure C-13A). 
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Pumiceous Pyroclastic Flow Deposits 

Spinel	Phase	(Titanomagnetite)	

Within the pumiceous pyroclastic flow deposits, titanomagnetites display a limited 

compositional range in ulvospinel, major and minor elements (Usp25-35, Figure C-11; TiO2 = 

8.39-11.3 wt. %, MgO = 0.66-1.63, and MnO = 0.25-0.82 wt. %, Figure C-12).While the 

composition of titanomagnetites appears to vary by deposit in the north, samples from the 

Roseau Valley and south are uniform with the exception of Fond St. Jean, which has the most 

iron rich titanomagnetites with Usp>32 (Figure C-11 B-D). Exsolution in the titanomagnetites 

is rare within the pyroclastic flow deposits and was only seen in the Grand Savanne samples 

[7.1, 7.2]; Fe-Ti oxides from the Grand Savanne outcrop are therefore not presented or 

discussed.   

Rhombohedral	Phase	(Ilmenite)	

The rhombohedral phase (ilmenite) was analyzed in pumices from all pumiceous 

pyroclastic flow deposits except the Fond St. Jean outcrop. Ilmenites from the northern 

pyroclastic flows can be easily differentiated by their Ilm contents (Figure C-13B). Although 

ilmenites within the Roseau Valley pyroclastic flow deposits have a limited range of Ilm 

contents, Ilm83-88, there is a marked increase in Ilm moving up the Link Road section. Link 

Flows 1 and 2 have Ilm84-87 while Link Fall and Link Flow 3 have Ilm86-88. The Goodwill 

quarry matches well with the lower Link units with Ilm83-87 (Figure C-13C). Ilmenites found 

within the southern pyroclastic flow deposits also display a limited compositional range with 

Ilm84-88 (Figure C-13D).  
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Figure C-11: Histograms and plots of titanomagnetite ulvospinel compositions found in the (A) lava 
dome deposits  and the(B) northern, (C) Roseau Valley, (D) and southern pyroclastic flow deposits. 
Plots on the right hand side indicate how the composition varies within samples and within individual 
pumice clasts. 
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Figure C-12: Plots showing elemental variations in titanomagnetite chemistry for the (A) lava dome 
deposits  and the(B) northern, (C) Roseau Valley, (D) and southern pyroclastic flow deposits. Note 
the lack of variation in the Roseau Valley and Southern samples. See Figure C-11 for legend. 
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Figure C-13: Plots showing Usp and elemental variation within ilmenites in the (A) lava dome 
deposits  and the (B) northern, (C) Roseau Valley, (D) and southern pyroclastic flow deposits. 
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C.3.4 Amphiboles 

Amphiboles occurs as a rare phenocryst in the samples examined and generally make up 

<1% of the total crystal population where they occur. They are magnesiohornblendes in 

composition (Figure C-14) and occur as subhedral-anhedral grains with Fe-Ti oxide reaction 

rims. Where available, amphiboles were analyzed using profiles from rim to core and single 

spot analyses next to plagioclase crystals. For full profile plots, please see Figure C-15. 

Dome Deposits 

All amphiboles analyzed within the dome deposits are magnesiohornblendes following 

the classification scheme of Leake et al. (1997). Amphiboles were not seen in the Aux 

Diables 1, 2 and 4, Grand Savanne B&A, Trois Piton, or Enigmatic samples. Amphiboles 

from all sampled units show a limited compositional range. Exceptions are Plat Pays 

[Depression] and Link Flow 1, which contain a low Al phase and a high Al phase of 

amphibole, respectively. Amphibole found within a xenolith from Crabier contains both high 

and low Al amphibole phases. Tschermack substitution plots indicate that temperature and 

pressure controls within the studied samples are limited (Anderson and Smith, 1995; Helz, 

1982). Positive correlations between IVAl and Ti cations, which indicate temperature control 

(Helz, 1982; Ridolfi et al., 2010), are seen in the Layou, Geneva B&A, Espagnol, and Crabier 

deposits. Xenoliths from Micotrin and Crabier also show positive IVAl and Ti cation 

correlations. No units show correlation between IVAl and VIAl cations, thought to be pressure 

controlled (Anderson and Smith, 1995; Ridolfi et al., 2010), or IVAl and Na+K cations, which 

is another indicator of temperature control (Ridolfi et al., 2010). A tentative correlation 

between IVAl and Ca cations, which is used to examine the influence of plagioclase formation 

on amphibole crystallization (Holland and Blundy, 1994), can be seen in the Espagnol 

amphiboles, but is not recorded in any other unit. All amphiboles show good correlation 

between Mg and Fe cations in the C-site, suggesting oxygen fugacity plays a major control in 

the formation of amphibole within all the analyzed samples (Ridolfi et al., 2010; Scaillet and 

Evans, 1999). For full substitution plots, see Appendix D. 

 

C.3.5 Olivine 

Olivine is rare in the samples examined and generally makes up <1% of the total crystal 

population where present. Olivine was found and analyzed in the following units: Link Flow 

1, Trois Piton, Geneva B&A, Plat Pays (Depression), Foundland, Plat Pays (Mt. Lofty), and 

Diablotins. In the lava dome deposits, olivine ranges in compositions from ~60 to ~95% 
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forsterite (Figure C-16). Individual units tend to have distinct olivine compositions with 

highly restricted ranges. Olivines were analyzed by spot analyses. A few select profiles from 

rim to core were also done. For full profiles, see Figure C-17. Olivines found within the 

pyroclastic flow deposit Link Flow 1 were 99% fayalite (Figure C-16).  

 

 

Figure C-14: Amphibole compositions based on the classification diagram of Leake et al (1993). 
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Pyroclastic Flow Deposits 
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Lava Dome Deposits 
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Figure C-15: Profiles of amphibole phenocrysts analyzed by electron-microprobe. The data is 
displayed so that multiple profiles and multiple samples are shown on each graph/page. 
Profiles are shown in blocks of a standard size, with each block represents a distance of 
~200µm. The total distance of each profile is given in the bottom left hand corner of each 
plot. Multiple elements are shown in order to address variation in the individual crystals. 
Each element is clearly labelled next to its respective plot. Pictures of analyzed amphiboles 
are shown within each block with red arrows indicating the direction of the profile from rim 
to core. Thick black lines are used to separate individual samples. Sample names are shown 
beneath the plots with the sample numbers bracketed for reference. Data are presented in 3 
groups (pumiceous pyroclastic flow deposits, lava dome deposits, and xenoliths) in order of 
sample number. 
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Figure C-16: Olivine compositions shown in % forsterite. Unit names and reference numbers are 
shown below each plot.  

C.3.6 Summary of mineral chemistry data 

Dominica volcanic rocks are generally porphyritic (~40-60% phenocrysts) and contain 

varying proportions of plagioclase, orthopyroxene, clinopyroxene, Fe-Ti oxides, amphibole, 

and olivine. Plagioclase ranges in composition from An30 to An95, with the majority of 

analyses at An50-70. There are no clear differences between plagioclases found in the lava 

dome deposits, the pyroclastic flow deposits, or the xenoliths. Groundmass plagioclase are 

typically less calcic (i.e., <An60), but generally overlaps with the related phenocryst values. 

Clinopyroxene from both the lava dome and pyroclastic flow deposits are augite and display 

a limited compositional range (En36-38). Several dome deposits including those from 

Diablotins and Morne Plat Pays also contain small populations of high-Al, high pressure 

clinopyroxene. Orthopyroxenes display a wider compositional range than clinopyroxene 

(~En44-En52), and in some cases can be used to distinguish between units. Groundmass 

orthopyroxenes from Diablotins, Morne Plat Pays and Trois Piton samples are all high-Mg 

phases with En >65. With the exception of a xenolith found in the Plat Pays [Depression] 

sample, pyroxenes from within the enclaves overlap in composition with pyroxenes from the 

surrounding host lavas. Fe-Ti oxides are exsolved in most of the lava dome samples. Fe-Ti 

oxides display a range of XUSP (Usp25-35). Although titanomagnetites from both lava domes 

and pyroclastic flow deposits overlap in composition, certain deposits can be clearly 

identified and differentiated using this mineral. Amphiboles were found in only a few 

deposits, but are all magnesiohornblendes. There is little geochemical variation within or 

between units, which makes the determination of substitution characteristics that could reflect 

pressure or temperature control difficult. Olivines range in composition from pure fayalite in 

the Link Flow 1 deposit to >90% Fo in the dome deposits. Olivine shows distinct differences 

between centers and may be of use for correlation. 
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Figure C-17: Profiles of olivine crystals found within the Trois Piton, Plat Pays (Depression), 
and Diablotins samples. These profiles are shown in rows of 3, with each block representing 
a distance of 200 µm into the crystal. Pictures of the analyzed olivines are shown. Red 
arrows indicate the direction of the profile from rim to core. 
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C.4 Whole Rock Geochemistry 

A total of 169 major and trace element analyses were completed on 129 samples. Where 

possible, several lava samples from each dome were collected, and multiple pieces of each 

lava dome sample were analyzed. Multiple pumices from each pyroclastic flow outcrop were 

analyzed. In general, the samples are medium-K, calc-alkaline rocks (Figure C-18). Samples 

from Aux Diables are notable exceptions and are classified as low-K, tholeiites.  

 

Figure C-18: Diagram showing the classification of arc rocks into low-K, medium-K, and high-K 
suites. Divisions were taken from LeMaitre (1989).  

Samples range from basaltic to dacitic in composition, with most falling within the 

andesite range (Figure C-20). Enclaves are almost entirely basaltic-andesites. In the lava 

dome and pyroclastic flow deposits, Na2O and K2O increase with increasing SiO2, while TiO2, 

Al2O3, FeO, MgO, and CaO decrease with increasing SiO2 (Figure C-20). Trace elements 

from all samples show clear subduction signatures with distinctive Nb anomalies (Figure 

C-19 A). REE plots display elevated LREE and have an overall flat pattern towards the 

HREE (Figure C-19 B). While most units have similar major and trace element geochemical 

characteristics, trace elements such as Sr and Th can be used to distinguish between units, 

specifically with regard to tholeiitic vs calc-alkaline centers (Figure C-20). For full major and 

trace element geochemistry, please see Electronic Appendix 5. 

 

Figure C-19:[A] Full trace element plot normalized to primitive mantle showing clear subduction 
signatures. Tholeiitic Plat Pays enclave is shown for reference. Note the high Sr anomaly within the 
enclave. [B]Rare earth element (REE)normalized to chondrite showing overlap of samples from the 
Goodwill Quarry (representing pyroclastic flow deposits) and Plat Pays Depression (representing 
lava domes). Chondrite and primitive mantle values were taken from Sun and McDonough (1989). 
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Figure C-20: Diagrams showing whole rock major and trace element compositions of lava dome 
samples, enclaves, and pumices from within pumiceous pyroclastic flow deposits. TAS classification 
diagrams from Le Bas et al. (1992). All plotted data is normalized to 100%. Note: due to the number 
of units and the geochemical similarity of all deposits, data is shown according to geographical 
groupings. 
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C.5 Glass Chemistry 

Loose matrix glass shards from pumices related to 13 pumiceous pyroclastic flow 

deposits were analyzed by electron-microprobe. All analyses yield rhyolitic compositions 

(Figure C-21). TiO2, Al2O3, FeO, CaO and Na2O all decrease with increasing SiO2. Glass 

compositions from Londonderry and Fond St. Jean have higher CaO and FeO than all other 

pyroclastic flow samples. Pyroclastic flow deposits from the southern part of Dominica, 

including the Link Road flows, show significant geochemical overlap (Figure C-21). 

Although glass inclusions in pyroxene and plagioclase are also rhyolitic, they show a larger 

compositional range than the host sample glasses (Figure C-21). 

 

Figure C-21: Matrix glass chemistry of pumices from the pumiceous pyroclastic flow deposits. 
Analyses from the Link Road pyroclastic flow deposits are shown separately for clarity. Glass 
inclusions found within minerals are presented according to their host minerals. For full glass 
chemistry data, see Electronic Appendix 5. Note: symbols in this figure represent individual deposits 
and are thus different from those seen in Figure C-20.  
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Groundmass glass within lava samples from 14 separate block and ash flow deposits was 

analyzed. While groundmass glass from the Foundland sample ranges in composition from 

basaltic-andesitic to andesitic, groundmass glass from all other samples is generally rhyolitic 

in composition (Figure C-22). TiO2, Al2O3, FeO, CaO and Na2O all decrease with increasing 

SiO2. Although the Foundland sample is much more mafic than the other units, groundmass 

glass analyses from the lava dome deposits typically overlap and show no distinctive 

characteristics. Groundmass glass found within the enclaves is rhyolitic as are glass 

inclusions found in pyroxene and plagioclase. In many cases, glass inclusions have higher 

SiO2 than their related host glasses (Figure C-22). 

 

 

Figure C-22: Groundmass glass chemistry of lava dome deposits and enclaves. Analyses from the 
Plat Pays Volcanic Complex are shown separately for clarity. Glass inclusions found within minerals 
are presented according to their host minerals. Groundmass glass from within the enclaves is also 
shown for reference. For full glass chemistry data, see Electronic Appendix 5. 
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D. APPENDIX - Geochronology and Zircon Geochemistry 
 

D.1 Introduction 

This Appendix presents whole rock U-Series isotopes, U-Th disequilibrium and U-Pb 

age data from zircons, and U-Th/He eruption ages from both zircons and apatites. For an 

introduction to zircon systematics, see Appendix A. Following the conventions of this thesis, 

samples are separated by eruption style (i.e. dome lava vs pyroclastic flow deposit) and then 

presented in geographic order from north to south. Methods are described in Chapter 3.  

D.2 Geochronology Results 

D.2.1 Whole-rock U-Series isotopes 

(230Th/232Th) and (238U/232Th) whole rock isotope data were obtained on seven samples. 

These consist of 6 lava samples, one each from Micotrin [10], Patates [25], Foundland [27], 

Grand Soufrière Hills [29], Plat Pays (Lofty) [40], and Diablotins [41], and a pumice sample 

from the Goodwill Quarry outcrop [1] (Figure D-1; Table D-1). The Diablotins sample plots 

to the left of the equiline and has a 3% excess of 234U over 238U. As excesses >1% are thought 

to be the result of secondary alteration, usually be interaction with groundwater (Peate et al., 

2001), this sample is considered altered and has been removed from the dataset.The unaltered 

samples have a constant U/Th ratio of ~0.3 and cluster around the equiline, indicating they 

are in secular equilibrium. (238U/230Th) ratios range between 0.99 and 1.03 (Table D.1). The 

whole rock isotope ratios constrain the two-point isochron model used to calculate zircon U-

Th disequilibrium ages. Due to limited distribution of the isotope ratios, we used the average 

of the un-altered U-Series analyses to constrain the model ages. 

 

D.1: Whole rock U-series isotope data for Dominica samples. Sample listed in grey has been removed 
due to possible alteration. For reference standard values please see Chapter 3: Methods. 

 
Decay constants are as follows: λ230 =9.1577 x 10-6 a-1; λ232 =4.9475 x10-11 a-1; λ234 = 2.8263 x 10-6 a-1; λ238 = 1.55125 x 10-10 a-1. All errors 
are reported at 1σ. 

 

Sample Name Lithology (230Th)/(232Th)(238U)/(232Th) (230Th)/(238U) (234U)/(238U) U Th

# ±1σ ±1σ ±1σ ±1σ ppm ±1σ ppm ±1σ

TML Standard 1.068 0.005 1.071 0.011 0.998 0.010 0.993 0.040 29.4 1.1 83.4 3.92

1 Roseau Pumice 0.892 0.004 0.919 0.009 0.970 0.010 1.001 0.040 1.17 0.04 3.87 0.18

10 Micotrin Lava 0.870 0.004 0.892 0.009 0.975 0.010 0.999 0.040 1.03 0.04 3.52 0.17

25 Patates Lava 0.867 0.004 0.865 0.009 1.002 0.010 0.999 0.040 1.08 0.04 3.77 0.18

27 Foundland Lava 0.894 0.004 0.886 0.009 1.010 0.010 0.997 0.040 0.25 0.01 0.85 0.04

29 Grand Soufrière Hills Lava 0.878 0.004 0.892 0.009 0.983 0.010 0.995 0.040 1.08 0.04 3.68 0.17

40 Plat Pays [Lofty] Lava 0.872 0.004 0.876 0.009 0.995 0.012 1.003 0.040 1.05 0.04 3.62 0.17

41 Diablotins Lava 0.851 0.004 0.686 0.007 1.241 0.000 1.033 0.041 0.84 0.03 3.70 0.17
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Figure D-1: [A] Whole-rock (230Th/232Th) and (238U/232Th) data for Dominica samples. Error bars 
represent 1σ uncertainties and are often smaller than the symbol size. [B] Comparison of Dominica 
U-Series with values from other volcanoes in the Lesser Antilles arc. Lesser Antilles data compiled 
from Turner et al., 1996; Heath et al., 1998; Chabaux et al., 1999; Zellmer et al., 2003; Toothill et al., 
2007; Dufrane et al., 2009; Huang et al., 2011. The red box indicates the area shown in the upper left 
plot. 

 

D.2.2 U-Th zircon crystallization ages 
U-Th disequilibrium age data presented here consists of zircon rim ages obtained on 

unpolished crystal faces. These ages represent the last stage of zircon crystallization for each 

crystal. Age data is presented in standard isochron plots, rank order plots (ROP), and 

histograms (Figure D-2 – D-7). As histograms do not account for analytical uncertainties, U-

Th dates are also presented as probability density functions (PDF curves). PDF analysis 

accounts for analytical uncertainty by integrating individual  Gaussian curves for each U-Th 

age into a single crystallization profile for the entire population (Lowenstern et al., 2000). As 

PDF curves are generally calculated based on symmetrical errors, curves in this study were 

generated using isochron slope values (Ludwig, 2003). Representative PDF age spectra 

require a substantial number of analyses (i.e. >30) so that sub-populations representing <10% 

of the total population can be detected (Dodson et al., 1988). As many of the samples were 
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zircon poor, some do not meet this requirement. PDF curves were still calculated for all units. 

Differences between age spectra were investigated using Kolmogorov-Smirnov statistical 

testing, a quantitative statistical approach explained in section D.2.3. Crystals in secular 

equilibrium (>350 ka) were excluded from the detailed age ranges. For full zircon U-Th data 

please see Electronic Appendix 6. 

Dome Lavas 

Aux Diables [34.1] 

U-Th disequilibrium zircon ages were obtained for 12 crystals from a single lava sample of 

Aux Diables dome. Crystal rim ages range from ~130 to 390 ka (Figure D-2). Seven crystal 

overlap in error with the equiline, suggesting they may be in secular equilibrium. A PDF 

curve of the crystal rim ages is unimodal with a peak at ~250 ka (Figure D-2A).  

 
Figure D-2: Isochron, rank-order plots (ROP), and probability density function (PDF) plots of zircon 
populations from (A) Aux Diables, (B) Diablotins, and (C) Trois Piton samples. Eruption ages shown on 
isochron plots refer to U-Th/He ages presented in section D.2.5. 
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Espagñol [37.1] 
Although U-Th disequilibrium zircon ages were collected for 17 zircons from the 

Espagñol lava sample, all analyses were in secular equilibrium (not shown). The grains were 

re-dated using U-Pb and are discussed in section C.2.4.  

Diablotins [41.1] 
U-Th disequilibrium zircon ages were obtained for 16 crystals from the Diablotins lava 

sample. Rim ages range from ~50 - 220 ka, with a single grain in secular equilibrium. The 

PDF curve shows two major peaks at 80 ka and 90 ka (Figure D-2B).  

Trois Piton [13.1] 
U-Th disequilibrium zircon ages were obtained for 43 crystals from the Trois Piton lava 

sample. Ages range from ~32-140 ka. Eight grains were found to be in secular equilibrium. 

The PDF curve indicates a major crystallization peak occurred at ~42 ka, with a subordinate 

older tail (Figure D-2C).  

Micotrin [10.1] 
U-Th disequilibrium zircon ages were obtained for 34 crystals from the Micotrin dome 

sample. Rim ages range from ~1.5 - 220 ka with two grains in secular equilibrium (Figure D-

3A). The PDF curve shows a major peak at ~11 ka with two subordinate peaks at 25 ka and 

85 ka, respectively. Three very young zircon ages (<3 ± 5 ka) are within the limit of 

technique and likely reflect overlap between the crystallization and eruption ages. No 

analyzed ages fell between 90 and 180 ka. 

Grand Soufrière Hills [29.1] 
U-Th disequilibrium zircon ages were obtained for 11 crystals from the Grand Soufrière 

Hills lava sample. Ages ranged from ~24 to 184 ka (Figure D-3B). The PDF curve displays a 

wide peak at 70-90 ka, with a subordinate peak at ~180 ka. No analyzed ages fell between 90 

to 180 ka, and no secular equilibrium grains were found within this sample.  
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Figure D-3: Isochron, ROP, and PDF plots of zircon populations from Micotrin (A), Grand Soufrière Hills (B), 
La Falaise (C), and Plat Pays – Mt. Lofty (D) samples. Eruption ages shown on isochron plots refer to U-Th/He 
ages presented in section D.2.5. 
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La Falaise [21.1] 
U-Th disequilibrium zircon ages were obtained for 27 crystals from the La Falaise lava 

sample. Ages range from ~70-215 ka (Figure D-3C). No secular equilibrium grains were 

found. PDF curve analysis displays a unimodal peak at ~135 ka.  

Plat Pays – Mt. Lofty [40.1] 
U-Th disequilibrium zircon ages were obtained for 18 crystals from the Plat Pays - Mt. 

Lofty lava sample. Rim ages range from ~8 to 88 ka (Figure D-3D), with the exception of 

two grains which fall on the zero age (i.e one grain gives a U-Th age of ~0, while the other 

generates a negative age), indicating crystallization occurred up to and perhaps during the 

eruption.  

Plat Pays - Depression Margin [19.1] 
U-Th disequilibrium zircon ages were obtained for 48 crystals for the Plat Pays - 

Depression Margin lava sample. Ages range from ~15 to 150 ka (Figure D-4A). Four grains 

overlap within error of the equiline suggesting they are in secular equilibrium. PDF analysis 

shows a unimodal peak at ~40 ka with a wide tail towards older ages.  

Patates [25.1] 
U-Th disequilibrium zircon ages were obtained for 51 crystals for the Patates lava 

sample. Ages range from ~1 to 155 ka (Figure D-4B). A single grain overlaps with the zero 

age, suggesting that final crystallization overlapped with the eruption age, ~650 ± 50 years 

(Lindsay et al., 2003). Two secular equilibrium grains were also analyzed. No ages between 

150 and secular equilibrium were recorded. The PDF curve shows two distinct peaks, one 

major one at ~30 ka and a smaller subordinate peak at ~10 ka.  

Northern Rouge [24.1] 
U-Th disequilibrium zircon ages were obtained for 27 crystals from the Northern Rouge 

lava sample. Ages range from ~3-75 ka (Figure D-4C). No grains older than 75 were 

identified in the sample. The PDF curve shows a dominant, unimodal peak at ~15 ka. No 

ages between 60 and 75 ka were recorded. Four grains overlap within error of the zero age.  
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Figure D-4: Isochron, ROP, and PDF plots of zircon populations from Plat Pays – Depression Margin (A), 
Patates (B), Northern Rouge (C), and Southern Rouge (D) samples. Eruption ages shown on isochron plots 
refer to U-Th/He ages presented in section D.2.5. 
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Southern Rouge [39.1] 
U-Th disequilibrium zircon ages were obtained for 14 crystals from the Southern Rouge 

sample. Rim ages range from ~0-22 ka (Figure D-4D). Seven grains overlap within error of 

the zero age, with 4 calculating negative U-Th ages. PDF analysis displays a unimodal peak 

at ~12 ka.  

Crabier [26.1] 
U –Th disequilibrium zircon ages were obtained for 16 crystals from the Crabier lava 

sample. Ages range from ~0 to 40 ka (Figure D-5A). Five grains are within error of the zero 

age, with two calculating negative U-Th ages. The PDF curve indicates a single, dominant 

crystallization peak at ~14 ka.  

Fous [38.1] 
U-Th disequilibrium zircon ages were obtained for 14 crystals from the Fous lava sample. 

Ages range from ~62-175 ka (Figure D-5B). Two grains were found to be in secular 

equilibrium. PDF analysis shows a wide peak, centered at ~120 ka.  

 
Figure D-5: Isochron, ROP, and PDF plots of zircon populations from Crabier (A), and Fous (B) samples. 
Eruption ages shown on isochron plots refer to U-Th/He ages presented in section D.2.5. 
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Pyroclastic Flow Deposits 

Londonderry [9.1] 
U-Th disequilibrium ages were obtained for 33 crystals from a single Londonderry 

pumice sample. Ages range from ~75 to 250 ka (Figure D-6A). Seven grains overlap with the 

equiline and are in secular equilibrium. PDF analysis suggests two crystallization peaks, one 

a ~84 ka and another at ~170 ka. 

Layou [4.1] 
U-Th disequilibrium ages were obtained for 15 crystals from a Layou pumice sample. 

Rim ages range from ~68-200 ka (Figure D-6B). Four secular equilibrium grains were found. 

PDF analysis shows two crystallization peaks, one at ~98 ka and another at ~200 ka. No ages 

between 100 and 150 ka were recorded in this sample. 

 

 

Figure D-6: Isochron, ROP, and PDF plots of zircon populations from pumices in Londonderry (A) and Layou 
(B) pyroclastic flow deposits. Eruption ages shown on isochron plots refer to U-Th/He ages presented in section 
D.2.5. 
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Goodwill Quarry [1.3] 
U-Th disequilibrium ages were obtained for 14 crystals from a single pumice from the 

Goodwill Quarry sample. The majority of crystals analyzed from this unit were ‘pixie zircons’ 

(i.e. zircons <30 µm across). Ages range from ~40 ka to secular equilibrium (Figure D-7A). 

One grain overlaps with the equiline and is in secular equilibrium. PDF analysis suggests two 

crystallization peaks, one a ~62 ka and another at ~110 ka.  

Link Flow 1[2.1] 
U-Th disequilibrium ages were obtained for 23 crystals from pumice within the Link 

Flow 1 deposit. The majority of crystals analyzed from this unit were ‘pixie zircons’ (i.e. 

zircons <30 µm across). Ages range from ~10 to 180 ka (Figure D-7B). No secular 

equilibrium grains were analyzed.  PDF analysis suggests two crystallization peaks, one a 

~65 ka and another at ~140 ka. 

Link Flow 3 [2.14] 
U-Th ages were obtained for 16 crystals from pumice within the Link Flow 3 deposit. 

The majority of crystals analyzed from this unit were ‘pixie zircons’ (i.e. zircons <30 µm 

across). Ages range from ~35 ka to secular equilibrium (Figure D-7C). Two secular 

equilibrium grains were analyzed.  PDF analysis suggests two crystallization peaks, one a 

~40 ka and another at ~125 ka. 

D.2.3 Kolmogorov-smirnov (KS) statistics 

Kolmogorov-Smirnov (KS) statistical analysis was applied to the U-Th zircon age data 

set in order to quantitatively compare the age spectra. For KS testing, two data sets are 

considered as random samples and are compared to determine the probability that they 

represent the same population. The probability is determined by comparing the cumulative 

probability functions of the two samples of interest. Probabilities >0.05 indicate that the 

populations may be identical. At probabilities <0.01, this hypothesis is rejected. A potential 

issue of the method is that it creates a smoothed curve in which subordinate crystal 

populations are not easily recognized (Press et al., 1992).   

Here, KS statistics were used to determine if zircon populations from separate deposits 

and/or centers were identical. Results from KS analysis are shown in Figure D-8. Within the 

lava dome deposits, three major groups with similar zircon age spectra can be extracted. 

Those groups are: 

 Group 1: Crabier, Southern Rouge, Micotrin, Northern Rouge, Plat Pays [Mt. Lofty], 

and Patates 
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 Group 2: Trois Piton, Grand Soufrière Hills, and Plat Pays [Depression]. 

 Group 3: Diablotins, La Falaise, and Fous. 

 

The zircon age spectra of Aux Diables and Espagnol dome are heavily influenced by the 

large number of secular equilibrium grains contained within these samples. Comparisons with 

these units are therefore likely to be invalid and are not discussed further. 

 

 

Figure D-7: Isochron, ROP, and PDF plots of zircon populations from pumices in the (A) Goodwill Quarry – 
Roseau, (B) Link Flow 1 and (C) Link Flow 3 pyroclastic flow deposits. Eruption ages shown on isochron plots 
refer to U-Th/He ages presented in section D.2.5. 
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Figure D-8: Results of Kolmogorov-Smirnov statistical tests. Each square represents the probability that the zircon age distribution of the two samples being compared is the same. All grey 
boxes indicate P>0.05. Dark grey boxes indicate P>0.5. Samples are arranged according to eruption age from youngest to oldest. The lava dome and pyroclastic flow deposits are separated 
out in the lower part of the diagram in order to display statistical groups.
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KS statistics of zircon age spectra from pyroclastic flow deposits indicate two major groups: 

 Group 1: Layou and Londonderry 

 Group 2: Roseau, Link Flow 1, Link Flow 3 

 

Overlap between the zircon age spectra of lava dome and pyroclastic flow deposits is 

common. In general, it appears that the northern pyroclastic flow deposits (i.e. Layou and 

Londonderry) have zircon age spectra similar to that seen in Fous dome (Figure D-8). The 

southern pyroclastic flow deposits (i.e. Roseau, Link Flow 1, Link Flow 3), on the other hand, 

show overlap with the age spectra of zircons from the Grand Soufrière Hills, Trois Piton, and 

Plat Pays [Depression deposits] (Figure D-8). For full plots of cumulative probabilities, see 

Figure D-9. 

 

D.2.4 U-Pb zircon crystallization ages: 
Secular equilibrium grains were found in 10 of the 19 samples selected for zircon 

analysis. A total of 50 grains were analyzed, of which 44 yielding U-Pb ages <1 Ma and 6 

yielding ages ≥ 2 Ma. 

 

Table D.2: List of samples with U-Pb ages. Maximum ages for each sample are shown for reference. 
<1 Ma is used to reflect the poor resolution of U-Pb at young ages. 

Sample # of U-Pb 
Analyses 

Maximum age 
(Ma) 

Micotrin 1 <1  
Trois Piton 5 <1  
Plat Pays [Depression] 2 <1  
Patates 2 2.4 ± 0.3  
Aux Diables 12 47  ± 9  
Espagnol 11 <1  
Fous 3 3.3 ± 1.8  
Diablotins 1 <1  
Layou 3 <1  
Londonderry 9 <1 
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Figure D-9: Plots of the U-Th model age populations of Dominica samples. Plots on the left show probability 
density functions. Plots on the right display cumulative probability curves generated via Kolmogorov Smirnov 
statistical testing. Units are divided first by deposit type (i.e lava dome deposits vs pyroclastic flow deposits) 
and then presented in geographically order from north to south. 

 

Of the six grains that yielded ages ≥ 2 Ma, four were found within Aux Diables. These 

grains yielded ages of 6.4 ± 2.2, 54 ± 19, 18 ± 5, and 47 ± 9 Ma. Single grains from Patates 

and Fous yielded ages of 2.4 ± 0.3 and 3.3 ± 1.8 Ma, respectively. Secular equilibrium 

zircons from Plat Pays, Trois Piton, Micotrin, Fous, and Londonderry all yielded ages <1 Ma. 

For full U-Pb results, see Electronic Appendix 6. 

 

D.2.5 Zircon (U-Th)/He eruption ages 

(U-Th)/He zircon geochronology (see Chapter 3 for method details) was undertaken on 

all 19 samples analyzed by U-Th. Two samples, Patates and Micotrin, did not yield sufficient 

helium to be adequately dated by this technique. Twelve lava samples (Figure D-10) and 5 

pumice samples (Figure D-11) yielded definitive age dates. Ages are summarized in Table 

D.3. Quantitative values (Q values) provide a measure of precision for this method, indicating 

the goodness-of-fit for the averaged helium aliquots. In general, Q values >0.01 are 

considered acceptable fit values. For full (U-Th)/He data, see Electronic Appendix 6. 
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Table D.3: (U-Th)/He eruption ages. N = number of He aliquots analyzed. Q value = goodness-of-fit 
value. 

Sample #  Unit 
Age 
(ka) 1σ + 1σ ‐ N Q Value 

Lava Dome Deposits            

TH‐DM‐13  Trois Piton 26 2 3 4  0.1685 
TH‐DM‐19  Plat Pays [Depression] 61 3 3 10  0.2850 
TH‐DM‐21  La Falaise  84 4 5 11  0.9881 
TH‐DM‐24  Northern Rouge 9.9 0.7 0.6 6  0.2807 
TH‐DM‐26  Crabier  16 1 1 6  0.2603 
TH‐DM‐29  Grand Soufrière Hills 8.1 0.7 0.6 5  0.0268 
TH‐DM‐34  Aux Diables  170 14 14 4  0.2874 
TH‐DM‐37  Espagnol  744 45 48 7  0.7661 
TH‐DM‐38  Fous  40 3 3 7  0.4234 
TH‐DM‐39  Southern Rouge 3.8 0.3 0.3 4  0.2312 
TH‐DM‐40  Plat Pays [Lofty] 11 1 1 6  0.4078 
TH‐DM‐41  Diablotins  75 4 4 8  0.3360 
Pyroclastic Flow Deposits            

TH‐DM‐1  Goodwill Quarry  62 8 8 2  0.8250 
TH‐DM‐2.1  Link Flow 1 35 3 3 4  0.2075 
TH‐DM‐2.14  Link Flow 3 25 2 2 4  0.1461 
TH‐DM‐4  Layou  80 8 6 4  0.3365 
TH‐DM‐9  Londonderry 65 5 5 5  0.8402 
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Figure D-10: Combined U-Th and (U-Th)/He zircon ages from lava dome deposits. Each panel shows the full 
equilibrium (uncorrected) and full disequilibrium ages [top], the disequilibrium-corrected ages, and a Gaussian 
fit representing the modeled age [middle]. The bottom rows show the comparison between the corrected (U-
Th)/He ages and the U-Th zircon rim crystallization age. All ages are in ka. Please see Chapter 3 for a detailed 
overview of the method. 
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Figure D-11: Combined U-Th and (U-Th)/He zircon ages from pyroclastic flow deposits. Each panel shows the 
full equilibrium (uncorrected) and full disequilibrium ages [top], the disequilibrium-corrected ages, and a 
Gaussian fit representing the modeled age [middle]. The bottom rows show the comparison between the 
corrected (U-Th)/He ages and the U-Th zircon rim crystallization age. All ages are in ka. 
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D.2.6 Apatite (U-Th)/He eruption ages 
(U-Th)/He apatite geochronology (see Chapter 3 for method details) was undertaken on 

5 samples: Goodwill Quarry [1.3], Grand Bay [16.2], Layou [4.1], Londonderry [9.1], and 

Grand Savanne [7.1]. The Grand Savanne and Londonderry samples both yielded ages >300 

ka. As zircons from Londonderry yielded ages as young as ~80 ka, this age is clearly 

erroneous and may the result of U-rich inclusions in the apatite. It is likely that the Grand 

Savanne sample suffers the same effect, and we therefore consider both the >300 ka ages 

unrealistic. Summarized ages for Goodwill Quarry, Grand Bay, and Layou are presented in 

Table D.4. All ages are an average of the individual helium aliquots (Figure D-12). For full 

aliquot data, see Electronic Appendix 6. 

 

Table D.4: Summarized (U-Th)/He apatite ages. N = number of helium aliquots averaged. 

Sample #  Unit  Age ±1σ  N
TH‐DM‐1  Goodwill Quarry 51 3 11
TH‐DM‐16  Grand Bay 63 4 11
TH‐DM‐4  Layou 80 5 8
TH‐DM‐7  Grand Savanne 347 24 4
TH‐DM‐9  Londonderry 308 25 3

 

D.2.7 Zircon geochemistry 
Uranium and Th concentrations were obtained for all analyzed zircons. Uranium ranges 

in concentration from ~40 to >500 ppm, with the majority of analyses falling between 50 and 

250 ppm (Figure D-13A). All samples have a dominant U peak at ~150 ± 20 ppm. Thorium 

ranges in concentration from ~10 to >500 ppm, with the majority of analyses falling between 

20 and 150 ppm (Figure D-13B). All samples have a dominant Th peak at ~75 ± 15 ppm.  

Zircons in the lava dome and pyroclastic flow deposits both display similar compositions. 

Th/U ratios range from 0.3 to ~1.2. There are no clear trends between crystallization age and 

composition in any of the samples studied (Figure D-13C). It is interesting to note that the U 

and Th concentrations of zircons from deposits on Dominica are much lower than typical 

zircon analyses. Zircons from volcanoes on St. Lucia, for example, generally have [U] >500 

ppm (Schmitt et al., 2010); while those from Tarawera volcano in the Taupo Volcanic Zone 

have [U] of ~100 to >2000 ppm (Storm et al., 2012). 
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Figure D-12: Apatite (U-Th)/He ages. 
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Figure D-13: Overview of zircon geochemistry. (A) Range of zircon uranium concentrations, (B) range of 
zircon Th concentrations, (C) plot of Th/U ratio of zircons against their corresponding crystallization age. 
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E. APPENDIX – Amphibole Substitutions and Equilibrium Plots 
 

E.1 Introduction 

This Appendix presents amphibole substitutions and equilibrium plots used in Chapter 6, 

and is thus broken up into two parts. Part 1 explains the basics of amphibole substitutions and 

outlines which substitution plots are used to determine temperature, pressure, and plagioclase 

crystallization controls, respectively. Part 2 contains equilibrium plots for the plagioclase-

melt, orthopyroxene-melt, clinopyroxene-melt, and two pyroxene thermometers used in 

Chapter 6 of this thesis. For details of how each thermometer works please see Putirka 

(2008). 

E.2 Amphibole Substitutions 

E.2.1 Overview 

Amphiboles have a complex mineral structural formula that includes 4 major substitution 

sites: A, B, C, and T. This is evident from the following structural formula taken from 

Thornber et al. 2008: 

A[Na+K] BCa2-x [x=Mg, Fe2+, Mn, Mg] CM1,M2,M3 Mg5-y [y=Fe2+,Mn, VIAl, Ti, Fe3+] TSi8-z [z=IVAl] O22 
OH2-n [n=F, Cl]) 

Both the Fe+2 and Fe+3 forms of iron as well as both the Al4+ and Al6+ forms of aluminum 

are present in most common amphiboles. Due to their varying charges, these elements can fit 

into multiple exchange sites within an amphibole crystal. Common substitutions that occur in 

amphiboles are the edenite exchange, the Ti-Tschemak exchange, and the Al-Tschemak 

exchange. Plots to determine which substitutions are taken place are shown in Section D.2.2 

(letters refer to those seen in the upper left-hand corner of plots):  

 IVAl vs VIAl – Al-Tschermack substitutions (pressure controlled substitution of 

aluminium) [B] 

 IVAl vs Ti – Ti-Schermack (temperature controlled substitution of titanium) [C] 

 IVAl vs Na+K – Edenite Exchange (temperature controlled substitution of alkali 

elements) [D] 

 IVAl vs Ca – Plagioclase Exchange (calcium substitution controlled by plagioclase 

crystallization) [E] 

 (Mg/Mg+Fe2+) vs (Fe3+/Fe3++Fe2+) in C-site – Substitution of iron controlled by 

oxygen fugacity [F] 
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The occurrence of straight lines on these diagrams indicates that the substitution in 

question is taking place. For alignments in pressure and temperature substitution plots, R2 

values are presented to show the level of correlation. As all units show definitive straight line 

trends on the oxygen fugacity plot, R2 for that plot are not shown. Data are organized 

according to the hierarchy and symbols found in Appendix B.  

A schematic of amphibole substitutions is shown below (subscripts refer to the 4 major 
substitution sites: A, B, C, and T): 

Type of Exchange Formula of Exchange 
Edenite A                +     TSi                             A(Na,K)    +   

IVAl 
Ti-Tschemak BMn          +     TSi                              CTi           +   

IVAl 
Al-Tschemak C(Mg,Fe)  +     TSi                              VIAl          +   

IVAl 
Plagioclase Exchange BNa         +       TSi                              BCa     +     

IVAl 
 

E.2.2 Substitution plots 
Amphibole substitution plots for all samples containing this mineral are given below. Each 
plots contains: 

 A) Amphibole classification diagram (following Leake et al. 1997) 
 B) Pressure substitution plots 

C/D) Temperature substitution plots 
E) Plagioclase control substitution plots 
F) Oxygen fugacity control substitution plots 

 
Samples are organized in groups by location: 
 Plot 1 = Northern and central domes 
 Plot 2 = Morne Plat Pays 
 Plot 3 = Soufriere Depression lava domes 
 Plot 4 = Xenoliths 
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Northern and Central Domes 
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Morne Plat Pays 
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Soufriere Depression Domes 
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Xenoliths 
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E.3 Mineral-Mineral and Mineral-Melt Equilibrium Diagrams 

E.3.1 Plagioclase-melt equilibrium 
Plagioclase-melt equilibrium diagrams. Dotted boxes display the equilibrium range of 

the two components of interest. Note: all glass compositions were tested to derive the >/< 74 
% SiO2 division, but only the most evolved and least evolved glasses are shown. The SiO2 
value of the glass compositions used for the individual plots is shown next to the related data.  
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E.3.2 Orthopyroxene-melt equilibrium and  two-pyroxene equilibrium  

Orthopyroxene-melt equilibrium diagrams (left) and two-pyroxene equilibrium diagrams 

(right). Solid line represents equilibrium values, while the dotted lines represent the error 

associated with the equilibrium calculation. Where mineral-melt and mineral-mineral pairs 

overlap within the error envelope, they are considered to be in equilibrium. Dark grey boxes 

represent equilibrium between low-Mg orthopyroxene  and melt (left) or low-Al 

clinopyroxene (right). Light grey boxes represent equilibrium between high-Mg 

orthopyroxene and melt (left) or low-Al clinopyroxene (right). Calculated temperatures from 

equilibrium pairs are shown in red. Note: only glass values with >0.4 wt. % MgO were used 
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in any of the equilibrium calculations. This means that although some samples have glass 

data, mineral-melt equilibrium could not always be calculated. 
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For the following samples, mineral-melt equilibrium could not be calculated and therefore, 
only two-pyroxene equilibrium plots are shown. 
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E.3.3 Clinopyroxene-melt equilibrium  
Clinopyroxene-melt equilibrium diagrams. Dotted boxes display the equilibrium range of 

the two components of interest. Note: clinopyroxenes were found to only be in equilibrium 

with glass values <74 wt.% SiO2. The least evolved glass composition from each sample is 

shown on the plot, as this was the most likely to be in equilibrium. The SiO2 value of the 

glass compositions used for the individual plots is shown next to the related data. Calculated 

temperatures (calculated at 5% H2O) from equilibrium pairs are shown in red. Note: only 

glass values with >0.4 wt. % MgO were used in any of the equilibrium calculations. This 

means that although some samples have glass data, mineral-melt equilibrium could not 

always be calculated.  
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