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Abstract

Coral reef survival is threatened by sediment deposition, particularly those surrounding volcanic
islands, where sudden and larger sediment loads enhance threats. Tracing the sources of this
sediment is vital for erosion mitigation, land-use and conservation, and is achieved through
sediment fingerprinting, a technique with little application to coral reefs. In this study, the novel
application of TGA-MS to identify potential tracers was used, alongside ICP-OES, on ghaut and
reef samples from the volcanic island of Montserrat in the Caribbean, where knowledge of soil
compositions and the effect of recent eruptions is severely understudied. Sediment from within
40 ghauts (steep-sided ephemeral watercourses) in the north-west and 7 coral reefs on the
western coast of Montserrat were sampled. For TGA-MS, a heating rate of 10°C/min from ~30°C
to 1000°C was used, identifying OM, clay and calcite weight loss percentages, and exsolved H,O
and CO,. ICP-OES analysed 11 elemental concentrations: Al, Ca, Cu, Fe, Mg, Mn, Ni, P, Pb, Si and
Zn. The three-step method for tracer selection was used, producing a final tracer suit of clay, Fe,
Mn and Si, with 100% reclassification accuracy. A MixSIAR unmixing model was applied to 5
marine samples, determining ghauts further south, in close proximity to the Belham River and
Soufriére Hills Volcano, were the largest contributors to sediment deposition (>67%). Laboratory
analysis and field observations implied the sediment was volcanically derived and particle size
analysis indicated the predominant grain size on the reefs were fine sediment <0.5mm in
diameter. The inclusion of clay identified that volcanic deposits were transported via terrestrial
landscapes prior to deposition. The wider significance of the study is highlighted in terms of land-
use planning, erosion mitigation and coral reef conservation, with a particular emphasis on the
importance of considering varying processes on catchments experiencing unique processes,

such as those of volcanism.
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Glossary and Abbreviations

Table 1: A list of commonly used abbreviations for this study and their meanings.

Abbreviation Meaning

ANOVA Analysis of Variance
DSC Differential Scanning Calorimetry
DTG Derivative Thermogravimetry

ICP-OES Inductively Coupled Plasma-Optical Emission Spectroscopy
LDA Linear Discriminant Analysis
MS Mass Spectrometry
0)1% Organic Matter
PSA Particle Size Analysis
TGA Thermogravimetric Analysis

TGA-MS Thermogravimetric Analysis Coupled with Mass Spectrometry




Table 2: A list of commonly used terms for this study and their definitions.

Term Definition
Conservative Applying to a tracer. In which chemical and mineralogical
properties of the sediment remain unchanged during
transportation.
DTG The rate of change of the weight of a sample in relation to
changing temperature or time.
Ghauts Steep-sided ephemeral watercourses, incised during periods of
heavy rain and flooding.
ICP-OES A laboratory technique used to identify the concentrations of

Source Site

Target Site

Tracer

TGA

TGA-MS

elements in liquid or gas samples.
In sediment fingerprinting, the sites which sediment are believed
to have potentially derived from.

In sediment fingerprinting, the sites which receive
sedimentation, the sediment of which is being traced to their
original sources.

In sediment fingerprinting, a variable or component of sediment
used to identify the source of sediment.

A laboratory method used to analyse the change of weight of a
sample as it is incrementally heated.

A laboratory method combining TGA with mass spectrometry;,
during which the exsolved gases from TGA are measured in real

time.
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Chapter 1: Introduction

1.1 Introduction
Coral reefs are important ecosystems covering <0.1% of the world’s oceans (Jones et al., 2022)

in tropical/subtropical marine environments, yet are one of the most vulnerable. They are
important regions as they sustain the largest diversity of unique marine organisms on Earth
(Jones et al., 2022) along with providing ecosystem services such as fishing and tourism. Coral
reefs across the globe are under threat, including those surrounding Montserrat. Eutrophication,
acidification, increased sea surface temperatures and more frequent/violent storms (Lesser,
2021; Negri et al., 2011; Scoffin, 1993) are just some of the processes threatening coral reefs.
Some have been exacerbated via climate change and global warming but there are also direct
and indirect anthropogenic causes. The exponential rise in human population has resulted in
increasing tourism, agriculture and land development. These have caused physical
damage/breakages to corals from boats, anchors and people, along with increased inputs of
nutrients, waste and sediment to coral reefs (Zainal Abidin and Mohamed, 2014). The inputs of
these substances are threatening coral reefs through physical disturbances and changes in water

quality which must remain in an optimum state for coral reefs to thrive.

The deposition of sediment (sedimentation) onto coral reefs is a significant threat requiring
further investigation, experiencing little quantification in modern or ancient times (Lokier, 2021).
This threat to coral reef ecosystems relates to the amount and type of sediment that is deposited
and so varies across environments. Therefore, when studying sedimentation of coral reefs, each
target and source should be investigated independently to account for differing sediment types
deposited. In this way, knowledge of the sources of sediment deposited is crucial. Sediment can
enter a coral reef through a number of various transfer routes as described in Figure 1. These
include terrestrial runoff, aeolian deposits, anthropogenic activity and, in the case of Montserrat,
through volcanic deposits (Lokier, 2021). When considering sediment in marine environments,
acknowledging the various routes in which sediment may travel from terrestrial/source to
marine environments is essential (DelValls et al., 1998). Determining sediment sources is not
only imperative when investigating the potential impacts their deposition may have on various
ecosystems, but also in terms of identifying areas experiencing soil erosion. Heightened soil
erosion impacts soil stability and structure, as well as nutrient cycling (Quinton et al., 2010),
making areas experiencing high rates of erosion especially vulnerable during periods of heavy

rainfalls and storm events. Identifying these areas is important for land use planning, land
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management practices, agriculture and pollution mapping, particularly in regard to the
development of mitigation measures. For a small island limited in land-use capacity and who are
yet to receive significant modern research in sedimentation, Montserrat is an example of

somewhere in desperate need of research in this area of study.

Transportation ) )
and deposition via Direct !npms from
wind volcanic sources

such as ashfalls
or pyroclastic
flows

Inputs from
terrestrial runoff

Inputs from cliff
erosion

- Inputs via
anthropogenic
sources e.g.
industrial and
sewage systems

Inputs from rivers,

streams, gullies,
.;ol ghauts etc.

Inputs from

agriculture \

Transportation
and deposition by
ocean currents

\J

' \
4 \‘ ( {f,Coral Reeafs: the receptors to
/ “} V' sadiment transport and

deposition

Figure 1: A conceptual diagram demonstrating a variety of sources of sediment to coral reef ecosystems.

Created with BioRender.com

Montserrat is a Caribbean Island located in the Lesser Antilles with a total land area of 102 km?
(Flower et al., 2020), with extensive terrestrial and marine ecosystems provided by Montserrat’s
unique topography. This has been influenced by a three-million-year history of volcanic activity
from multiple volcanic centres: Silver Hills, Centre Hills and (South) Soufriére Hills (Figure 2).
Since the onset of recent volcanic activity in 1995, the island has been divided into an Exclusion
Zone in the southern two-thirds and a safe zone in the northern third of the island. Each volcanic
centre (Figure 2) features steeply eroded valleys heading towards the coast (Barclay et al., 2006).

One key topographical feature of interest are these ghauts; steep-sided ephemeral
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watercourses, incised during periods of heavy rain and flooding (Hemmings et al., 2015).
Montserrat is a tropical island lying in the north of the Intertropical Convergence Zone (ITCZ),
where the rainfall season runs from April to November with peaks in September and May and
an average rainfall of approximately 890mm yr?! (Barclay et al., 2006). However, this rainfall
varies across Montserrat depending on the topography. As Montserrat has a steep topography,
air cools adiabatically, leading to large amounts of rain concentrated on mountain tops with
much less in coastal regions (Barclay et al., 2006). The coastline (49km in total (Flower et al.,
2020)) is key to Montserrat as it contains coral reefs along the eastern and north-eastern shelves
of the island, averaging around 10% in coral cover (Flower et al., 2020), attracting tourists and

assisting the local economy.
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Centre Hills

P AR

F 4 )

Soufriere S T ¥

Hills Volcano

South Soufriere
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Figure 2: The locations of 4 main volcanic centres on Montserrat: Silver Hills, Centre Hills, Soufriere Hills

Volcano and South Soufriere Hills. Base map from Google Earth.

In Montserrat, sediment deposition onto the coral reefs may be a significant issue due to the
recent volcanic activity (Barclay et al., 2007; Lokier 2021). The distribution of volcanic deposits,
as well as potentially heightened soil erosion associated with volcanic activity, may increase the

movement of sediment across terrestrial environments leading into the marine. As a result,

15



discovering where the sediment on coral reefs is sourced is imperative in mitigating soil

movement and erosion.

One way of determining the sources of sediment is through a technique called sediment
fingerprinting. Sediment fingerprinting is a source apportionment method where sediment
properties from various potential sources are compared, and the unique properties (tracers) are
used to determine the origin of material delivered elsewhere (Smith and Blake, 2014). There are
a number of different properties which can be used as fingerprint tracers. Batista et al. (2022)
describe potential fingerprints which include: fallout radionuclides, geochemistry, colour and
magnetic properties. Koiter et al. (2013) demonstrate the wide range of uses of sediment
fingerprinting at vast spatial and temporal scales, as well as identifying sources of sediment as
small as <10um. Sediment fingerprinting is used for a variety of purposes including land use
management, waterway management, agriculture, identifying pathways of pollutants and
developing strategies to reduce erosion as well as providing information for wider areas of
research such as sediment budgets/dynamics and fluvial processes (Walling, 2013). Despite the
beneficial applications of sediment fingerprinting, it does face challenges in reliability. During
sediment transport there are a number of natural processes that may influence the chemical,
biological and physical composition of sediment (Koiter et al., 2013). This brings uncertainty
when comparing sediment properties to sources as it requires differentiating between those
properties directly connected to the source and those which have arisen through additional
environmental factors. Despite this, sediment fingerprinting has the potential to offer extremely
powerful insight in the determination of sediment source contributions to coral reefs, however,
it requires important consideration into the choice of tracers selected to perform at its full

capacity.
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1.2 Aims and Objectives

The first aim of this project is to assess which ghauts the sediment found on the coral reefs
surrounding Montserrat was derived from. The second aim is to apply and test the application
of thermogravimetric analysis coupled with mass spectrometry (TGA-MS) to sediment
fingerprinting, assessing the suitability of this method. Inductively coupled plasma-optical
emission spectroscopy (ICP-OES) data will be used alongside this. This will minimise some of the
current gaps in research surrounding soil erosion and sediment pollution on Montserrat and will

provide the first use of TGA-MS in its application to sediment fingerprinting.

To achieve the aims of this study, several objectives were set. The main objectives are:

1. To use both thermogravimetric analysis and ICP-OES to characterise key chemical
components of the sediment collected from both reefs and ghauts on Montserrat.

2. To use thermogravimetric analyses coupled with mass spectrometry to aid the
identification of chemical/mineralogical components of ghaut and reef sediment
samples from Montserrat through the use of CO, and H,0 exsolved gas analysis.

3. Through the use of statistical testing, determine whether there are significant
differences within and between ghaut and reef sediment samples from Montserrat
in terms of their chemical/mineralogical compositions.

4. To implement sediment fingerprinting methods to evaluate which ghauts on
Montserrat transport and deposit sediment onto the coral reefs surrounding the

island.
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1.3 Thesis Outline

This thesis is presented as a selection of chapters. As such, many chapters have their own aims
and objectives outlined which work towards fulfilling the main aim of the project as previously

stated. The chapters are as follows:

Chapter 1: Introduction — The purpose of this chapter is to introduce the key topics of the entire
project and to highlight the issues the project aims to address. The overall aims and objectives

are also outlined.

Chapter 2: Literature Review — This chapter navigates the current literature surrounding the
topics of interest in the project. Broad concepts and ideas are summarised, emphasising the

current research gaps and further highlighting the need for this study.

Chapter 3: Field Sampling — The purpose of this short chapter is to explain the field sites and
samples collected for use in the rest of the project. Explanations on the way samples were

collected and details on the sampling sites are outlined.

Chapter 4: Development of TGA Methodology — Chapter 4 discusses the preliminary TGA testing
conducted on samples from Chapter 3. The aim is to outline the way in which the TGA
methodology used for suitable data attainment was developed. The chapter includes a
methodology for the preliminary testing, the results of these tests and a discussion on their

implications, concluding on the final TGA methodology used for Chapters 5 and 6.

Chapter 5: Identification of TGA Signals — The inclusion of Chapter 5 offers an in-depth
explanation on the way in which the identity of the mineralogical components in the tested
samples were discovered through the procurement of DTG signals. An in-depth literature review,

along with laboratory and statistical testing acts to justify the conclusions drawn.

Chapter 6: Sediment Fingerprinting - The most substantial chapter in the thesis and that which
addresses the main aim of the project: successfully completing sediment fingerprinting to
discover which ghauts on Montserrat transport and deposit sediment onto the coral reefs. This
chapter outlines the parameters used as tracers, the sediment fingerprinting method and results,
as well as including particle size analysis data, resulting in a discussion and explanation of the

observations.

Chapter 7: Overall Discussion and Conclusion — The final chapter of the thesis acts as a broad
discussion of the findings of the study and the implications for other areas of science. Limitations
and recommendations for future studies are also included, ending with a broad conclusion of

the thesis as a whole.
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Chapter 2: Literature Review

2.1 Anthropogenic Impacts on Coral Reefs
Many people depend on coral reefs for their livelihoods. Tens of millions of people benefit from

coral reef fisheries across tropical and subtropical regions (McManus et al., 2000). Around 20%
of the global population lives within 100km of the shoreline at high densities (Duprey et al.,
2016), with tourism providing employment and revenue for over 100 countries and territories
(Spalding et al., 2017), including Montserrat. However, these benefits are also putting increased
pressure on coral reef ecosystems, along with damages to corals through tourism. Overfishing is
threatening the extinction of coral reef fish due to exploitation from an increased demand for
food for the rising population. Sherman et al. (2023) state that 59% of shark/ray species related

to coral reefs are at risk of extinction, with overfishing being the main cause.

Indirectly, anthropogenically enhanced global warming and climate change are large factors
controlling the current distribution of coral reefs. Coral reefs are located where the conditions
are optimal for survival. These include minimum sea temperatures of around 18°C, with optimal
ranges commonly around 24 to 27°C (Johansen et al., 2013), low nutrient levels, salinity within
25000-45000mg/L (Manzello and Lirman, 2003), shallow depths and clear waters (Kleypas et al.,
1999). Climate change is having broad implications for coral reefs, with damage resulting from
changes in sea temperatures, salinity and frequency and magnitude of storms. Global warming
is increasing ocean temperatures at an average rate of almost 0.3°C per decade (Garcia-Soto et
al., 2021). This has accelerated drastically from the rate of 0.06°C per decade seen during the
20th and early 21st century (Garcia-Soto et al., 2021). Johansen et al. (2013) demonstrate the
effect of increasing temperatures on common coral fish. They found that at temperatures only a
few degrees above the normal range (30°C and 33°C) swimming speeds dropped sharply and fish
spent longer resting motionless on the bottom of the reef. The mobility of reef organisms is a
factor in predator-prey interactions, energy intake and fitness of fish (Johansen et al., 2013),
therefore influencing mortality rates of the fish themselves and other reef organisms, resulting
in a destabilisation of the ecosystem community as a whole. Anthropogenic disturbances to

nutrient and salinity levels are also of major concern in regard to water quality.
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2.2 Impact of Water Quality on Coral Reefs

Extensive research has been undertaken on the impacts of water quality on coral reefs (Bell,
1992; De’ath and Fabricius, 2010; Duprey et al., 2016; Rogers, 1990). One main factor influencing
water quality is the abundance of nutrients. Coral reefs thrive in conditions where nutrient levels
are low, so excessive inputs have the ability to impact all levels of an ecosystem through creating
a nutrient surplus. Eutrophication and the addition of excess nutrients, minerals and heavy
metals to water bodies has the potential to debilitate entire ecosystems. The formation of algal
blooms reduces light attenuation and disrupts the water quality, leading to various physiological
challenges. Nutrient enhancement has been found to increase coral diseases and bleaching
(Vega Thurber et al., 2013), leading to mass mortality, but also reducing skeletogenesis (Marubini
and Davies, 1996). Marubini and Davies (1996) offer useful insight into the way in which coral
may respond to added nutrients from eutrophication or the deposition of nutrient-high or
contaminated sediment through the completion of a controlled experiment, whereby nitrate
was added to coral species and the physiological effects were observed. The results showed that
around 50% of coral experienced a reduction in skeletogenesis. Using models, they theorised
this was due to the observed increase in zooxanthellae which preferentially used the limited CO,

supply, reducing that which could be used for coral calcification.

Alongside the enhanced supply of nutrients, heavy metals should also be considered. Heavy
metal pollution in water bodies will have a number of consequences for corals due to binding of
the molecules to proteins in corals. These consequences include reproductive stress (Reichelt-
Brushett and Harrison, 2005), disruption to cellular functions (Kuzminov et al., 2013), changes in
rates of photosynthesis, physiological stress (Baumann et al., 2009) and mass mortality. Not only
this, but the threat from metal pollution is enhanced by the longevity that heavy metals remain
in the environment, influencing water quality many years after deposition (Guzman and Jiménez,

1992).

Salinity is another main concern when studying the water quality of reefs. Salinity levels outside
the optimum range can also lead to mass mortality, a significant modern threat as some suggest
increases of up to 8% salinity due to enhanced global warming (Du et al., 2019). The effects of
salinity on marine organisms are vast with changes occurring to nerves, enzymes, metabolism
and cellular electrochemical processes (Vernberg and Vernberg, 2012). For corals specifically,
exposure to elevated salinity has shown reductions in photosynthesis, respiration and survival
(Manzello and Lirman, 2003; Porter et al., 1999). The variations of photosynthesis and respiration
on Porites Furcata, an abundant coral species in near-shore environments, were reported by

Manzello and Lirman (2003). They discovered reductions in photosynthesis rates and observed

20



the retraction of polyps alongside excessive mucus production when exposed to salinity levels
outside the normal. However, they also report insignificant variations in respiration rates and no
sign of tissue mortality after 2, 4, 6 and 24 hours of exposure. However, the results of this study
counteract those observed in other literature such as Porter et al. (1999) who describe the
opposite after up to 36 hours of exposure. This suggests exposure time also is likely a key factor
in the effects of salinity on coral species. Although these studies did not consider sediment, they
are a good representation of the various ways in which coral reefs respond to the addition of
different stressors to their environment, whilst also highlighting the need to consider how coral
reefs respond to these changes over time. This is especially important in sediment studies as

sediment can remain in the water column for extensive periods of time.

2.3 Impact of Sediment on Coral Reefs
Another major pressure to coral reef ecosystems is the addition of sediment. Terrestrial runoff

has the ability to alter water quality of the surrounding reefs through the addition of inorganic
nutrients, particulate organic matter and sediment deposition (Storlazzi et al., 2015). The
deposition of terrestrial sediment onto coral reefs has widespread issues for the ecosystem.
When sediment enters the water column, fine grained sediment may remain in suspension and
cause reduced light attenuation through increased turbidity. Riegl and Branch (1995)
demonstrated that there is an up to 75% decline in light availability from just 100mg of sediment
per cm?, reaching 97% when levels reach 400mg per cm?. This reduction in light attenuation has

adverse effects on corals including stunted growth and eventual bleaching.

Aside from light attenuation, sedimentation impacts coral reefs by smothering corals when
settling on their surfaces. This may block polyps and inhibit feeding mechanisms as well as using
up energy to remove it (Duckworth et al., 2017, Fourney and Figueiredo, 2017). This was found
in terms of fine sediment on sponges by Bannister et al. (2012) where the inhalant canals and
filtering mechanisms were blocked. Additionally, the mucus film the sponges produce to
counteract the negative effects of sedimentation uses their energy reserves, reducing the energy
they can use for feeding, reproduction and growth (Bannister et al., 2012). Although this study
provides insight into the physiological impact on coral reef ecosystems and also considers grain
size, it neglects to consider the chemical composition of the sediment itself, an important factor
in how it will behave once in the water column. Similar issues arise in other literature concerning
sediment and marine environments. Wenger et al. (2013) looked at the effects of sediment on

coral reef fish. They described the challenges of increased turbidity reducing visibility and ability
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to obtain food, therefore impacting growth, reproduction and potentially mortality. Wenger et
al. (2013) also found that the development of fish was influenced by the presence of terrestrial
sediments. For fish exposed to various levels of sediment, the pelagic larval development (PLD)
was significantly longer than those receiving no extra sediment, disturbing the population
demographics. Comparatively to the study by Bannister et al. (2012), they also fail to take into

account the chemical composition of the terrestrial sediment, but also that of the grain size.

Sediment has a range of magnitudes and types of impacts on reefs. One factor to consider is
sediment grain size. It is generally agreed that fine sediment will have a harsher impact on coral
reef ecosystems through the increase in turbidity due to the ability for fine-grained sediment to
stay in suspension for longer periods of time, having a prolonged impact. Kookana et al. (1998)
also attribute worse responses to fine-grained sediments to the reduced gas exchange,
increasing the ability to bind nutrients and biocides. These effects were demonstrated by
Fourney and Figueiredo (2017) who compared the impacts of both fine (terrestrial) sediment
and coarse (natural) sediment on corals. They found that exposure to coarse sediment reflected
that of an undisturbed ecosystem and attributed this to the way coarse sediment settled
relatively quickly allowing the lower turbidity to be retained. Their results concerning finer
grained sediment reflected that of previous studies by Storlazzi et al. (2015) in which finer
grained sediment reduced the photosynthetically active radiation (PAR) more so than coarser
sediments, and Tebbett et al. (2017) who demonstrated that finer-grained sediment is more
readily ingested by coral reef fish, negatively impacting their health (and the productivity of the
fishing industry). Whilst these studies are useful in describing the mechanisms behind coral
interactions with various grain sizes, chemical composition linked to grain sizes in samples is an

important component that has not been studied.

In 2005, Harrington et al. incorporated both the grain size and mineralogy of sediment in a study
on their influence on crustose coralline algae (CCA). In agreement with the later studies of
Fourney and Figueiredo (2017) and Storlazzi et al. (2015), they also found harsher effects on the
CCA when exposed to finer-grained sediment. In terms of sediment composition, they also
demonstrated how sensitivity increases for silts in comparison to nutrient-poor calcareous
sediment. The strengths of this study lie in its ability to integrate both sediment grain size and
mineralogy into a concise evaluation of the consequential deposition of sediment in coral reefs,

however, was limited in the chemical compositions of sediment considered.
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2.4 Impact of Volcanic Deposits on Coral Reefs
When discussing the influence of sediment on coral reefs surrounding volcanic islands it is

important to also consider that of volcanic deposits. Volcanic deposits may enter the water
column through numerous pathways such as pyroclastic density currents, lahars or direct ashfalls
(Alexander et al., 2010; Barclay et al., 2007; Lokier, 2021). These volcanic deposits may settle on
and compact coral reefs, whilst also influencing corals and water quality in similar ways to
terrestrial sediment and nutrients. Fine-grained volcanic ash can affect light attenuation and may
alter water quality through variations in alkalinity and the concentration of various ions (Reuter
and Piller, 2011) indirectly effecting coral reefs. Sediment may also contain heavy metals and/or

be high in nutrients which would then enter the water column upon deposition.

In terms of the composition of sediment, many studies (Reuter and Piller, 2011; Vroom and
Zgliczynski, 2011) acknowledge the struggle imposed on coral reef flora and fauna when volcanic
deposits enter the water column, with Vroom and Zgliczynski (2011) finding that many fish
species became non-existent when subjected to volcanic ash deposits. Along with the reduction
in light attenuation by fine-grained volcanic ash, Reuter and Piller (2011) discuss how tissue
necrosis and other physiological stresses are amongst the range of consequences to corals when
they are even only partially covered by volcaniclastics. These studies contribute to the literature
by providing insight into the specific threats facing coral reefs surrounding volcanic islands
through the sediment they study, whilst other literature discussed is more general in terms of
the coral reef locations. Evidence from the geological record (Lokier, 2021) also indicate many
cases of coral reef mortality following inundation by volcanic sediments. However, quantifying
the impact of volcanic deposits on coral reefs specific to Montserrat remains challenging due to

a lack of research, data and surveying prior to volcanic events.

2.5 Sediment on Montserrat
The last in-depth, comprehensive soil analysis done on Montserrat was a land-use survey

completed by Lang in 1967, following previous soil mapping by Hardy and Rodrigues in 1949.
Lang (1967) classifies soils into four main groups: protosols, young soils, latosolics and smectoid
clays. These were further subdivided based on location, weathering and slope. Hardy and
Rodrigues split Montserrat into 7 general soil types: lithosols, alluvial-colluvial soils, brown earth
soil, rendzina soil, yellow earth soil, terras soil and shoal soil. Since these, there have been fewer
comprehensive studies considering the soils of Montserrat. One study is that concerning the

weathering on Montserrat by Jones et al. (2010) who state that Andisols are the predominant
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soil type in Montserrat, similar to other islands in the Lesser Antilles. They describe the soil as
coarse with soil aquifers in the island’s centre due to the high infiltration rates. Despite the lack
of extensive soil mapping in recent years, other literature (Feller et al., 2006; Ranatunga et al.,
2009) agree andisols are the dominant soil type of Montserrat due to the andesitic composition

of Soufriére Hills volcano.

The presence of andisols implies volcanic deposits are a large contributing source of sediment in
many areas of Montserrat. Jones et al. (2010) discuss how, from the onset of the eruption of
Soufriére Hills volcano in 1995 up to 2010, the amount of volcanic material erupted from the
volcano was equal to approximately 1km3. Other literature discuss the presence of sediment
derived from volcanic deposits also. For example, Edmonds et al. (2006) describe how the
volcanic activity in 2003 caused the deposition of various tephra deposits, stating that
approximately 90% of the island was covered. These deposits can be evidenced on Montserrat
in the exclusion zone, where there are deposits of ash seen atop buildings and other structures
(Figure 3). Figure 3 represents the layers of deposits built up and compressed over time from

numerous volcanic eruptions.

Figure 3: A photograph showing layers of sediment and ash deposited on top of a building’s roof in

Montserrat. Photography credited to Professor John Quinton.
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Another source of sediment within and downstream of ghauts may be the ghauts themselves
(Figure 1). When completing the soil mapping in 1949, Hardy and Rodrigues acknowledged that
it was likely that “deepening, widening and backward cutting” of the ghauts was occurring, with
evidence of wall collapse in newer ghauts at the time. Hautmann et al. (2013) used Bouguer
gravity data to investigate the structures of Montserrat and theorised that some of the larger
ghauts may have been formed due to the structural discontinuity between high-density andesitic
lava and flank deposits (of lower density). This would have caused increased erosion, carving out
the ghauts and potentially continuing today during flood events (Alexander et al., 2010; Barclay

et al., 2007) due to structural instability.

2.6 Transfer Routes: Terrestrial to Marine Environments
The input of sediment and volcanic deposits to marine environments has potentially devastating

consequences for coral reef populations. Therefore, it is important to know where this sediment
is coming from and how it is transported to these environments. This presents a challenge as
there are multiple pathways through which sediment can be transported before it is deposited
(Figure 1). On volcanic islands experiencing ongoing eruptions, the sediment load to marine
environments may be vast. For example, Jones et al. (2010) predict that approximately 75-90%
of volcanic material erupted from Soufriere Hills Volcano between 1995 and 2010 was deposited
in the oceans after moving across the terrestrial environment. Similar results have been seen
across the islands of the Lesser Antilles as Cassidy et al. (2014) stated that around 84% of volcanic

material erupted from the islands in the last 100ka has been transferred to marine basins.

The identification of transfer routes is becoming increasingly important due to heightened soil
erosion brought about by a more intense hydrological cycle and evidence that increased
precipitation encourages soil erosion at faster rates (Garcia-Ruiz et al., 2015; Nearing et al.,
2004). Sediment can be transferred between environments in a number of ways, including by
wind, water and anthropogenic activity. For example, land management practices can displace
soil, encouraging erosion and the ease of movement across landscapes. Movement of sediment
has been heightened due to both land-use changes and the increased frequency and ferocity of
storms via global warming, presenting a large threat to islands of the Lesser Antilles specifically
during the wet season of July-November (Biguenet et al., 2021; Chalaux-Clergue et al., 2024).
Identifying sources of erosion and their transfer routes is essential due to its linkages to pollutant
transfer, sediment build up in water columns, degradation of soil health and stability and

negative impacts on water ecosystems (Chalaux-Clergue et al., 2024). Not only this but Walling
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(2013) state that fine sediment is a key vector in particle transfers from terrestrial to marine
environments. This includes heavy metal pollutants as the sediment acts as a substrate to which
they can adsorb. It is worth noting that in many studies involving sediment transfer, an integrated
approach is not often taken. Alvarez-Romero et al. (2011) discuss how, especially in the
conservation of marine protected areas, terrestrial and marine environments are often
considered separately as opposed to broadly connected ecosystems with linkages impacting the

functioning of both.

The topography of the island of Montserrat aids the ease of transfer due to the presence of
ghauts. These ephemeral waterways transport sediment from the ghauts and deposit it at sea.
Therefore, the transfer of sediment from terrestrial to marine environments is dependent on the
drainage and transport loads of waterways, influenced by rainfall. Reid and Laronne (1995)
investigated the differences in sediment transport across ephemeral, seasonal and perennial
streams. It was found that the ephemeral stream had a significantly greater bed load transport
efficiency than all other seasonal and perennial streams included in the study. Reid and Laronne
(1995) concluded that this was because the ephemeral beds were not armoured, so transport of
sediment is higher and more reflective of flow rates. The ghauts in Montserrat that this study
surrounds are also ephemeral valleys and therefore there is potential for large amounts of

sediment transfer to the sea via ghauts (Alexander et al., 2010).

2.7 Sediment Fingerprinting

As previously discussed, sediment fingerprinting is a source apportionment method used to
identify the potential sources of material, their relative contributions and potential transfer
routes to secondary locations by the use of tracers. In order to do this, the relevant tracer type
of choice is measured through field or laboratory experiments and the data is compiled and
undergoes a series of statistical tests. It is generally agreed in modern research that the selection
of fingerprints is a multistep process (Mukundan et al., 2010). The first step in sediment
fingerprinting involves a series of statistical tests on the individual tracers. The non-conservative
tracers can also be removed from further testing. Discriminant analyses are used to identify each
tracer’s ability to individually identify sources (Mukundan et al., 2010). Often studies then decide
whether tracers are redundant and choose to keep only those tracers in which the majority of
variation within the dataset can be explained. This is referred to as multiple discriminant function
analysis (DFA). Principal component analysis and cluster analyses may also be used as a visual

means of confirming clear discrimination is achieved (Walling, 2013). Studies choosing to also
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investigate each sources relative contributions to the secondary location may then use mixing

models to achieve this.

Sediment fingerprinting studies are wide and diverse. One example of sediment fingerprinting in
fluvial applications is that of Garcia-Comendador et al. (2017) who applied sediment
fingerprinting to layers of accumulated sediment after wildfire events. They used sediment
fingerprinting to discuss how sediment, ash and other particles introduced to a landscape after

a wildfire can be transported across the landscape via streams during a storm event.

Many sediment fingerprinting studies have taken place on agricultural land. For example, Lamba
et al., (2015) used sediment fingerprinting for source apportionment in the USA and found that
45-97% of suspended sediment in the watershed was from agricultural sources. A similar study
by Stewart et al. (2014) saw similar trends with agricultural sources of sediment being the
dominant contributor at 53%. Both studies used geochemical elements as their sediment tracers.
Soil erosion is a large concern for agricultural land, but sediment fingerprinting has also been
suggested as a potential management tool. The degradation of crop-bearing soil health, reduced
soil stability and loss of essential nutrients threatens the agriculture industry as well as runoff
from fertilisers causing widespread aquatic issues in terms of eutrophication and pollution. As a
result, sediment fingerprinting has been applied as a management tool to regulate sediment

budgets and daily loads (Mukundan et al., 2012).

As indicated, sediment fingerprinting is a developed tool with successful applications in a
number of areas. Therefore, it has the potential to act as a powerful tool in understanding the
sources of sediment on Montserrat and how those might impact the coral reefs surrounding the
island. The tracers used for this would be the imperative part of the procedure, to maximise the
possibility of sediment fingerprinting being effective. The ways in which tracers and differences
between sources and target locations are uncovered differ in each sediment fingerprinting
application. One novel way to potentially fulfil this is through the use of thermogravimetric
analyses coupled with mass spectrometry, a method yet to be applied to sediment

fingerprinting.

2.8 Thermogravimetric Analyses
Thermogravimetric analyses (TGA) is a technique used to quantify the weight loss of samples

that is associated with thermal decomposition when subjected to heating in a controlled
environment (Saadatkhah et al., 2019; Xu et al., 2005). During thermogravimetric analyses, a

small sample is placed in a crucible on a balance. The weight of the sample is then recorded over
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time in comparison to a reference crucible. These crucibles remain inside a furnace where the
temperature is raised incrementally according to the temperature regime chosen. The
temperature is recorded alongside the weight using a thermocouple. From this, accurate weight,
time, temperature and heat flow data are recorded. Finding the derivative weight (DTG) allows
the identification of the rate of mass loss, to identify how much mass is lost at different
temperature peaks (Marti-Rosselld et al., 2018). Mass will decrease as decomposition and
evaporation occurs, allowing the interpretation of chemical properties of the sample (Bish and
Duffy, 1990; Foldvari, 2011). Coupling TGA with mass spectrometry (TGA-MS) is an advanced
technique giving the ability to identify the gases released over time as mass decreases and
temperature increases (David et al., 2018). As a result, complex analysis of samples can be
achieved. When connected to a mass spectrometer, capillary tubes are connected so the gases
released during the experiment are transported to a mass spectrometer where the gases are
identified in real time. As a result, the components of the sample being heated at various
temperature peaks can be identified through peaks in mass spectrometer readings (Applegarth

et al., 2013). An example thermogram is shown in Figure 4.
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Figure 4: An example thermogram of the LB1 sample (Chapter 3). Curves representing the TG (%), DTG
(%/min) and temperature (°C) are shown with the time (minutes) of the test on the x-axis. The

procedure followed that described in Section 4.4.4.

Chauhan et al. (2020) describes the benefits of using TGA for soil samples, namely the detailed
analysis of both organic and inorganic fractions of soil and their respective reaction mechanisms
whilst being accurate and repeatable. Components of soil that can be identified using TGA
include organic carbon, inorganic carbon and mineralogical fractions such as various clays. For

example, Lebron et al. (2023) investigated the effectiveness of using TGA to differentiate the
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various pools of organic carbon, finding it a suitable method for monitoring soil carbon long-
term. TGA has also been applied to soil samples to identify carbon stocks in terms of cycling
(Yanardag et al., 2014). Whilst the applications of TGA (and specifically TGA-MS) on soil chemistry
have been less extensive than other more common practices, there have been various studies
on the use of TGA for soil microplastics analysis. Dimichen et al. (2017) used TGA coupled with
GC-MS (gas chromatography mass spectrometry) to measure masses of polypropylene and
polyethylene released during decomposition with positive results. In 2018, a similar study was
conducted by David et al. whereby TGA-MS was used for microplastic detection and
demonstrated very low limits of detection and quantification, suggesting it is a suitable method

to use alongside existing methods for soil analysis.

Zethof et al. (2019) attempted to use TGA to differentiate graphite in soil from other carbon
sources. However, in this study, overlapping mass losses meant identification using this
technique alone was challenging, thus suggesting the need for coupling with additional
techniques such as mass spectrometry. Although not applied for sediment fingerprinting, a
similar idea was used in terms of using TGA to differentiate sources, as is done in sediment

fingerprinting.

To date, TGA-MS has not been used as a sediment fingerprinting tool. Standalone, TGA has been
used in some source apportionment studies (Chauhan et al., 2020; Jaramillo et al., 2022). For
example, Chauhan et al. (2020) used TGA in combination with chemometric methods in a linear
discrimination function model to assign unknown soil samples into groups based on locations.
Additionally, Jaramillo et al. (2022) used TGA as a way of distinguishing the sources of respirable
coal mine dust. This is a significant hazard in terms of both health and explosivity of mines. They
used TGA for source apportionment on dust samples by determining the levels of the three main
components: coal, carbonates and non-carbonates, each of which show different TGA curves.
Jaramillo et al. (2022) were able to use this information to successfully determine the sources of
the dust samples, demonstrating the successful application of TGA to source apportionment

studies.

When investigating sediments using TGA, few studies have highlighted the importance of
considering the preparation and grain sizes of the samples tested. A recent study by Zentar et al.
(2023) investigated the influence of various drying methods on test results, including TGA, of
marine sediments. They found percentage mass loss varied for marine sediment based on air,
oven and freeze-drying, highlighting the need for consistent preparation across samples prior to

TGA analyses. The grain size has been shown to impact oxidation rates, combustion rates and
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percentage mass loss. For example, Kaplin and Brochu (2014) investigated the variation in TGA
results between conventional and cryomilled samples of NiCoCrAlY. They found that oxidation
rates were lower for cryomilled samples but the difference between them is less significant at
higher temperatures. Farivar et al. (2021) also studied the significance of grain size on TGA and
Derivative Thermogravimetry (DTG) results. The influence of grain size on DTG was more
pronounced in this study. They found that peaks of water and oxygen loss did not vary
significantly with size, however combustion of carbon did (Farivar et al., 2021). It was shown that
the temperature peak for carbon combustion increased as particle size increased, and this
occurred for all material types tested due to the higher surface area of smaller particles,
increasing their reactivity. Therefore, slower combustion kinetics in larger grains are responsible
for the higher peak temperatures of carbon combustion (Farivar et al., 2021). These studies
demonstrate how grain size can have various influences on TGA and DTG results depending on
the reaction processes focused on. Therefore, it is important when conducting

thermogravimetric analyses to consider sample grain size so as to not misinterpret results.

2.9 ICP-OES

Inductively coupled plasma-optical emission spectroscopy (ICP-OES) is an analytical technique
used to discover the presence and abundance of up to 70 elements in a sample (Khan et al.,
2021). Hou et al. (2006) describe how in this technique, liquid or gas samples can be used
directly, where the sample is injected into the ICP-OES radiofrequency-induced argon plasma and
converted to an aerosol, where it is vaporized by the 10000K temperature sustained. Solid
materials (such as sediment) may also be used but must undergo acid digestion in order to form
a solution which can be injected. The radiofrequency discharge causes the excitation of
atoms/ions and results in the spontaneous emission of photons (Khan et al., 2021). Different
wavelengths of emission correspond to different elements and thus the abundance of elements

can be determined.

ICP-OES has had successful applications into a variety of industries and branches of research.
Some of these include pharmaceuticals (Pinheiro et al., 2021), forensics, textiles (Rezi¢ and
Steffan, 2007), agriculture, food analysis, geological and environmental studies. For example, in
2007, Rezi¢ and Steffan conducted a study using ICP-OES for textiles. They used ICP-OES to
determine the metal content of textiles such as polyester, wool and cotton as metals can pose
consumer health hazards and issues with production. Using ICP-OES they were able to

successfully determine whether materials were following industry standards.
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Recently ICP-OES has been the focus of a study by Sim et al. (2024) for agricultural and
geographical tracing purposes. In the food and agriculture industries, quality control is essential,
just as it is in pharmaceuticals. An element of this involves tracing the geographical origin of
produce. Sim et al. (2024) conducted a study showing how ICP-OES could be used to do this with
onions from China and Korea. The ICP-OES results of 60 elements meant that the determination

of the country of origin was accurate 100% of the time (study sample size of 52).

Soil/sediment is one material which has been studied using ICP-OES extensively. Table 3 shows a
selection of studies conducted within the past two decades surrounding the use of ICP-OES on
soil and sediment samples. For example, Shaheen et al. (2022) conducted a study on agricultural
soils in Egypt, applying the ICP-OES technique in order to quantify the presence of heavy metals
in the soil and assess whether toxic levels had accumulated. They were also able to use this to
successfully identify different sources of pollution using cluster analysis. Similarly, Ling et al.
(2023) used ICP-OES as a way to quantify the presence of heavy metals in coastal sediments in
Malaysia. Whilst heavy metals are indicators of pollution, as presented by Shaheen et al. (2022),
they are also indicators of mineralogy. Ling et al. (2023) were able to show how different minerals
have varying adsorption properties which in turn influences the concentrations of heavy metals
found in the sediment through ICP-OES. Many other sediment-focused studies use ICP-OES in
similar ways with promising results (Habineza et al., 2023; Olutona, 2023). It has proven popular
in soil and sediment studies due to its high accuracy and sensitivity, fast operating time and

multiple-element analysis capability.

Furthermore, ICP-OES has also been applied to coral reef studies. For example, Cantarero et al.
(2016) used ICP-OES to simultaneously investigate the ratios of Sr, Ca and Ba in Scleractinian
corals and demonstrated a comparable accuracy and precision to the pre-established ICP-MS

technique commonly used.

31



Table 3: Studies surrounding the use of ICP-OES for various applications in soil/sediment studies. The table

includes the broad application area and a list of some of the elements which were analysed using ICP-OES.

Those listed with a ** are studies where ICP-OES has been used for sediment fingerprinting purposes.

Author(s) Date Application Area Elements Studied

Giancoli Barreto et al. | 2004 Identifying potentially available Included Mg, Al, Cr, Mn,
metals in lake sediment. Fe, Co, Ni, Cu, Zn, Cd and

Pb.

Lunderberg et al. 2008 Trace metal analysis of freshwater | Included Al, Cd, Co, Cr,

lake sediment in Michigan, US. Cu, Fe, Mn, Ni, Pb, V and
Zn.

Silva et al. 2011 Assessing major and trace Included Cd, Cr, Cu, Pb
elements in sediment from the and Ni.
Itupararanga reservoir.

** Blake et al. 2012 Tracing sediment sources in Al, As, Ba, Ca, Cr, Cu, Fe,
agricultural catchments in K, La, Mg, Mn, Ni, Pb, Sr,
comparison to geochemical Ti, V, Y and Zn.
fingerprinting.

** Ajaj et al. 2018 Sediment Fingerprinting on soils 22 elements including Al,
across the United Arab Emirates. Ca, Cd, Cu, Fe, Na, P and

n.

** Habibi et al. 2019 Sediment Fingerprinting reservoir | 53 elements — 4 were

sediments. used as tracers (Cr, Th,
Bi, Pr).

Shaheen et al. 2022 Quantifying heavy metal 12 including Mg, Cr, Mn,
concentrations in agricultural soils | Fe, Co, Ni, Zr and Pb.
in Egypt.

** Fatahi et al. 2022 Sediment Fingerprinting fine- 43 elements including Al,
grained river sediment in Iran. Cu, Cr, Cs, Mg, Mn, Na,

Ni, Zn, Pb and Ca.

** Cabral Nascimneto | 2022 Sediment Fingerprinting 22 elements including Al,

etal. ephemeral streams in a Brazilian Co, Cr, Fe, Mn, Ni, Pb, Sc,
river basin. Th, V and Zr.

Ling et al. 2023 Quantifying the presence of heavy | Major and heavy metal

metals in coastal sediment in

Malaysia.

elements including Ca,
Fe, Mg, Ni, Cr, Zn, Pb and
Co.
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The application of ICP-OES for sediment fingerprinting purposes has been successful in previous
studies, as demonstrated by the indicated studies in Table 3. For example, Habibi et al. (2019)
used ICP-OES to analyse 53 elements in reservoir sediments and identify four (Cr, Th, Bi and Pr)
as geochemical tracers which explained 96% of the variations between study sites and sources.
Ajaj et al. (2018) also used ICP-OES in sediment fingerprinting in soils across the United Arab
Emirates. They studied 22 elements, building fingerprints for each, aiding the determination of
whether these metals were found in soils at permissible levels in various regions. Finally, more
recently, Fatahi et al. (2022) used ICP-OES for sediment fingerprinting, identifying 33
conservative and 11 non-conservative tracers. For the purpose of their study on fine-grained
river sediment in Iran, under different statistical tests, at least 12 of these tracers identified using

ICP-OES came back as significant when used for sediment fingerprinting.

Despite the wide array of ICP-OES applications, it has not appeared to have been used extensively
on Montserrat. Zellmer et al. (2003) investigated the geochemistry of the island, with similar
techniques of using ICP-MS and trace elements. This proved helpful in inferring the petrological
processes of Montserrat. However, this study focussed on volcanic deposits and processes rather

than sediment and its transfer across the island into marine environments.

2.10 Conclusions

After reviewing the current literature, it is clear there is a large gap in research focusing on
Montserratian soils within the last half century. There is a serious lack in knowledge of sediment
sources to the coral reefs surrounding the islands, along with the ways in which it is being
transferred across environments, with a substantial research gap of the application of sediment
fingerprinting, not only on Montserrat, but in the wider Lesser Antilles Arc. Additionally, the type
and composition of soil on Montserrat has not been studied in recent times, with the extent to
which the ongoing Soufriere Hills eruption has impacted the composition unknown. ICP-OES is
yet to be applied to sediment from this region to better understand sediment chemistry —

another research area lacking focus.

Furthermore, this study will be the first to apply thermogravimetric analysis coupled with mass
spectrometry to sediment fingerprinting. More generally, this study contributes to our
knowledge to pollution mapping, threats to coral reefs on the island of Montserrat, which are

relevant to both land management and agriculture.
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Chapter 3: Field Sampling

The samples used in this study were collected as part of a previous project (Stevens et al., 2023)
concerning the mapping of Montserratian soils. Field sampling was undertaken by scientists from
Lancaster University. The aim of this chapter is to give a brief overview of the fieldwork
undertaken by these scientists to acknowledge how and where the samples used in this study
were collected, relevant especially for Chapter 6 where the locations of the samples were used

in the interpretations of the sediment fingerprinting results.

Two types of samples were collected and used for this project: sediment samples from ghauts

and coral reefs. The following sections describe the sampling methods and locations.

3.1 Ghauts

A total of 200 sediment samples were collected from 40 ghauts in the north-west region of
Montserrat (Figures 5 & 6) from the 29%" of January to the 3™ of February 2023. The ghauts
sampled are grouped into four regions: Little Bay and Carrs Bay (LB) (Figure 6a), Cudjoehead,
Olveston and Woodlands (COW) (Figure 6b), sites in and around the Belham River (BP) (Figure
6c) and Plymouth (EX) (Figure 6d). Nine LB ghauts were sampled, 17 COW, 13 BP and one EX.
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Figure 5: A map of Montserrat showing both ghaut and reef sample sites. The ghauts are represented

by square, circle, triangle and star symbols based on the sample name and location. The reef samples
are indicated by their respective initials (BG = Bantin Ghaut, PL = Port Little Bay, PH = Potato Hill, CB =
Carr’s Bay, PP = Piper’s Pond, WS = Woodlands South, OR = Old Road Bay). Base map from ArcGls Pro.
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Figure 6: Maps of the ghaut sample locations from each of the 4 groupings: a) = LB locations, b) = COW

locations, c) = BP locations and d) = EX location. Base maps from ArcGls Pro.

Within each ghaut, five replicate samples were collected along a 20m transect starting from the
midpoint of the ghaut and collected every 5m. Each of the five replicate samples was composed
of four samples in an ‘X’ shape within 1m? of the sampling point and bulked. Each of the 200
samples consisted of approximately 150g of material with diameters <1cm. The texture of the
material varied across ghauts, displaying sand, silt, gravel and mud-like textures. Some samples
also showed signs of biological material (humus), whilst many marine samples also clearly

contained shell and coral fragments.

3.2 Marine

Seven sediment samples were also collected by divers in early February 2023 from the coral reefs
along the north-west coast of Montserrat (Figure 5). These sampling sites will henceforth be
referred to as Old Road Bay (OR), Potato Hill (PH), Bantin Ghaut (BG), Woodlands South (WS),
Piper’s Pond (PP), Port Little Bay (PL) and Carr’s Bay (CB). These samples were also bagged,

labelled and brought back to Lancaster University for laboratory analysis.
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Chapter 4: Development of the TGA Methodology

4.1 Introduction

One of the main aims and objectives of the project was to apply the use of TGA-MS to sediment
fingerprinting. The development of the methodology was key, with preliminary testing
undertaken to achieve a concise, uniform method. The focus on this methodology was essential
as TGA has not been applied to sediment fingerprinting previously. This chapter outlines that
preliminary testing, with descriptions of the results and implications drawn from them and a

justification of the final methodology used and applied in further chapters.

4.2 Methods

On arrival at Lancaster University, the samples were oven dried at 105°C overnight and weighed

prior to any laboratory experiments taking place.

4.2.1TGA
For TGA analysis, tests were conducted on a TA SDT Q600 instrument (Figure 7), calibrated

routinely through use of known samples to ensure accuracy was maintained. Around 40-75mg
of each sample were used in alumina (Al,Os) crucibles (Figure 8) to identify mass loss up to
1000°C. All TGA tests experienced heating from room temperature to 1000°C at 10°C per minute

in an oxidising atmosphere with air flow rate of 50mL/min.

Initially, pilot TGA testing was completed using the bulk dried sample. However, due to the
variety of sizes of grains and the narrow diameter of the crucibles (6mm; Figure 8),
representativeness was questioned with bias towards particles of smaller grain sizes. To combat
this, grain size experimentation was conducted using the WS marine sample (Figure 5) to explore
the potential variation in TGA and/or DTG results with grain size. The WS sample was sieved and
split into 4 different grain size fractions: <125um, 125-250um, 250-500um and 500-1000um. TGA
analysis was conducted on these using the same procedure described above. Data were
processed and analysed on TA Universal Analysis 2000 software. The TGA and DTG results are

shown in Figure 10 and 11 respectively.
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Figure 7: The SDT Q600 TGA used for thermogravimetric analysis.
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Figure 8: An alumina crucible containing a small amount of the BP3 ghaut sample (Figure 6c).

After testing on grain sizes, pre-treatment on ghaut samples was undertaken. The five replicate
samples of each ghaut were bulked together to obtain one sample per ghaut due to time and
cost considerations. This involved weighing 310.1g of each replicate sample and bulking, sieving
through 2mm and shaking for 1 hour at 200rpm on a KS 501 digital orbital shaker to ensure
samples were well mixed. All ghaut and coral reef samples were then ball milled at 30Hz for one
minute on a Retsch MM 400 ball mill to homogenise the samples (grain sizes <250um), reduce

variability between samples and accommodate the small masses required for analysis.

4.2.2 TGA-MS
To complete TGA-MS analysis of H,O and CO,, a Netzsch STA449C Jupiter TGA with a Hiden HPR20

mass spectrometer attached were used (Figure 9), calibrated routinely to maintain accuracy.
Mass spectrometry data was collected for H,O and CO; exsolved gases due to their recurrent
nature as the main products when completing thermal degradation experiments on soils in

oxidising atmospheres (Fernandez et al., 2012; Plante et al., 2009).
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In the TGA-MS experiments the heating rate mirrored that of TGA tests at 10°C per minute to
1000°C in an oxidising atmosphere (air flow rate of 50mL/min), however, equilibration at 30°C

was added before heating took place rather than starting from room temperature.

Figure 9: Images of the Netzsch STA449C Jupiter TGA (left) and the Hiden HPR20 mass spectrometer

(right) used for TGA-MS analysis.

Initial pilot testing was conducted with calcium oxalate (Figure 14) to ensure the instruments
were calibrated accurately, followed by the Woodlands South ball milled sample. During this test
an isothermal stage was added at 50°C for one hour to achieve stable mass spectrometer
readings. Following this, the Bantin Ghaut (BG) ball milled reef sediment sample was tested with
the one-hour isothermal at 50°C but also included an initial evacuation and refill. Evacuating and
refilling the vacuum with O,-free N, reduced blanks of CO, and H,O that derived from air, and
these were further decreased by addition of a 60-minute isothermal at 50°C (Figure 15). The
tests were conducted in an oxidising atmosphere (air) with a flow rate of 50mL/min. A protective

N, purge gas was used to protect the balance assembly, with a flow rate of 20mL/min.

Testing was conducted for all 40 ghaut samples and 7 marine samples on both the TA SDT Q600
and the Netzsch STA449C Jupiter TGA with a Hiden HPR20 mass spectrometer. A number of
samples were tested multiple times on both instruments also to ensure repeatability and
accuracy of the instruments and methods, with peak positions and mass losses highly

repeatable.
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4.2.3 Data Processing
Data was processed and analysed using Microsoft Excel, Netzsch Proteus Thermal Analysis

software version 8.0.1, Hiden Analytical Version 5 and MATLAB R2020a. Calculations of
percentage weight loss in varying temperature ranges (Chapter 5) were made in the Proteus
software, along with the areas under the peaks to obtain values for the percentage weight loss
within those peak temperatures. TGA and mass spectrometry data were combined and time

corrections made where appropriate.

4.3 Results
4.3.1TGA

The results of the grain size experiments are described in Figure 10 and 11. The TGA data
demonstrates the weight loss as temperatures increased, whilst DTG describes the rate of
weight loss as temperatures increase. The area under the DTG peaks represents the percentage
of weight loss in that temperature range. This was calculated for all grain sizes for the
temperature ranges 590-800°C and 800-1000°C, where peaks were present. This is described in

Figure 12.

41



a0
9% ¥ WS bulk
— WS hall milled
— W3 500-1000microns
——— WS 125-250microns
— WS <12Amicrons
3
_-E, 96
@
=
94
a2 T T T T T T T T T T T T
400 B0 300 1000

Temperature (°C) Universal ¥4.3A TA Instruments

Figure 10: An overlay of the thermogravimetric data (TGA) for different grain sizes of the Woodlands
South reef sediment sample, demonstrating the mass loss over the course of the experiment. Fractions
include: 500-1000um, 250-500um, 125-250um, <125um. The overlay also includes the results for the
bulk WS sample and a ball milled WS sample. All tests followed the same temperature regime of 10°C

increases per minute to 1000°C. The higher mass loss on the 500-1000pum curve is noted due to the

distinct composition of coarser-grained carbonate clasts.
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Figure 11: Derivative weight signals (DTG) for different grain fractions of the Woodlands South reef
sediment sample. Fractions include: 500-1000um, 250-500pm, 125-250um, <125um. The overlay also
includes the results for the bulk WS sample and a ball milled WS sample. All tests followed the same

temperature regime of 10°C increases per minute to 1000°C.
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Figure 12: The area under the DTG peaks (Figure 11) of the different grain fractions of the Woodlands
South reef sediment sample. Fractions include: 500-1000pum, 250-500um, 125-250um, <125um. The
overlay also includes the results for the bulk WS sample and a ball milled WS sample. All tests followed
the same temperature regime of 10°Cincreases per minute to 1000°C. Values are given for peaks within
the 590-800°C temperature range and the 800-1000°C temperature range (where peaks were present).
Higher weight loss for the 500-1000um is evident due to the abundance of carbonates in this range,

reflecting that of Figure 10.
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Differential Scanning Calorimetry data (DSC) is also collected during TGA experiments. This
represents the heat flow over time and gives evidence of exothermic and endothermic reactions
occurring during the analysis. These reactions may be in association with thermal breakdowns
of the soil components such as the release of soil organic matter or clay minerals. DSC example

results for the BG marine sample are presented in Figure 13.
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Figure 13: The derivative thermogravimetry (DTG) and heat flow (DSC) data for the Bantin Ghaut marine
sample. The sample was ball milled prior to analysis. The heat flow represents the exothermic and
endothermic reactions, with exothermic up. The prominent endothermic peak at ~730°C corresponds

with the maximum rate of mass loss in a thermal decomposition reaction.
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4.3.2 TGA-MS

The DTG, H,0 and CO; results of the initial pilot testing with calcium oxalate are demonstrated
in Figure 14. CaOx gives three distinct peaks (East et al., 2010), labelled A, B and C in Figure 14,
so was used as a standard in TGA-MS testing. Peak A corresponds to the release of H,0, whilst
peaks B and C correspond to the release of CO,. The positions of all DTG peaks align with the

expected positions of the MS signals.
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Figure 14: A plot demonstrating the DTG, H20 and CO: curves of a calcium oxalate sample. The MS data
(H20 and CO») are displayed on the primary y-axis in amu, whilst the DTG data is displayed on the
secondary y-axis in percentage/minute. The time the experiment was conducted over is on the x-axis in

minutes. The three distinct DTG peaks are labelled A, B and C.

The results of the TGA-MS testing for all ghaut and marine samples can be found in Appendix B.
However, the mass spectrometry readings of the BP1 ghaut sample are demonstrated in Figure
15, along with the DTG and MS signals of the EX1 and COW17 ghaut samples (Figures 16 and 17
respectively) as a way of demonstrating the impact of the buoyancy effect on the resultant

signals (see section 4.4.3).

46



1200

2.56-08
1000
2E-08
= -
2 800 G
B 1.5(-08 - o
o~ L -
O >
O 600 &
2 g
& 1c-08 - 2
Q. 400 @
T =
5£-09 |
200
0 L 0

0 20 40 60 80 100 120 140 160 180
Time (Minutes)

H20 —=—C02 -—#—Temperature
Figure 15: Graph showing the MS signals (H20 and CO2) in amu and temperature in °C against time in
minutes for the BP1 ghaut sample (Figure 6c). The time of the experiment includes the initial two-
minute heating from 30°C to 50°C, followed by the one-hour isothermal at 50°C, followed by the heating

to 1000°C. Heating rate was 10°C/minute.
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Figure 16: A plot demonstrating the DTG, H20 and CO: curves of the EX1 sample. The MS data (H20 and
COz) are displayed on the primary y-axis in amu, whilst the DTG data is displayed on the secondary y-
axis in percentage/minute. The time the experiment was conducted over is on the x-axis in minutes.
The data contains that from the initial heat to 50°C, the isothermal at 50°C for one-hour and the
subsequent heat to 1000°C at 10°C/min. Negligible DTG signals are displayed, demonstrating little mass

loss and mostly displays background noise.
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Figure 17: The MS (H20 and COz2, on the primary y-axis) and DTG (secondary y-axis) data for the COW17
ball milled sample (Figure 6b) against the time the experiment was conducted over. The graph includes

data from the initial two-minute heat to 50°C, the isothermal at 50°C for one-hour and the subsequent

heat to 1000°C. Heating rate 10°C/min.

4.4 Discussion

4.4.1 Grain Size Experiments
Figure 11 demonstrates how DTG is affected by the sample grain size. The curves are similar,

showing a signature peak within the temperature range of 590-800°C, determined to be
representing calcite (Chapter 5). Additional minor peaks of low magnitude are present, which
have likely derived from individual grain differences between the samples. The peaks within the
calcite range have variable magnitudes (Figure 10) and temperature for the different grain sizes,
as the proportion of calcite will differ at different grain sizes. As a result, the 500-1000ptm sample
will contain more calcite than the finer sub-samples, explaining the general trend observed that
smaller grain sizes have lower DTG magnitudes (Figure 10). These coarser clasts of calcium
carbonate can be seen in the raw marine samples, displayed in Figure 18. The DTG magnitudes
gradually increase as grain size increases whilst the peaks also experience a shift to the right. The
shift in peak position relates to the kinetic control of temperature over grain size, with a slower
diffuse breakdown of larger clasts, hence the peaks occur at higher temperatures. The shift
towards higher peak position at increasing grain size reflects the greater surface area/volume

ratio of smaller particles, which are therefore more reactive (Farivar et al., 2012), requiring less
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thermal energy for thermal degradation. The different peak positions reflect the influence of
grain size on kinetics (Figure 11), whereas the differences in area reflect varying proportions of

the material breaking down (Figures 11 and 12).
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Figure 18: The bulk CB (left) and PP (right) marine samples.

It is noted that a stronger DTG peak was observed at around 900°C for the <125um sample
(Figures 11 and 12). This is interpreted as representing minerals derived from volcanic sources
as these are typical temperature ranges for the breakdown of hydrous magmatic minerals such
as amphibole or biotite (Féldvari, 2011). These results suggest that the finer grained sand and
silt samples may be volcanically derived, whereas the coarser materials are likely to be

dominated by carbonates.

The ball milled WS sample demonstrates a DTG curve most resembling that of the 125-250um
curve (Figure 11). This was as expected as the grain size of the ball milled samples were <250um,
so the kinetic control would be similar. However, the area of the peak is greater than that of the
125-250um curve. This indicates the ball milled sample contained more carbonate-rich material,

which derived from coarser carbonate clasts.

The endothermic peak between 700-800°C in Figure 13 coincided with the mass loss associated
with the thermal decomposition of calcite (Chapter 5). Such a relation is well documented in

previous studies (Karunadasa et al., 2019; Li et al., 2017; Li et al., 2020), mirrored by Karunadasa
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et al. (2019) who found identical TGA-DSC calcium carbonate peaks, and although not used
further here, DSC has potential to further characterise the decomposition reactions occurring in

such soil/sediment samples.

4.4.2 Exsolved Gas Analysis

CO; and H,0, amongst few others such as CO, have been reported multiple times as the main
gases exsolved when conducting thermal analyses on soil, soil organic matter (SOM) and other
humic substances, e.g. Lopez-Capel et al., (2008) investigating thermal analyses on SOM in
grasses, and Pitkanen et al, (1999) when studying fuels. The use of exsolved gas analysis
alongside TGA/DTG methods aids the identification of various exothermic and endothermic
reactions with the use of DSC data (Figure 13) as well as differentiating overlapping thermal
peaks. This is important for soil samples which may contain both SOM and minerals such as
kaolinite and smectite clay minerals as the standard range for their combustion is similar, making

it difficult to distinguish between them with TGA/DTG data alone (Lopez-Capel et al., 2008).

In this study, MS peaks were mostly either absent or aligned with those of the TGA signals (Figs.
16 and 17), and assist identification of the DTG peaks (see Chapter 5). For example, CO; is
released when SOM and carbonates are broken down (Idris et al., 2010), whereas water
adsorbed to clay minerals, specifically smectite, is released during their heating and degradation
(Fernandez et al., 2012; Vidal and Dubacq, 2009). The lack of both DTG and MS peaks for the EX1
sample is notable. The TGA and DTG results; with negligible total weight loss, its location from
amongst young pyroclastic deposits in Plymouth (Figure 6d), and appearance under the
microscope, all indicate that EX1 is almost entirely composed of fresh volatile-poor volcanic ash

deposited from the 1995-2010 eruption of Soufriere Hills volcano (Figure 16).

4.4.3 The Buoyancy Effect

TGA signals occurring at less than 200°C were ignored, due to the strong impact of the buoyancy
effect from the isothermal stage of the analyses. The buoyancy effect is caused by the air in the
furnace experiencing a decrease in density as temperatures are raised (Saadatkhah et al., 2019).
The buoyancy effect is seen on the DTG-MS curves during the initial heat and onset of the
isothermal, demonstrated in Figures 16 and 17 between 0-20 minutes. When the buoyancy
effect is present, the DTG signals are disturbed and clear peaks caused by the sample cannot be
obtained. To combat this, any peaks witnessed within this temperature range of the samples

were removed from further analysis.
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4.4.4 Final Methodology

After the completion of various preliminary testing described, the methodology conducted on

all 40 ghaut samples and 7 marine samples was as follows:

TGA: The ghaut samples used were those that were bulked and ball milled, the marine samples
also ball milled. Tests were undertaken at a heating rate of 10°C/min from room temperature to

1000°C in an oxidising environment with an air flow rate of 50mL/min.

TGA-MS: The ghaut samples used were those that were bulked and ball milled, the marine
samples also ball milled. The procedure included an initial evacuation and refill of the vacuum
with O,-free N, prior to heating from 30°C to 50°C at 10°C/min where a one-hour isothermal was
held at 50°C. Heating from 50°C to 1000°C at 10°C/min then took place. All tests were conducted
in an oxidising atmosphere with an air flow rate of 50mL/min and protective purge N, gas flow

rate of 20mL/min.

Identical pre-treatment to samples were used across all final TGA methods for consistency. The
use of ball milled samples meant grains of different sizes in the bulk sample could be used as to
eliminate the bias against grains of larger sizes, but also removed the issue of having grain size
affecting the results as seen in Figure 11. It was decided that ball milling the bulk samples prior
to analyses was the preferred method, favoured over the use of solely the fine-grained fraction
as in many sediment fingerprinting and wider catchment studies, due to the context of the study.
Uniquely, Montserrat is an island where sediment has been observed to display little sorting
across the catchments, with large clasts found spread across the landscape. This is explained
through its volcanic history, where pyroclastic deposits are widespread and ashfalls have the
ability to deposit larger clasts further across the region. For volcanic islands it is therefore
sensible to overlook the fine-grained focus of many similar studies, instead favouring the bulk
sample which is more representative of the catchment area. To incorporate these grain sizes in

TGA experiments, it was therefore necessary to ball mill samples.

4.5 Conclusion
Preliminary TGA(-MS) testing was conducted with the aim of establishing a concise and

representative method from which meaningful results could be drawn. The repeatability of the
method was ensured through repeated testing of the same samples which demonstrated highly
repeatable peak positions and mass loss percentages. Sources of error were minimised through
routine calibrations of instruments and ensuring correct laboratory procedure was conducted.

Grain size testing revealed shifts in peaks and their areas, drawing attention to the need to
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homogenise grain sizes, achieved through ball milling. Alterations of the TGA-MS method also
revealed a need to establish an accurate baseline for MS signals, achieved through the inclusion
of evacuations, refills and an isothermal. In the completion of this pilot testing, the objectives
set in this chapter were met, with the production of a robust method to be used in further

chapters achieved.
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Chapter 5: Identification of TGA Signals

5.1 Introduction
After completing preliminary TGA-MS analyses (Chapter 4), the signals obtained through

completion of testing following the procedure outlined in section 4.4.4 were analysed and data
extracted from DTG peaks. The presence of three main peaks were identified within temperature
ranges: 200-430°C, 430-590°C and 590-800°C, similar to other studies using TGA for soil analysis
(Table 4). We assumed them to represent organic matter (OM), clay and calcite respectively.
Although other minerals create DTG peaks in these temperature ranges, OM, clay and calcite
were assumed due to knowledge of the sample locations and likely mineral compositions
indicated by pre-existing literature (Table 4). This chapter aims at justifying the assumptions

made.

5.2 Methods

To assign identities to the three temperature ranges in which peaks were routinely present, an
extensive literature review was undertaken. Studies surrounding soil and sediment using TGA
were compared in terms of heating rates, atmospheres used and flow rates to establish similar

methodologies and identify overlapping results.

To represent calcium carbonate peaks, coral and shell fragments were tested on the SDT Q600
TA (Figure 7). These fragments were hand-picked from the Piper’s Pond (PP) marine sample
(Figure 18). The same TGA procedure was used but the pre-treatment involved crushing the

fragments using a pestle and mortar to grain sizes <250pum.

5.3 Results

The results of the literature review are demonstrated in Table 4, where the temperature range
assigned to OM, clay and calcite in a number of studies are displayed, along with flow rates,

temperature regimes and the presence of any exsolved gas analysis.
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Table 4: A selection of TGA-based studies with the temperature (T) ranges identified and/or used for

OM, clay and calcite. Also highlighted are the flow rates, temperature regimes and whether any

exsolved gas analyses were included in the studies.

Author(s) omMT Clay T Calcite T | Flow Rate Temperature | Exsolved
and Date range ranges range Regime gas/DSC
identified | identified | identified analysis
(Yes/No)
Miyazawa 200-280°C | N/A N/A Air and N, 25to0 600°C | No
etal., 2000 atmospheres | at 15°C/min
Siewert, 200-450°C | 500- > 550°C Air flow of 25°Cto No
2004 550°C 200mL/min | 950°C at
5°C/min
Critter and | Around 200- N/A N/A — was 10°C/minto | Yes
Airoldi, 300°C 580°C conducted in | 1100°C
2006 synthetic air
or argon
atmospheres
Pallasser et | 200-430°C | 430- > 600°C 60 ml/min 10°C/minto | Yes
al., 2013 590°C 0, and 40 700°C, with
ml/min N, 10-minute
isothermals
at 200°C and
700°C
Edmondson | 200-470°C | N/A 620- Air flow of 30°C/min Yes
etal., 2015 800°C 30mL/min from 20 to
1000°C
Kristl et al., | 200-550°C | Around >600°C Air flow at 30 to 800°C No
2015 350°C 100mL/min | at 10°C/min
Zethof et Oxidation N/A 750- 250mL/min | 20°C/minto | Yes
al., 2019 by 500°C 850°C 0; and N, 1100°C
Chauhan et | 200-280°C | 430- > 600°C 100mL N, 10°C/minto | No
al., 2020 600°C 645°C
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Lebron et By 375°C 375- 650- Air with 21% | 6°C/min Yes
al., 2023 650°C 1000°C oxygen from O-

(noted composition | 1000°C —

this may also used

also be 2°C/min and

due to 10°C/min

charcoal

particles)

The DTG signals from shell and coral samples are presented in Figures 19 and 20, alongside those
of the 7 marine samples. Assuming these were pure samples and contained 100% calcite, the
peak areas within the assumed calcite range (590-800°C) were used to estimate the relative

percentage of calcite in each marine sample. The results are displayed in Table 5.

Coral
Shell

Deriv. Weight (%/min)
iy
1

]
|

.

: . : r 7 : ‘ : . : : : T
0 200 400 600 800
Temperature (°C)

1000
Universal ¥4 3A TA Instruments

Figure 19: DTG peaks for ground shell fragments and ground coral fragments taken from the PP marine

bulk sample.
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Figure 20: Overlay of all marine sample DTG signals as well as a pure shell sample from 0 to 1000°C at
10°C/min.

Table 5: The integrated area under the 590-800°C peak present in the DTG curves of the 7 marine
samples and the shell sample. Under the assumption that the shell sample was composed of 100%

calcium carbonate (CaCO:s), the proportions of the marine samples composed of calcium carbonate

were estimated to two decimal places.

Sample Peak Area % CaCO;
Shell 38.81 100.00
BG 3.67 9.47
CB 19.7 50.83
OR 0.57 1.47
PP 28.43 73.35
PL 7.87 20.30
PH 4.09 10.55
WS 1.39 3.59
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5.4 Discussion
5.4.1 Organic Matter

Due to the importance of SOM for an abundance of ecosystem services, there has been much
focus on calculating the presence in soils. A well-established thermal method for quantifying
SOM is loss-on-ignition (LOI) experiments (Roper et al., 2019). LOI experiments heat samples up
to 500°C, ensuring complete removal of the SOM fraction (Jensen et al, 2018). Other
thermogravimetric experiments indicate OM burns off below 500°C (Critter and Airoldi, 2006;
Delapp and LeBoeuf, 2004), with temperature ranges often stated between 200-400°C (Chauhan
et al., 2020; Foldvari, 2011; Pallasser et al., 2013).

5.4.2 Clay

The most recent soil map of Montserrat (Lang, 1967) gives insight into the composition of soils
that could be expected on the island. The presence of clay minerals across the island is explained,
with clay fractions containing smectoid, kandoid and allophanoid minerals (Lang, 1967). The
presence of smectites across other Lesser Antilles islands has also been documented, e.g., Parra
et al. (1986) describe smectites and kaolinites dominating volcanic rocks originating from
Martinique, found within the Venezuelan Basin. Gandais (1987) also found smectites and
kaolinites when exploring the sources of clay minerals in the Grenada Basin, the only clay

minerals provided by sediment from the Lesser Antilles Arc.

The handbook of minerals by Foldvari (2011) list the temperature ranges for both kaolinite and
smectite minerals, with many falling into the 430-590°C temperature range. For example,
kaolinite has a thermogravimetric temperature range of 530-590°C, whilst certain smectite
minerals, such as volkonskoite and nontronite, have ranges surrounding 400°C (F6ldvari, 2011).
When using an identical heating rate to this study (10°C/min), clay minerals are known to express

peaks from 430°C to around 600°C (Chauhan et al., 2020; Pallasser et al., 2013).

5.4.3 Calcite

Calcite (calcium carbonate) was the third component identified using the DTG peaks. Across the
coral reef samples there were consistent peaks in the higher temperature ranges (Figure 20).
Larger areas can be seen when the temperature peak is higher. This can be associated with the

kinetic effect of larger particles such as calcium carbonate (Figure 18), which slows the
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degradation, shifting the peak to the right. These peaks also appeared smaller in some of the
ghaut samples. The positions of the DTG peaks reflect the compositions of the marine samples
whereby the largest areas and peaks lying furthest to the right align with those which contain
the highest percentages of estimated CaCOs, those of the PP, CB and PL marine samples (Figure
20 and Table 5).

The results of the coral and shell tests were also used to justify the identification of calcite as
peaks in this temperature range. Figures 19 and 20 demonstrate that CaCOs in these experiments
is represented by DTG curves which experience significant increases after 600°C, with peaks
around 800°C. It should be noted that in Figure 19 an additional peak was seen around 300°C for
the coral sample. This was attributed to an impurity in the sample used originating from the bulk
PP marine sample the coral was extracted from, seen also in Figure 20, and is likely that of organic
matter so can be ignored when considering calcite peaks. Similar TGA and DTG curves were
demonstrated by Li et al. (2017) when samples were tested containing both calcium carbonate

and organic acids, with the temperature ranges identified mirroring that of this study.

Given the results of the coral and shell analyses and the knowledge that these fragments
accounted for a large proportion of the coral reef samples, it was deduced that the peak in the
high temperature ranges (590-800°C) would be attributed to calcium carbonate, in agreement
with other thermogravimetric literature (Table 4). It is known that CaCOs begins to degrade in air
above 600°C (Chauhan et al., 2020; Galan et al.,, 2012; Pallasser et al., 2013), in different

atmospheres.

The estimated percentage compositions of calcite (Table 5), demonstrate the PP and CB
sediment samples contain a majority calcite, indicative of less terrestrially-derived sediment
deposition occurring on these sites. However, very low percentage compositions seen in the OR
and WS samples (Table 5) reflect their locations further south (Figure 5) than the other marine
samples, where they are found on the coast, immediately adjacent to ash deposits from the
1995-2010 eruptions. The lack of other peaks within the 0-1000°C range tested implies the
remainder of these samples may be composed of volcanically derived material, the breakdown
of which would occur at higher temperatures, as stated in the handbook of minerals and seen in
existing literature (Denton et al., 2012; Foldvari, 2011), potentially reflecting the deposition of

materials from the ash fields.
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Chapter 6: Sediment Fingerprinting

6.1 Introduction

The application of sediment fingerprinting allows the identification of sources of sediment to
target samples, offering relative contributions of various sources. The aim in this study was to
understand, using statistical evidence, which ghauts on Montserrat are supplying the majority of
sediment to the coral reefs on the western coast of the island. The key objectives of this chapter

were to:

1. Use a series of statistical tests to formulate an optimal tracer suite with a high
reclassification rate.

2. Implement the selected tracer suite in a MixSIAR unmixing model to determine the
relative contributions of ghauts to each coral reef.

3. Discuss the use of particle size analysis in offering explanations for the observed results.

6.2 TGA-MS and ICP-OES Methods
6.2.1 TGA

The TGA data used for sediment fingerprinting is described in chapters 4 and 5. However, calcite
was rejected as a potential tracer for sediment fingerprinting (see Section 6.7.3) leaving just OM

and clay (Table 6).

6.2.2 ICP-OES

In preparation for ICP-OES analysis, all 7 marine samples and 200 ghaut samples were ball milled
at 30Hz for 1 minute on a Retsch MM 400 ball mill. The samples then underwent microwave
digestion, where 5mL of nitric acid was added to 0.25+0.01g of each sample in a Teflon tube and
left for 15-20mins before being secured with a bung. These were microwaved (1600W, 200°C)
for around 30 minutes and left to cool for >one hour. The digested samples were then diluted to
20% and subsequently 2% nitric acid using deionised water. To accommodate both time and
resource limitations, the 2% dilutions of the five replicate samples from each ghaut were bulked
into one sample. This involved taking 2ml from each of the five samples and combining into one
10ml sample. These 40 ghaut samples and 7 marine samples were analysed using a Thermo ICAP
duo ICP 6300. Blanks, standards and calibration standards were analysed to ensure accurate

calibrations and readings.
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For ICP-OES analysis, 11 elements were chosen to be analysed: Al, Ca, Cu, Fe, Mg, Mn, Ni, P, Pb,
Si and Zn. The concentrations of these elements were calculated, and data was analysed using
Microsoft Excel and R Studio Version 4.3.1. Both the concentrations for Ni and Pb in all the
samples were below the instruments detection limit so were too low to be included accurately
in the study. Ni and Pb were therefore removed from further analysis, along with Ca (Section

6.7.3).

6.2.3 Input Data

After preliminary data analysis and the subsequent rejection of certain variables, the final
selection of variables used as potential tracers were implemented in the sediment fingerprinting

procedure. Table 6 presents the variables used.

Table 6: The parameters obtained from TGA-MS and ICP-OES which were retained for use in the

sediment fingerprinting procedure (Section 6.3) and those which were rejected as deemed unsuitable.

Method

Parameters used as

potential tracers

Parameters NOT used

TGA-MS

OM and clay

Calcite, H,0O and CO;

ICP-OES

Al, Cu, Fe, Mg, Mn, P, Si and

Pb, Ni and Ca

Zn

6.3 Sediment Fingerprinting Method
Sediment fingerprinting studies begin with a three-step method (TSM) for selecting suitable

tracers (Chalaux-Clergue et al., 2024; Collins et al., 2010; Sherriff et al., 2015). This includes:

1. An assessment of the conservative behaviour of each potential tracer
2. Analyses on the ability of each potential tracer to discriminate between sources
3. The construction of an optimal tracer suite demonstrating a high capacity to

reclassify sources using modelling

Once a suitable tracer suite has been determined it is applied to the target samples. Commonly,
multivariate mixing models are used (Collins et al., 1997, Collins et al., 2010, Smith and Blake,

2014), to assign a value for the contribution of each source to targets.

60



This study follows a similar procedure to a TSM, with an additional initial step of using cluster
analyses to assign the sources to groups based on their compositions. The procedure used in this

study is outlined in Figure 21.

Not Normally
Conservative Conservative Shapiro Wilks Distributed Kruskal Wallis H No Variance
Testing Normality Testing test for Variance
Not Conservative Normally
Distributed
No Variance One_way_AnalySIS Variance ‘
— of Variance Variance
(ANOVA)
Linear
— Discriminant
Analysis (LDA)

If reclassification
accuracy is satisfactory

MixSIAR Unmixing Model

If reclassification accuracy of
all tracer suites are
unsatisfactory

Figure 21: A flow diagram demonstrating the statistical procedure followed to complete sediment
fingerprinting, starting from conservative testing and ending on the use of a MixSIAR Unmixing model

to find the contributions of sediment.

6.3.1 K-Means Cluster Analysis

Initially the ghaut source samples required grouping based on their composition using k-means
cluster analysis on the variables in Table 6. This identified groups or ‘clusters’ in which the data
is more similar to other samples of the same cluster but statistically less similar than those of
other clusters. K-means cluster analysis has been successfully applied to soil-related studies
previously, i.e. using the cluster centres to find sampling locations based on moisture (Van Arkel
and Kaleita, 2014) and for quantifying aquifer vulnerability (Javadi et al., 2017). K-means cluster
analysis has also been applied to sediment fingerprinting studies previously, for example, as a
way of forming source group classifications when investigating sediment pollution (Pulley and

Collins, 2018). K-means cluster analysis was conducted in R Studio Version 4.3.1.

The primary stage of k-means cluster analysis was to identify the optimal number of clusters
which would best fit the data. K-means clustering performs a number of iterations using various

cluster numbers, producing an elbow plot where the appropriate number of clusters can be
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inferred. This was conducted on all source samples for all Table 6 parameters and groups then

assigned.

6.3.2 Conservative Testing
In sediment fingerprinting, tracers are favoured based on their conservativeness.

Conservativeness relates to how a tracer may change during transportation of the sediment from
source to target site. To accurately conduct source apportionment, a tracer must be conservative
in nature over the course of transport to retain the sediments chemical and mineralogical
signature. Vale et al. (2022) discuss how identifying a tracer’s conservativeness is challenging,
with few techniques available and few ways of accurately accounting for all non-conservative

behaviour.

An initial means of considering conservative behaviour is using boxplots as a way of visualising
which potential tracers may be unsuitable. Range tests were also used, where minimumes,
maximums and medians for each source cluster group were compared with the values of the
target samples, ensuring all target samples were within range of the sources. Those parameters

outside the range were rejected from further use.

6.3.3 Testing for Normality and Variance
After grouping the samples and completing conservative testing, statistical tests of variance were

conducted on the potential tracers to determine whether there were significant differences
between cluster groups. If samples did not vary in chemical composition, sediment fingerprinting

would not be possible.

To determine which test of variance to use on each potential tracer, Shapiro-Wilks Normality
testing was conducted on the source samples to indicate whether the data follows a normal
distribution. Based on the results of the normality testing, the non-parametric Kruskal Wallis H
test was used for those not normally distributed, whereas the parametric equivalent, a one-way
analysis of variance (ANOVA), was used for those following a normal distribution. Parameters
which demonstrated significant differences and passed this test were then retained and used in

the next stage of the sediment fingerprinting process.
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6.3.4 Linear Discriminant Analysis
The next stage of the sediment fingerprinting process was to select the tracer suite used to

classify new samples into groups. Commonly, linear discriminant analysis (LDA) is used with a

greedy wilks test for two purposes:

1. To select the minimum number of tracers that can be used to maximise the source
discrimination.
2. To assess the reclassification accuracy of source groups based on the selected tracer

suite.

6.3.5 Unmixing Model

Finally, a MixSIAR unmixing model under a Bayesian framework with 3000 posterior realisations
was used as the final step in the sediment fingerprinting process to determine the relative
contributions of source groups to each of the target marine samples. The tracer suite determined

from the previous statistical testing was applied to each reef target sample separately.

6.4 Particle Size Analysis Method

Particle Size Analysis was also undertaken as a key factor to consider in sediment fingerprinting
studies. Particle size analysis was conducted on the samples used as part of a previous study
(Stevens et al., 2023). Sieving using 2mm and 0.5mm sieves was completed to determine the
fraction by weight of pebbles (>2mm), coarse sand (0.5-2mm) and finer sediments (<0.5mm).
Particle size analysis of the finer fraction of sediment was also conducted using a Beckman-
Coulter LS 13 320 Laser Diffraction Particle Size Analyzer (PSA). The PSA was used to measure a

further three grain size fractions: sand (62-2000um), silt (2-62um) and clay (<2um).

6.5 Sediment Fingerprinting Results
6.5.1 K-Means Cluster Analysis

K-means cluster analysis separated the ghaut source samples into four cluster groups, as
indicated through Figure 22. The use of >4 groups caused the total within sum of square values
to begin to plateau and show minimal differences. The group each source sample was assigned

to is demonstrated in Table 7.
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Figure 22: An elbow plot displaying the optimal number of cluster groups to be used in k-means

clustering analyses based on TGA and ICP-OES data for the 40 source samples.

Table 7: The groupings of the 40 source (ghaut) samples based on the k-means cluster analysis elbow

plot (Figure 22).

Cluster Group Samples

Group A LB1, LB2, LB7, LBS, LB10, LB12, COW14, COW17

Group B LB3, COW2, COW4, COW7, COW9, COW13, COW16

Group C LB9, BP3, BP4, BP5, BP6, BP7, BP8, BP9, BP10, BP11, BP20,

BP21, COWS, EX1

Group D LB11, BP1, BP2, COW1, COW3, COW5, COW6, COW10, COW11,
COW12, COW15

These groups were plotted on a map (Figure 23) to visualise any spatial influence on the
clustering groups. Figure 23 demonstrates how there are some spatial segregation of cluster

groupings. Group A samples tend to concentrate in the northern regions of Montserrat, whereas
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Group C consists mainly of the most south-westerly of the samples (Figure 23). Groups B and D

are interspersed more alongside the western coast (Figure 23).

BG
|
PH
ce 8@
@® =GroupA PPBA. :'
A =GroupB y
B =GroupC A ® ’/

* =Group D

Figure 23: A map of ghaut source samples. The ghaut samples are represented by different symbols of
different colours according to their assigned cluster groupings (Table 7). The locations of the marine

samples are also shown. Base map from ArcGIS Pro.

6.5.2 Conservative Testing
Using Figure 24 and Tables 8 and 9 it was determined that Al, Cu and Mg were inappropriate

parameters to be used and so were rejected as tracers. This was because the values of those
parameters in the target samples were frequently out of range, indicative of non-conservative

behaviour.

In this stage of testing, it was also decided that marine target samples PP and CB would be
removed from the group of target samples. This was because they often appeared out of range,

or on the limits, of the source samples for most parameters.
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Figure 24: Boxplots of the 10 potential tracers plotted as the source ghaut sample cluster groups (A, B,
C and D) and target marine samples (T). The y-axis values for Clay and OM are given as weight loss

percentages and the values for Al, Cu, Fe, Mg, Mn, P, Si and Zn are given in concentrations in mg/kg.
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Table 9: The weight loss percentage of OM and clay along with the concentrations of Al, Cu, Fe, Mg,
Mn, P, Si and Zn in mg/kg of the seven marine target samples. Values highlighted indicate those which

are out of range of the sediment source samples — see Table 8.

Sample | OM | Clay Al Cu Fe Mg Mn P Si

BG 0.56 | 1.05 | 7848.91 | 6.57 | 14850.89 | 5268.39 | 273.16 | 462.92 | 87.57

WS 0.26 | 0.38 | 6237.56 | 5.66 | 7656.19 | 2522.88 | 128.33 | 299.64 | 39.99

OR 0.39 | 0.57 | 9590.33 | 6.97 | 6876.50 | 2274.18 | 89.63 | 215.93 | 32.47

CB 1.42 | 1.33 | 414355 | 7.59 | 7555.66 | 9462.89 | 120.61 | 233.01 | 1177.73

PH 0.50 | 0.98 | 9156.05 | 5.13 | 11863.06 | 7143.71 | 280.35 | 241.44 | 56.13

PL 0.69 | 1.39 | 6675.67 | 7.63 | 11054.42 | 8103.24 | 179.27 | 402.76 | 134.45

PP 1.65| 1.17 | 1334.59 | 4.95 | 2373.37 | 5166.20 | 57.48 | 129.20 | 631.08

6.5.3 Normality and Variance Testing

Following a 95% significance level and a null hypothesis that the data follows a normal
distribution, distributions were assigned to each of the 10 potential tracers. The null hypothesis
was rejected where the p-value was <0.05. The results revealed that Clay, Fe and Mn were
normally distributed, whereas the remaining 7 potential tracers did not follow a normal
distribution (Table 10). As a result, Kruskal Wallis H tests were conducted on the 7 not normally
distributed (Table 11) whilst one-way ANOVAs were performed on the three normally distributed
(Table 12).
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Table 10: The results of the Shapiro-Wilks tests for normality for each of the 10 potential tracers. The
W value and p-value are given for each, as well as the determination of the type of distribution each
follows based on a 95% significance level. The highlighted parameters show those which follow a

normal distribution.

Variable W value p-value Distribution
oM 0.92612 0.01 Not normal
Clay 0.95862 0.15 Normal

Al 0.92785 0.01 Not normal
Cu 0.82024 <0.01 Not normal
Fe 0.9522 0.09 Normal
Mg 0.87378 <0.01 Not normal
Mn 0.95295 0.1 Normal

P 0.94171 0.04 Not normal
Si 0.81 <0.01 Not normal
Zn 0.71344 <0.01 Not normal

Table 11: The results of the Kruskal Wallis H tests conducted on the potential tracers that do not follow
a normal distribution. The H values, degrees of freedom (df) and p-values are presented, along with
whether the test indicates a statistical difference between groups based on a 95% significance level.

The highlighted parameters are those which show a statistical difference across groups.

Variable H value df p-value Difference?

oM 5.4411 3 0.14 No

Al 21.324 3 <0.01 Yes

Cu 12.431 3 <0.01 Yes
Mg 22.99 3 <0.01 Yes

P 6.3456 3 0.1 No

Si 17.167 3 <0.01 Yes

Zn 20.931 3 <0.01 Yes
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Table 12: The results of the one-way ANOVA conducted on the potential tracers that follow a normal

distribution. The F values, degrees of freedom (df) and p-values are presented, along with whether the

test indicates a statistical difference between groups based on a 95% significance level. The highlighted

parameters are those which show a statistical difference across groups.

Variable F value df p-value Difference?
Clay 6.833 3 <0.01 Yes
Fe 96.53 3 <0.01 Yes
Mn 18.96 3 <0.01 Yes

Using a 95% significance level and a null hypothesis that there was no statistical variance
between groups, a determination was made concerning whether or not each potential tracer
demonstrated variation between groups. Statistical differences were reported where p-values
were <0.05. This was observed for 8 out of 10 of the potential tracers — with OM and P being the
only two where there was insufficient evidence to reject the null hypothesis (Tables 11 and 12).
As a result, the 6 potential tracers passing this test and demonstrating conservative behaviour
(Clay, Al, Fe, Mn, Si and Zn) were retained and progressed to the next step of the sediment

fingerprinting process.

6.5.4 Linear Discriminant Analysis
A minimum of three tracers are required in the tracer suite due to the presence of four source

groups. When completing LDA for a variety of potential tracer combinations, it was found that
using Clay, Fe, Mn and Si as the tracer suite offered a reclassification accuracy of 100%. Further
minimising the number of tracers used caused the reclassification accuracy to decrease so the

final tracer suite was Clay, Fe, Mn and Si.

6.5.6 Unmixing Model
The results of the unmixing model used on five target samples (BG, WS, OR, PH and PL) are

displayed in Figure 25 and Table 13 and expressed using means and standard deviations.
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Figure 25: The results of the MixSIAR unmixing model for each of the 5 target marine samples, where 1
=BG, 2=WS, 3=0R, 4=PH and 5 = PL marine samples. The curves represent the relative contribution

each source group had to the respective target sample.
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Table 13: The percent relative contributions and standard deviations of each source group to each target

marine sample. Relative contributions and standard deviations are given to two decimal places.

Target Sample Source Group Relative Contribution Standard Deviation
(%) (%)
BG (1) A 11.24 8.90
B 12.51 11.40
C 67.87 12.59
D 8.38 8.13
ws (2) A 3.36 3.31
B 4.86 5.52
C 88.52 12.59
D 3.25 3.74
OR (3) A 2.81 2.81
B 4.13 472
C 90.19 6.22
D 2.87 3.49
PH (4) A 9.34 8.16
B 13.05 13.93
C 68.27 14.52
D 9.33 10.84
PL (5) A 6.37 6.19
B 8.96 9.84
C 78.13 12.02
D 6.53 8.22

The results of the unmixing model demonstrate that, for five target samples, the majority of
sediment is transported and deposited from ghauts in source group C (Figure 25 and Table 13).
All target samples have above 67% of their sediment derived from ghauts within source group
C, although with large standard deviations (four out of five >12%) (Table 13). Meanwhile groups

A and D are consistently the lowest contributing groups (Table 13).
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6.6 Particle Size Analysis Results

The results of the sieving analyses are presented in Figure 26, demonstrating that the distribution
of particle sizes vary considerably between ghaut and marine samples for all fractions. The
median values for both pebbles and coarse sand were lower for marine samples than ghaut
samples, but higher for fine sediment. However, the distributions of values for marine samples
were broad for each grain size fraction, reflecting the variability amongst coral reefs. The
percentage by weight of the three grain size fractions are also presented in Table 14 for each of

the seven marine target samples.
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Figure 26: The percentage by weight of both ghaut and marine samples for three different grain sizes:

pebbles (>2mm), coarse sand (0.5-2mm) and fine sediments (<0.5mm).
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Table 14: The percentage by weight of three grain size fractions: pebbles (>2mm), coarse sand (0.5-

2mm) and fine sediment (<5mm) for each of the marine samples.

Sample Pebbles (%) Coarse Sand (%) | Fine Sediment (%)
CB 21.49 77.64 0.91
PP 75.87 17.27 6.91
PL 49.33 40.01 10.73
PH 0.19 1.48 98.46
BG 0.09 25.95 73.99
WS 0.00 13.70 86.29
OR 0.01 4.59 95.45

The results of the Particle Size Analysis are demonstrated in Figure 27. The fractions of fine
sediment have a more pronounced variation between ghaut and marine samples than the larger
grains, with ghaut samples showing a greater range in values. The dominant fraction within the
fine sediment fraction is that of sand, and all marine samples had high percentages (>80%),
aligning with the sampling locations, rather than the preferential transfer of sand over silt or clay

from the ghauts.
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Figure 27: The percentage by volume of both ghaut and marine samples for three different grain sizes:

sand (62-2000um), silt (2-62um) and clay (<2um) measured using the PSA.

6.7 Discussion
6.7.1 The Use of TGA-MS Data

TGA percentage weight losses over defined temperature ranges were used as tracers rather than
other signals obtained through TGA analyses, such as the position of DTG peaks, to avoid biases
in terms of how various samples lose mass. For example, some samples lose mass rapidly, in a
sharp distinct peak whereas others experience a loss in mass gradually across a temperature
range. Therefore, use of DTG peaks as the primary sediment fingerprinting tool would be
unrepresentative, where using the percentage weight loss within each range meant the bias was

removed.

In terms of the CO; signals recorded, all but the EX1 sample (Figure 6d) displayed peaks across
the duration of the experiments, aligning with the time and temperature at which DTG peaks
were recorded (Appendix C). The H,0 signals, on the other hand, were more variable between

samples, but after the removal of peaks within the 50-100°C temperature range and those
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caused by the buoyancy effect, the H,O signals flatlined to reveal no additional peaks in H,O
across the majority of samples (Appendix C). 15 samples did show additional peaks, all of which
aligned with DTG peaks in time and temperature (Appendix C). It was concluded that all signals
displayed from the mass spectrometry readings could be associated with those of the DTG
signals, therefore functioning as a way of confirming the interpretations made in Chapter 5,
rather than providing new insight into the samples’ composition. This was also evident through
testing correlations between TGA-MS variables, confirming DTG interpretations discussed in

Chapter 5 (see Annex 1).

Although it was determined that mass spectrometry data alone was not suitable for sediment
fingerprinting in this study, it has proved useful in many alternate applications. For instance, one
prominent successful application area of TGA-MS is that of soils spiked with microplastics (Becker
et al., 2020; David et al., 2018; Mansa and Zou, 2021). David et al. (2018) found the MS signal
intensities responded to microplastic concentrations linearly when spiking soil samples, with
positive results leading to their recommendation of its use in future studies. Alternatively,
Edmondson et al. (2015) praised MS when distinguishing between black carbon and clay
minerals in soil samples. In reflection, analysing a variety of different gases exsolved, such as
scanning across AMU1-200 to find prevalent gases, may be more helpful in differentiating the
samples to a higher extent and provide additional information on their composition. Therefore,
the use of mass spectrometry coupled to TGA for sediment fingerprinting is encouraged despite

not being applicable to this study.

The results of the study give light to the importance of considering the broader context when
implementing methodologies for sediment fingerprinting. In this study, TGA was successfully
implemented due to the presence of both clay minerals and organic matter in detectable
quantities across all samples. Organic matter, in this context, was not a suitable tracer for
sediment fingerprinting due to its inability to discriminate between source groups, however, the
clay fraction was. When applying TGA to sediment fingerprinting in other catchments, very
different results may be observed depending on the geology, mineralogy and physical processes
of the study site. It is reasonable to conclude that in some areas TGA may provide many
detectable peaks able to discriminate between sources, whilst in others, potentially no TGA
results would be applicable to sediment fingerprinting. Regardless of whether TGA-derived
components can act as tracers in sediment fingerprinting, this method is unequivocally useful in
providing an overview of the entire sample composition to aid the understanding of the study
area, as opposed to more routinely used techniques such as ICP-OES which provide information

on only those elements chosen, usually requiring some previous knowledge of the study site.
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6.7.2 ICP-OES Tracer Selection

For ICP-OES analysis, the elements chosen were selected based on their potential to be effective
tracers and their likely prevalence in the samples. Calcium was chosen as an indicator of coral
reef presence, with the expectation being that calcium concentrations would be high in the 7
marine samples and less so in the ghaut samples. Aluminium and silicon comprise the chemical
signature of andisols, the main sediment type expected on Montserrat (Chapter 2). Therefore,
these elements were expected to be found in high proportions in the ghaut samples. In addition,
a high presence of them in the marine samples could indicate the deposition of andesitic
sediment from the ghauts to the coral reefs, thus potentially making them a beneficial tracer in

this study.

The remaining 8 elements were chosen based on the results of previous sediment tracing
studies. Sediment fingerprinting studies often have a substantial focus on heavy metals (Table 3)
due to their potential to cause great environmental harm. Nickel, zinc, copper, iron, manganese
and lead are 6 of those frequently used in sediment fingerprinting. Cabral Nascimento et al.
(2022) conducted a similar study in Brazil, whereby sediment fingerprinting was applied to
ephemeral steams in a River Basin (Table 3). Although this study was concerned with the use of
colour tracers, they compared them to geochemical tracers, including all the heavy metal tracers
this study used, aside from copper, and determined each using ICP-OES. All the tracers
mentioned above passed their conservation test in the study. Pb, Ni and Al were amongst the
final tracers selected for regional source identification, whilst Fe, Al, Zn, Ni and Pb were amongst
those for land use source identification. When used alone, Cabral Nascimento et al. (2022) found
they were accurate for 98% of regional samples and 82% of land use samples, whilst in
combination with colour tracers, accuracy was 95% for both. Other sediment-related studies
using ICP-OES also used combinations of the chosen elements, such as Lunderberg et al. (2008)
and Silva et al. (2011), but these studies focused on trace metal determination rather than

sediment fingerprinting (Table 3).

Although not used as frequently in ICP-OES and sediment fingerprinting studies, Mg and P were
also selected. Pefia-Icart et al. (2017) explain how Mg (along with Ca) can indicate anthropogenic
effects from events such as wastewater land flows. Giancoli Barreto et al. (2004) also used Mg,
along with Al, Mn, Fe, Ni, Cu and Pb in ICP-OES analysis as a means of identifying potentially
available metals in lake sediments, with positive results. Although phosphorous is less used as a

tracer, it was included in this study due to its strong adsorption ability to soil particles (Steegen
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et al., 2000). The andisols on Montserrat are comprised of volcanic glass, imogolite, allophane
and halloysite in varying quantities, giving them a high phosphate fixing capacity (Padmanabhan

and Reich, 2023), leading to high P concentration expectations.

6.7.3 The Removal of Calcite and Ca
Both calcite, from TGA testing, and Ca, from ICP-OES testing, were rejected as potential tracers.

This was because the target samples were from coral reefs and high concentrations of Ca and
calcite would be expected (Figure 28). Therefore, they would not be useful as tracers from ghaut
to reef samples as the calcite and Ca would originate from the corals themselves, regardless of

whether transportation and deposition from terrestrially derived sediment also occurred.
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Figure 28: A boxplot of the % mass loss of calcite in both the ghaut samples and the marine samples.

6.7.4 The Removal of the CB and PP Samples

The sediment fingerprinting procedure and unmixing model successfully formed a tracer suite
with a 100% reclassification rate and assigned relative contributions of each ghaut cluster group
to five of the marine samples. The two additional marine samples (CB and PP) were rejected
from sediment fingerprinting due to their composition. Visually, the CB and PP samples appear
high in coral and shell fragments, and low on terrestrially derived sediment (Figure 18). This was
also evident through the proportion of calcite and Ca in the samples in comparison to the pure

shell sample (Chapter 5). The PP and CB marine samples contained the highest proportion of
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calcite, at 73.35% and 50.83% respectively (Table 5), of all the marine samples and both samples’
Ca concentration were too high for the detection limit of the instrument during ICP-OES analysis
(Appendix D). Particle Size Analysis also reflected their low percentages of fine sediment,
composed of coarser grains reflecting that of calcium carbonate (Table 14). Therefore, due to the
composition of these samples and the inability to trace CaCOs to reef sites, these samples were

not traced.

6.7.5 Unconservative Behaviour of Tracers
In other sediment fingerprinting studies, unconservative behaviour is often illustrated by a

reduction in the parameter from source to target sample, such as occurred for copper. This is
due to a range of physicochemical reactions which could occur along transportation, such as
erosion or redox reactions. However, magnesium experienced the reverse, where concentrations
were higher in target samples, indicative of additional Mg sources. An explanation could be the
formation of high Mg-calcite. Various coral reef inhabitants precipitate calcium carbonate in
different forms. For example, Sinutok et al. (2011) explain how the Halimeda species precipitate
it as aragonite, but in contrast, foraminifera precipitate calcium carbonate as high-Mg calcite.
High-magnesium calcites are those in which calcium has been replaced by magnesium atoms
and is common in many marine species such as red corals and algae along with foraminifera
(Long et al., 2014). As a result, reefs hosting high abundances of these marine species may also
exhibit high magnesium concentrations in the sediment. This could potentially explain the higher
magnesium concentrations found in the target sediments, with further investigation into the

types of marine species inhabiting the sites necessary for confirmation.

6.7.6 Contribution of Source Groups
The identification of which ghauts on Montserrat were depositing sediment onto coral reefs via

the use of sediment fingerprinting was the overall aim of this study. This has been successfully
achieved. The results of the sediment fingerprinting indicate that a large proportion (at least
two-thirds) of sediment in the five marine target samples (BG, WS, OR, PH and PL) derived from
ghauts in cluster group C. Group C were located on the west coast of Montserrat, consisting
mainly of the most southerly ghauts sampled. These ghauts were those with closest proximity
to Soufriére Hills volcano and volcanic ash fields (Chapters 1 and 3). Using the evidence gained
from the laboratory analyses along with field observations (Stevens et al., 2023), visual

indications of the samples and knowledge of the study site, it was determined that many of the
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ghaut sediment samples and sediment on the reefs were composed largely of volcanically
derived material, specifically volcanic ash from current and/or past volcanic eruptions on the
island. The clustering of ghaut source sample EX1 into group C (Table 7) implies the other
samples in the group may contain high amounts of volcanic deposits (Chapter 5) as they are
statistically similar in chemical and mineralogical composition. Geographically these locations
are situated close to volcanic centres (Figure 2, Chapter 3), supporting this conclusion. The
presence of clay minerals and organic matter in the reef sediment samples also provide evidence
that these volcanic deposits were transported via the terrestrial landscape, i.e. the ghauts,

initially before being deposited on the reefs as opposed to deposition directly from ashfalls.

In terms of location, the results stating that group C contributed most of the sediment to the
coral reefs also aligned with the position of the sampling sites in relation to the Belham River,
which many of the ghauts surround. With the river being a permanent watercourse, as opposed
to the ephemeral nature of ghauts, this suggests the river and its tributaries provided a
transportation mechanism for the sediment. Ghauts are ephemeral streams, providing a
watercourse during periods of heavy rainfall. However, the wet season in Montserrat is from
April to November, meaning during sampling in January-February, the ghauts were dry. As a
result, the ghauts were unlikely to be providing transportation of sediment to the reefs at this
time. The ghauts around the Belham River however, had additional means of transporting

sediment to the sea, explaining the results of the MixSIAR model.

Three of the target samples (BG, PH and PL) were located on the northern coast of the island,
where only one ghaut sampled (LB9) was placed into group C during cluster analysis. An

explanation could be missing source data from a lack of ghauts sampled in the north.

6.7.7 Particle Size Analysis

Although not used for sediment fingerprinting due to unconservative behaviour, particle size
analysis was conducted. Material greater in diameter than 2mm (pebbles) varies considerably
between reefs, with it the majority grain size of both PP and PL marine samples (Table 14). In
comparison, the percentage of pebble in the other five marine samples were below the median
for the ghauts (Figure 26 and Table 14). This fraction represents large pieces of coral and shell
fragments, deriving from the reefs themselves. This was reflected in the TGA weight loss data in
the calcite range (Figure 18) in which the highest values of calcite were seen across the same

three sample sites as the highest percentage of pebbles were seen (Table 14). This supports the
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belief that the larger fraction of grains were broadly coral reef-derived. As a result, there are

implications that less terrestrially-derived sediment was deposited onto the PP and PL sites.

Many coral reef studies surrounding the impacts of sediment often focus on the fine-grained
sediment (Chapter 2). The results of the particle size analysis indicate that for four marine
samples (BG, WS, OR and PH) the fine sediment fraction was the dominant fraction of the
sample, with all >70% of the total mass (Table 14). These percentages were much higher than
the median ghaut sample (Figure 26). A likely explanation is that coarser grained material is more
likely to settle along the transportation route whilst fine grained sediment is more likely to
remain in suspension, increasing the percentages of fine-grained sediment in the total deposited
load. Additionally, physical or biogeochemical processes occurring between source and target,
such as abrasion and erosion of the sediment, along with potential dilution or dissolution, may

reduce grain sizes.

Particle size analysis explains the results of the range/conservative testing. The PP and CB
samples contained only 0.91 and 6.91% fine sediment (Table 14). The fine sediment is that which
is more likely to transport heavy metals to reefs, as well as containing the clay fraction (Uddin,
2017). As a result, a lack of fine sediment in these samples explains the observed low

concentrations of heavy metals, which failed the range testing.

6.7.8 Limitations

Despite the 100% capability of the unmixing model to reclassify ghaut samples back into their
correct cluster groups, the model does have limitations, evident in the large standard deviations
noted in Table 13. Sediment varies in chemical, mineralogical, structural and physical properties.
Therefore, tracing sediment back to a specific source is challenging, especially when limited
tracers are used and not all sources can be accounted for (discussed in Chapter 7). However, the
sediment fingerprinting procedure has been implemented numerous times, showing promising

results and offering insightful information regardless.

6.8 Conclusions
The aim of sediment fingerprinting was to identify which ghauts transport and deposit the

sediment found on the 7 coral reef samples from Montserrat. The successful application of the
sediment fingerprinting procedure achieved this aim, fulfilling the objectives and indicating that
the sediment on five of the seven coral reefs were likely deposited from the ghauts. The
clustering and use of the unmixing model determined that the ghauts clustered into group C,

containing volcanically-derived sediment mostly from recent volcanism, contributed the most.
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Furthermore, the identification and successful application of the final tracer suite proved the use
of geochemical and mineralogical properties of sediment are suitable tracers for sediment on

Montserrat.

One of the main objectives of the project was to assess the suitability of using TGA-MS for
sediment fingerprinting. Despite not applying MS signals, TGA was used successfully. Organic
matter was eliminated from further use as testing found it did not vary across the sediment
source groups, making it an ineffectual tracer. Clay, however, passed all tests in the tracer
selection process and was one of the four tracers used in the final tracer suite. This was likely
due to the nature of clay being less susceptible to transformation during transportation, in both
mineralogical and chemical composition, promoting its suitability to be used as a tracer (Z6llmer
and Irion, 1993). This tracer suite was then successfully applied to a Bayesian MixSIAR unmixing
model and the contributions of source groups to each target site were discovered. As a result,
one parameter measured using TGA-MS was successful in its application to sediment

fingerprinting, fulfilling the objective.
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Chapter 7: Overall Discussion and Conclusions

This final chapter aims to consolidate the work from previous chapters by drawing implications
of the work to wider research areas. Recommendations for future research are made after
drawing attention to the limitations of this study. The importance of this study is highlighted

through exploration of the novel research presented.

7.1 Sediment Composition
TGA-MS and ICP-OES were primarily used in this study for sediment fingerprinting purposes but

can also give insight into the type and nature of the sediment. Montserrat has experienced little
detailed soil mapping since the onset of recent volcanic activity (see Chapter 2). The chemical
analyses of collected samples aids the understanding of how sediment composition may have

been altered.

Conclusions were drawn that the sediment in this study was volcanically derived as explained in
Chapters 5 and 6. This was indicated through the relatively low weight loss percentages from
TGA-MS analyses (Appendices B and C) in comparison to other soil/sediment studies (Kucerik et
al.,, 2012, Pallasser et al., 2013), reflecting that of volcanic material (Alraddadi, 2020; Denton et
al., 2012; Shields et al., 2016).

Previous literature suggest the soils of Montserrat are andesitic (Chapter 2) and hence imply high
levels of silica. Silicon is also the second most abundant element in the Earth’s crust (Haynes,
2014), reflected in the high presence of silicon in many soils due to its abundance in parent
material (Tubuna et al., 2016). However, in this study, silicon concentrations were relatively low
(Appendix D). Analyses on the chemical composition of volcanic ash from the Soufriere Hills
Volcano were conducted by Baxter et al. in 1999. They found there were high levels of crystalline
silica in the ash from the Soufriére Hills Volcano. However, an explanation for the low silicon
levels found in sediment was also proposed as in situ volcanic deposits were often depleted in
silica, with higher levels of Mg, Fe, Ca and Al observed (Baxter et al., 1999), reflecting that of the
concentrations measured in this study. This was attributed to physical alterations of the volcanic
fragments such as both physical and chemical fractionation occurring during transportation of
the material (Baxter et al., 1999). This offers an explanation for the observed elemental

concentrations whilst further implying much of the sediment was volcanically derived.
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7.2 Implications of Study
7.2.1 Soil Erosion & Land Use Planning

Sediment fingerprinting is a relatively new technique with novel applications in archaeology,
forensics and for health purposes by means of fingerprinting airborne particles (Owens et al.,
2016). However, sediment fingerprinting has been more widely used for soil mapping and
erosion studies. It has the capacity to offer valuable insight into the transportation mechanisms
of a catchment or larger areas. Erosion studies use this information to manage and target erosion

mitigation attempts to increase their effectivity and for land-use planning.

Applications of sediment fingerprinting to erosion studies have been vast over recent decades
(de Jong et al., 1998; Liu et al., 2020; Walling and He, 1997), with Cao et al. (2020) explaining its
significant popularity in studies on karst erosion in China. Cao et al. (2020) describe the issues of
the expansive karst region in southwest China in terms of the poor soil stability and resultant
heightened erosion, leading to a loss of fertile topsoil. This is detrimental to the food and
agriculture industry, as well as the estimated 100 million people this cultivated land provides for.
The use of sediment fingerprinting here has been beneficial in investigating soil loss and
protecting land in order to maintain China’s food security. Furthermore, de Neergaard et al.
(2008) address the benefits gained from using sediment fingerprinting to understand how soil

composition and stability may be affected by shifting cultivation and hence land use change.

This study has provided beneficial information for understanding the erosion and transportation
processes occurring on Montserrat’s western coast. This would benefit land surveyors if
expansion of land use into the southerly regions of the Exclusion Zone of Montserrat were to
begin. Due to the ongoing eruption of Soufriére Hills volcano, land use in the exclusion zone is
currently prohibited and much of the land in the safe zone is under-utilised. This is true of the
region surrounding the Belham River (Figures 5 and 6), where many of the ghauts in cluster group
C are situated (Figure 23). Observations of land surrounding the Belham River suggest only some
crop production is occurring, leaving much of the land under-utilised and of potential interest
for future agricultural purposes. The results of this study could offer invaluable insight into future
land-use here as much of the sediment is transported to the coral reefs (Chapter 6). Implications
on the erodibility of the soil and the potential fate of fertilisers or pesticides required for

agriculture may deter future land-use practices.
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7.2.2 Coral Reef Conservation
Following this, the application of sediment fingerprinting to that deposited on coral reefs is

important for the conservation of coral reefs. A novel study by Bainbridge et al. (2024) conducted
similar investigations, tracing the origins of suspended particulate matter (SPM) in the Great
Barrier Reef (GBR). Bainbridge et al.’s (2024) study also extended tracing uniquely into coral reef
ecosystems with a known mechanism of transport; during flood events. The study highlighted
the criticality of identifying sediment sources in order to successfully implement remediation
measures for coral reef conservation. Whilst these measures would operate on a larger scale in
more established reefs such as the GBR, their need is present in smaller settings such as those
surrounding Montserrat. This study therefore acts as a guideline to conservationists to establish

where the need for protection and remediation is most prominent.

The most vulnerable reefs are also highlighted through the particle size analysis data. The high
percentages of fine sediment in four of the reef samples (Chapter 6) may indicate a higher
vulnerability due to the established harmful consequences of suspended fine particulate matter
to coral reef ecosystems (Chapter 2). The transport and high abundance of finer grained material
and volcanic deposits may also be of concern due to the potential subsequent transport of heavy
metals (Uddin, 2017). Vaithiyanathan et al., (1993) describe the role of sediment as
transportation mechanisms for pollutants, with sudden changes in environmental conditions
allowing heavy metals to be released into water columns. This enrichment can be critical for

coral reefs (Ali et al., 2010, El-Sorogy et al., 2012) so is of high priority to conservationists.

For Montserrat specifically, an island still rebuilding after the devastations of volcanic eruptions,
areas of soil erosion and conservation may be of low priority currently, financial stability a higher
concern. However, ecotourism is a sector in which many believe Montserrat has the capability
to expand in the future due to its rich biodiversity, historical significance and natural beauty
(Weaver, 1995). Preservation of land and coral reefs would aid the expansion of ecotourism.
Therefore, this study offers potential beneficial insight into a multitude of areas, expanding

beyond environmental sectors into Montserrat’s economy and the future of the island.

More broadly, coral reefs surrounding volcanic islands require heightened conservation attempts
due to the additional threats volcanism presents. As highlighted in Chapter 2, volcanic deposits
have negative effects on coral ecosystems similar to those of sediment. However, the threats to
coral reefs are exacerbated by volcanism as the sediment loads from volcanic events such as
pyroclastic flows and ashfalls are much larger than sediment loads from terrestrial sources such

as overland flows. Ashfalls have the potential to deposit sediment in ranges of tonnes, as
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explained in Chapter 2, with these loads deposited in a short amount of time. Therefore, the
coral reefs are exposed to large quantities of harmful sediment quickly, with no time to

acclimatise to the new environment, thereby lessening their chances of survival and recovery.

7.3 Limitations of Study

When discussing the results of the study it is important to acknowledge associated limitations.
One main limitation is in the concept of sediment fingerprinting and the procedure itself. The
method used to complete sediment fingerprinting does not take into consideration multiple
factors which may influence results. For instance, only sources sampled and used in the model
are considered, however, other sources may be present. In this study those could include
additional ghauts, cliffs which face erosion into the sea, or the Belham River. Furthermore, in
sediment fingerprinting studies concerning marine environments, it must be acknowledged that
sediment can be transported within the sea via ocean currents from additional sources, along
with the presence of aeolian deposits, in this study, a factor which may cause the deposition of

fine volcanic ash onto coral reefs.

Limitations for sediment fingerprinting also arise from large uncertainties surrounding the
unmixing model. The effectiveness of the model depends on a range of parameters including the
number of samples used, the reclassification ability of the selected tracer suite and the level of
variation present between source groups. This is evident in the large standard deviations present
in this study (Chapter 6) and is observed in a number of other sediment fingerprinting studies

(Collins et al., 1997; Gholami et al., 2017).

Other limitations and sources of error arise from those surrounding laboratory experiments and
procedures. For example, instrument error, cross contamination or the issues surrounding
sample representativeness discussed in Chapter 4. Careful consideration and practice was

undertaken to ensure all laboratory-based sources of error were minimised.

7.4 Future Recommendations
For future studies, recommendations are made mainly in the development of the methodology.

Based on the results of this study and hypotheses surrounding the identity of the sediment
analysed, initial collection and testing of volcanic ash samples from Soufriere Hills volcano and
the volcanic ash fields on Montserrat are advised. Obtaining the TGA thermogram and elemental

concentrations for pure volcanic deposits from the volcano they are thought to derive from
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would be a way to confirm the hypotheses made in this study surrounding the sediment
composition. The inclusion of microscopy for enhanced visual analysis of the samples would be
of benefit, along with more extensive and detailed reef sampling methods. Field sampling ghauts
further to the north and at various times of the year would also serve to enhance the rigidity of
the study. Due to the ephemeral nature of the ghauts, their influence on sediment transport and
deposition onto coral reefs likely varies throughout the year depending on the wet season. In
this study, samples were taken prior to the wet season, when ghauts were dry. However,
sampling during or after the wet season may develop different sediment fingerprinting results

as their ability to act as a transfer route is enhanced.

Additionally, one of the main aims and novel concepts in this study was the suitability of using
TGA-MS for sediment fingerprinting purposes. Chapter 6 explains how, in this context, mass
spectrometry was not effective, however expansion of the exsolved gas analyses could rectify
this, where scanning for additional gases would increase the likelihood that exsolved gas analysis

could be used as well as the TGA data.

Furthermore, use of artificial tracers such as short-lived radionuclides, may prove effective in
increasing confidence of assigning sources. Short-lived radionuclides would be a suitable option
and have been successfully implemented in sediment fingerprinting studies previously. For
example, Belmont et al. (2014) used excess 21°Pb and *¥’Cs as two of three tracers used to
distinguish between sediment sources in watersheds in mathematical models. The use of
environmental radionuclides has become an established global practice, with uses across the
European (Walling, 2003), North American (Nagle and Ritchie, 1999) and Asian continents
(Mizugaki et al., 2008). Application to Montserrat and other islands in the Lesser Antilles is

therefore a likely suitable technique to incorporate for robust measurements and outcomes.

7.5 Conclusions

This study incorporates many environmental concerns and concepts: erosion, coral reef
vulnerability and protection, sedimentation and the issues surrounding identifying sediment
sources. Knowledge gaps and areas with a lack of research were identified. These included soil
surveys and studies on the island of Montserrat, the application of sediment fingerprinting to
marine environments and the use of TGA-MS for sediment fingerprinting. Aims of filling these
research gaps led the study to incorporate novel applications and methodologies, applying them

successfully to established sediment fingerprinting practices.
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In contribution to providing modern understandings of the sediment types and compositions on
Montserrat, this study opened the door for erosion mitigation, management and protection
practices on Montserrat by providing statistical evidence of source areas of sediment transport

on the island, as explained in Chapter 6.

The use of TGA-MS for sediment fingerprinting was specifically highlighted. Whilst information
gained from the mass spectrometry component of the technique was not directly applied, it was
concluded that this is a viable technique with scope to be applied to future sediment

fingerprinting studies following adjustments to the method (Chapters 5, 6 and 7).

Finally, this study highlighted multiple times the importance of considering the broader context
of the study area when considering methodologies and approaches to sediment fingerprinting.
The fraction of samples used, pre-treatment of samples and the methods for obtaining
geochemical tracers are subject to the wider area of study, with consideration needed to the
uniqueness of the studied landscape and most accurate means of representing the processes
taking place. For soil catchment studies taking place on volcanic islands, the processes and
sediment grain sizes present will vary considerably from that of non-volcanic areas and

consideration of these is essential.
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Appendices

Appendix A

Table 15: The maximum, minimum and average weight loss percentages for the organic matter, clay and
calcite temperature ranges, as well as total weight loss percentage for all ghaut samples. Data from TGA

experiments using the TA STD Q600 instrument.

Maximum Average Minimum
OM wt% loss 4.33 1.56 0.16
Clay wt% loss 2.11 0.99 0.06
Calcite wt% loss 2.02 0.59 0
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Appendix B

Table 16: The TGA percentage weight losses within the temperature ranges of OM, Clay and Calcite for

all ghaut and marine samples.

Sample oM Clay Calcite
LB1 1.2 1.12 0.75
LB2 0.55 0.52 0.15
LB3 0.59 0.3 0
LB7 1.02 0.82 0.99
LB8 0.73 0.46 2.02
LB9 0.39 0.3 1.08
LB10 2.78 1.4 0.16
LB11 2.82 1.55 0.34
LB12 4.33 1.98 0.31
cow1 2.46 1.64 1.43
cowz 1.15 0.76 0.15
cows 1.05 0.99 0.23
cow4 0.59 0.44 0.13
cows 1.52 1.22 1.38
cowe 1.05 1.57 0.38
cowz 1.64 0.81 1.19
cows 3.37 1.75 1.49
cows 0.54 0.5 0.24
cowi1o 2.13 1.72 1.21
cow1l 1.24 1.79 0.41
cow1z 1.33 1.02 0.73
cow13 1.5 1.17 0.6
cow14 0.74 0.9 0.26
cowis 2.59 1.2 1.75
cowie 1.43 1.06 0.65
cow1z 2.13 1.04 1.29
BP1 2.67 2 0.39
BP2 3.22 211 0.45
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BP3 0.17 0.06 0.03
BP4 2.01 1.23 1.2

BP5 2.24 1.44 0.7

BP6 0.3 0.15 0.05
BP7 0.65 0.31 0.15
BP8 3.96 0.94 0.15
BP9 2.55 1.72 0.36
BP10 0.49 0.23 0.1

BP11 1.27 0.49 0.11
BP20 1.24 0.77 0.54
BP21 0.46 0.19 0.03
EX1 0.16 0.06 0.01
BG 0.56 1.05 4.89
CB 1.42 1.33 22.88
OR 0.39 0.57 1.56
PH 0.5 0.98 5.48
PL 0.69 1.39 9.92
pp 1.65 1.17 32.98
WS 0.26 0.38 2.27
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Appendix C

Table 17: The peak H20 signal (amu) within each temperature range of interest. ** represents that no

significant peak was present.

Sample 200-430°C 430-590°C 590-800°C
LB1 *k *k *k
LB2 *k ** *k
LB3 *k ** *k
LB7 ** * ok ok
LBS8 ** * ok ok
LB9 ** * ok ok
LB10 ** * ok ok
LB11 ** * ok ok
LB12 e 9.09E-10 ok

cow1 ** * ok ok

cowz ** * ok ok
cows ** * ok ok
cow4 *ok ok ok

cows 1.23E-09 1.27E-09 *E

COW6 *k *k *k

cowz 7.98E-10 7.15E-10 4.87E-10

cows 1.34E-09 5.68E-10 *E

COW9 *k *k *k

cow1o 9.03E-10 1.26E-09 *E

Ccow1il *k *k *k

Cow12 *k *ok *k

CoOW13 *k *ok *k

Ccow14 *k *ok *k

cow1s 1.72E-09 1.31E-09 *k

cow1e6 6.23E-10 6.19E-10 *k

cow1z 1.49E-09 1.19E-09 *k
BP1 *k *ok *k
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BP2 * o o
BP3 2.61E-10 2.83E-10 *x
BP4 5.05E-09 * *
BP5 5.45E-09 * *x
BP6 2.44E-10 2.68E-10 *x
BP7 = o =
BP8 4.81E-09 * *x
BP9 2.50E-09 2.19E-09 *x
BP10 = o =
Bp11 = o =
BP20 = o =
Bp21 = om =
EX1 = om =
BG = om =
B = o =
OR = om =
PH ** *x 2.03E-09
PL = om =
PP = om =
WS = om =
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Table 18: The peak CO:z signal (amu) within each temperature range of interest. ** represents that no

significant peak was present.

Sample 200-430°C 430-590°C 590-800°C
LB1 5.02E-10 3.11E-10 *x
LB2 3.11E-10 o *x
LB3 3.33E-10 o *x
LB7 4.92E-10 o 4.79E-10
LB8 *x o 7.56E-10
LB9 2.38E-10 o 4.62E-10
LB10 9.11E-10 o *x
LB11 7.97E-10 4.38E-10 2.21E-10
LB12 *x 2.21E-10 9.24E-10
cow1 4.72E-10 o *x
cowz 1.85E-10 o *x
cows 2.20E-10 o *x
cow4 1.86E-10 1.11E-10 *x
cows 1.11E-10 2.20E-10 1.77E-10
cowe 4.97E-10 1.77E-10 1.34E-10
cow7z 2.20E-10 1.34E-10 9.99E-11
cows 1.77E-10 9.99E-11 9.08E-11
cows 1.34E-10 o *x
cowi1o 9.99E-11 1.64E-10 7.07E-11
cow1ii 9.08E-11 7.07E-11 *x
cowi1z 5.23E-10 1.22E-10 *x
cow1s 2.83E-10 8.24E-11 8.00E-11
cow1i4 5.20E-11 o *x
cCoOw15 1.44E-09 3.21E-10 *x
cCoOw16 3.52E-10 5.06E-10 3.98E-11
cow1z 6.67E-11 1.68E-10 *x
BP1 8.05E-10 3.74E-10 *x
BP2 3.74E-10 9.46E-10 *x
BP3 9.46E-10 o *x
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BP4 3.02E-10 2.92E-10 *k
BP5 3.84E-11 1.40E-09 1.62E-10
BP6 9.31E-10 o *x
BP7 2.92E-10 1.30E-10 *x
BP8 1.40E-09 7.38E-10 1.17E-10
BP9 5.09E-10 2.92E-10 1.11E-10
BP10 1.62E-10 1.17E-10 *x
BP11 4.95E-11 8.70E-10 *x
BP20 1.62E-10 o *x
BP21 1.30E-10 1.73E-10 *x
EX1 *k *k *k
BG 2.10E-09 9.07E-10 *x
CB 1.54E-08 o *x
OR *x o 6.12E-10
PH *x o 1.89E-09
PL *x o 3.78E-09
PP *x o 1.03E-08
WS *x o 5.22E-10
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Appendix E

Table 20: The particle size analysis data for all ghaut samples. Pebbles, coarse sand and fine sediments

are given as percentage by weight of the total dry weight. Sand, silt and clay are given in percentages

by volume.
Sample % Pebbles | % Coarse % Fine % Sand % Silt % Clay
(>2mm) Sand Sediments (62- (2-62um) (<2um)
(0.5-2mm) | (<0.5mm) 2000pum)
LB1 22.38 43.52 34.08 85.42 11.46 3.16
LB2 30.78 53.28 15.94 93.06 5.22 1.72
LB3 22.96 57.12 19.94 90.56 6.88 2.68
LB7 20.98 45.00 34.04 72.20 21.66 6.20
LB8 7.50 16.38 76.12 89.38 7.66 3.02
LB9 15.80 23.86 60.34 86.06 11.02 294
LB10 44.00 38.20 17.82 68.52 22.80 8.68
LB11 14.18 36.60 49.22 54.94 33.22 11.86
LB12 36.20 40.50 23.30 47.48 40.04 12.48
cow1 22.92 36.64 40.48 55.56 28.64 15.82
cowz 20.60 62.45 16.94 92.31 5.79 1.90
cows 32.08 54.54 13.46 79.28 15.08 5.64
cow4 26.06 54.65 19.29 92.55 5.32 2.14
cows 30.04 36.68 33.32 73.96 19.32 6.62
cowe 31.51 45.49 23.01 41.98 45.78 12.24
cowz 30.62 49.96 19.40 85.31 11.14 3.55
cows 16.36 44.35 39.29 49.29 38.94 11.77
cows 40.40 49.32 14.30 87.52 9.66 2.68
cowi1o 32.52 36.71 30.77 55.08 34.13 13.71
cow11 49.84 29.16 21.02 15.26 54.96 29.74
cowi1z 34.95 39.91 25.14 79.36 14.34 6.30
cow13 40.76 39.12 20.16 79.80 15.22 4.70
cow14 35.35 45.83 18.82 89.90 7.86 2.24
cow1s 30.78 37.90 31.32 63.31 27.75 9.68
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cCow1ie6 29.01 45.53 25.46 83.51 11.07 5.42
cow1iz 37.28 36.90 25.86 74.84 19.78 5.40
BP1 31.74 37.14 31.10 62.06 29.21 8.73
BpP2 39.39 14.78 45.83 3.63 78.03 18.33
BP3 3.46 44.90 51.46 96.72 2.28 1.02
BP4 17.93 33.67 48.43 42.81 43.07 14.12
BP5 14.10 26.43 59.47 42.06 46.93 8.41
BP6 10.06 52.14 36.48 90.80 7.19 2.02
BP7 1.06 13.25 85.69 84.28 12.97 2.76
BP8 7.16 30.12 62.72 36.83 50.28 12.86
BP9 32.86 38.41 28.73 82.93 13.20 3.88
BP10 5.39 31.37 63.24 76.80 18.72 5.12
BP11 3.41 12.90 83.68 40.08 50.38 9.53
BP20 5.84 25.39 68.77 53.90 25.62 20.48
BP21 22.00 43.26 34.74 88.12 8.99 2.69
EX1 27.33 38.90 33.77 92.80 5.69 1.51

Table 21: The particle size analysis data for all marine samples. Pebbles, coarse sand and fine sediments

are given as percentage by weight of the total dry weight. Sand, silt and clay are given in percentages

by volume.

Sample % Pebbles | % Coarse % Fine % Sand % Silt % Clay
(>2mm) Sand Sediments (62- (2-62pum) (<2um)

(0.5-2mm) | (<0.5mm) 2000um)

BG 0.09 25.95 73.99 96 3.05 0.95

CB 21.49 77.64 0.91 96.51 2.54 0.95

OR 0.01 4.59 95.45 97.05 1.95 1

PH 0.19 1.48 98.46 96.92 1.95 1.13

PL 49.33 40.01 10.73 92.03 6.47 1.5

PP 75.87 17.27 6.91 92.04 7.36 1.6

ws 0.00 13.70 86.29 98.4 1 0.6
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Annexes

Annex 1 — Mass Spectrometry Correlations
The use of mass spectrometry to analyse exsolved H,0 and CO, gases during thermogravimetric

analyses was a significant component of this study. Whilst this analysis was originally conducted
with the aims of using the data for sediment fingerprinting purposes, this was later disbanded
due to the nature of the data collected (Chapter 6). However, the mass spectrometry data is still
valuable. One way in which it can be used is to give insight into potential correlations between
the amount of each gas exsolved and the mass loss. This was conducted across three different
temperature ranges: 200-430°C (to represent organic matter), 430-590°C (for clay minerals) and
590-800°C (for calcite) (Chapter 5). The purpose behind the correlations was to determine
whether the mass spectrometry data collected could give evidence for the hypotheses made
that with an increase in organic matter or clay or calcite in the sample (represented by their mass

loss), an increase in CO; or H,0 exsolved would occur.

Prior to conducting correlation tests, initial Shapiro Wilks tests for normality were conducted on
the percentage weight loss, the H,O peaks and the CO, peaks within each of the three
temperature ranges representing OM, clay and carbonates. These results are displayed in Table
22. These tests were done to determine whether each variables dataset was normally
distributed. This informs whether a Spearman’s rank or Pearson’s correlation should be

conducted.

Table 22: The W-values and p-values given from the Shapiro-Wilks tests for normality conducted on
the percentage weight loss, CO2 peaks and H20 peaks within the temperature ranges representing

OM, clay and calcite. Those highlighted show a normal distribution.

Variable W-Value p-Value
% Weight Loss — OM 0.9151 0.002
% Weight Loss — Clay 0.9693 0.237
% Weight Loss — Calcite 0.3942 8.45e-13
CO, Peaks — OM 0.2620 1.3e-12
CO, Peaks — Clay 0.8253 0.0005
CO, Peaks - Calcite 0.5607 2.85e-06
H,0 Peaks — OM 0.8371 0.0703
H,0 Peaks — Clay 0.7693 0.0043
H,0 Peaks - Calcite 0.7894 0.0155
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With a null hypothesis claiming the data is normally distributed and a 95% significance level,
there is sufficient evidence to suggest that the % weight losses of OM and calcite, all CO; peaks
and the H,0 peaks of clay and calcite are not normally distributed. This conclusion has arisen as
the p-values are all less than 0.05, so therefore the null hypothesis can be rejected. The % weight
loss of clay and the H,O peak of OM have p-values > 0.05 and therefore there is insufficient

evidence to reject the null hypotheses (these display a normal distribution).

Correlation testing was conducted between the percentage weight loss and the peak CO; or H;0
for each of OM, clay and calcite. As in all pairs of variables tested there was at least one variable
not normally distributed, Spearman’s rank correlations were used for all sets of variables. The

results are shown in Table 23 and Figures 29 and 30.

Table 23: p-values (Spearman’s rank correlation coefficients), p-values and n values from the
Spearman’s rank correlation testing conducted. Results are given for all 6 tests completed on % weight
loss vs CO2/H20 peaks within three temperature ranges (OM, clay and calcite). Those highlighted

indicate positive correlations.

Variables p - value p- value n

% weight loss vs CO; peaks:

oM 0.77 1.60e-08 38
Clay 0.33 0.10 26
Calcite 0.7 1.14e-03 18

% weight loss vs H,O peaks:

oM 0.61 0.11 8
Clay 0.68 0.01 12
Calcite -0.35 0.35 9

The Spearman’s rank correlations use a 95% significance level and a null hypothesis stating that
no correlation is present. As p-values are <0.05, there is sufficient evidence to reject the null
hypothesis and say that there is positive correlation for the relationship between % weight loss
and CO; exsolved for OM and calcite, along with that for the H,O peaks of clay. However, for that
of the clay CO; peaks and the H,0 peaks of OM and calcite, p-values are greater than 0.05 and

therefore there is insufficient evidence to suggest correlation is present.
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These results are as expected. When OM is heated, CO; is given off, therefore suggesting that
more OM will release more CO,, as the data indicates is true. This also occurs for calcite, where
calcium oxide and carbon dioxide gas are the products of heating calcium carbonates, again
suggesting more calcite present will result in more CO; gas exsolved, as indicated by the results.
For the correlation demonstrated between clay and H,0, this can be explained by the loss of
water adsorbed onto the clay minerals, so as more clay is heated, more water escapes this

chemical binding and H,0 peaks increase.

Overall, the results of the Spearman’s rank correlation tests conducted are insightful in justifying
the conclusions drawn about the identities of the sample components and demonstrate how

mass spectrometry data can be used to aid the chemical analysis of sediment samples.
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Figure 29: The results of the Spearman’s rank correlations conducted on % weight loss vs CO2 peaks (in
amu) for a) OM, b) clay and c) calcite. % weight loss is displayed on the x-axis against CO2 peaks on the
y-axis. A line of best fit is displayed along with bar graphs of the two variables including each sample

point alongside their corresponding axis.
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Figure 30: The results of the Spearman’s rank correlations conducted on % weight loss vs H20 peaks (in
amu) for a) OM, b) clay and c) calcite. % weight loss is displayed on the x-axis against H.0 peaks on the

y-axis. A line of best fit is displayed along with bar graphs of the two variables including each sample

point alongside their corresponding axis.
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