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Abstract

Coral atolls are unique landforms in that they are the physical manifestations of the
interplay between both biological and geological processes. Prominent amongst these
processes is the ability of the reef organisms to produce CaCO; and its subsequent
erosion and dispersal as sediment. Overriding controls on this process are organic
productivity, wave energy, and relative sea level. The development and stability of atolls
are thus critically dependent on the balance between several processes which may
change over time. Atolls are regarded as being particularly vulnerable to environmental
change.

This study investigates the Holocene geological history of Palmyra atoll, at 5°52’N
162°04’W, in the northern Line Islands. Beachrock is used as an indicator of (a) paleo-
sea level and (b) paleo-shoreline conditions from clasts trapped within the beachrock
matrix. The study also models annual CaCO; production and hydrodynamic conditions
at the sea bed to provide an integrated assessment of the past and present sedimentary
processes and reef island development at Palmyra Atoll. The atoll is currently the focus
of intensive scientific study by the Palmyra Atoll Research Consortium and is
particularly suited to this study because of the reduced human presence. This allows the
examination of the relationship between beachrock, islet development and other
processes, in an environment lacking ongoing anthropogenic development.

Beachrock was found at 10 locations at Palmyra Atoll and yielded '*C ages ranging from
1249 to 105 cal. yrs BP. Typically, the beachrock contains mostly coral and algal clasts
and is thought to form in the intertidal zone. Continual wetting and drying throughout a
tidal cycle results in the precipitation of marine phreatic cements, which thus, indicate
paleo-shorelines and sea level elevation. The production of CaCOj; sediment at Palmyra
was estimated using reef habitat zones from Hopley (1996) and suggests that the most
productive areas are reef terraces and the reef edge. An estimate total of 91,500 tonnes
of CaCO; is produced annually on the reefs, although only approximately 9 % of this
becomes sediment that remains on the reef islands.

Hydrodynamic processes were modelled using the SWAN model, a bathymetric grid
from NOAA, and bottom conditions estimated from other studies. Input parameters
were determined using a 13 year WAVEWATCHIII hindcast model of the wave climate
for the central Pacific, as well as estimations of extreme wave events. Sediment
transport was inferred from the modelled bed shear stress and these results show that to
form most of the beachrock outcrops on Palmyra extremely strong wave action must be
coupled with a higher sea level in order to allow the propagation of wave energy across
the reef to some of the island shorelines.

Integration of all results suggests that growth of the reef islands at Palmyra Atoll was
initiated as the sea level fell from the mid-Holocene Highstand, 1-2 m above present
mean sea level. The islands subsequently grew progressively eastward, forming 3-4
island chains which strike north or northeast. The beachrock that formed on these
island provided protection from later wave erosion. Despite limitations caused by lack
of climatic and other environmental data due to the isolation of the study area, results
are reliable and highlight the application of beachrock as a proxy for past climates and
sea levels.
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1. Introduction

1.1. Overview

Coral reefs and CaCO, shorelines are the results of the close relationship
between biological and physical processes. Over 65 % of the world’s human population
live in low-lying coastal regions and islands (Grossman et al., 1998) and, although small,
coral reef islands can have high population densities (e.g. 8300 people/km” on Fongafale,
Tuvalu and 47,400 people/km® on Male, Maldives; Webb and Kench, 2010).
Furthermore, these environments are recognised as dynamic entities that respond
rapidly to climate changes. The study of atolls and reef islands is extremely important
due to their vulnerable coastlines that require comprehensive study to understand

modern and future processes.

Atolls are the physical manifestation of the interplay between biological and
geological processes, including sea level change. Indeed, stable atoll islets have only
developed on emergent paleo-reef flats since the peak of the mid-Holocene hydro-
isostatic highstand (MHHS; Dickinson, 2009). Therefore, such islets are relatively young
and the processes behind their formation and development are pootly known (Barry et
al., 2007; Cowell and Kench, 2001). However, their development and stability is
critically dependent on the balance between several competing processes, and this
balance can change over time. One of the overriding influences on both biological and
physical processes is sea level (reviewed in Chapter Two), and the effects of any future
sea level rise on low lying atolls are unknown. Through a combination of eustatic and
isostatic influences, global sea level has risen at a mean rate of 1.7 £ 0.3 mm yrflover
the past 130 years (Church and White, 2006) and it has been widely suggested that if sea
level rise continues, it may occur at a rate that is too high for coral growth to keep up
with, resulting in a decline of sediment production, erosion of coastlines and risking the
submergence of low lying tropical reef islands (Church et al., 2006; Webb and Kench,
2010).

Furthermore, knowledge of the impacts of the past and present wave climates in
the Pacific is crucial for understanding the potential coastal impacts of climate change in
the region. Surface winds and waves are a dominant contributor to both coastal
inundation during periods of high water levels such as during storm surges, and
empheral and chronic coastal erosion (Morton, 2002), and such major coastal impacts

are expected to worsen with climate change and rising sea level (Christenson et al., 2007).
1



In contrast, recent studies suggest that many Pacific atolls have increased in area over
the past 50 years (Web and Kench, 2010), which highlights the dynamic and
complicated nature of atolls and their islets. These issues highlight the importance of
research to improve understanding of the processes and development of such areas and
the impact of continuing environmental changes. Understanding the sedimentary
processes of oceanic atolls is essential to understanding the present functioning of their

environments, and thus feeds directly into management planning and decisions.

Palmyra Atoll, in the northern Line Islands (Fig.1.1), is an oceanic atoll that is
unique for many reasons. Firstly, the atoll is located in an isolated region of the Pacific
about which little is known. Secondly, Palmyra has never sustained a large, permanent
human population, except for a few years during the Second World War (WWII), and is
now a fully protected reserve area. This has created a natural laboratory in which atoll
processes can be studied without human interference (Collen et al., 2009a).
Unfortunately, this absence of human habitation has also resulted in lack of long term
climate data and historical evidence of wind and wave patterns. Such a lack of baseline
data is a common issue throughout the Pacific region and often hinders modern
research and management efforts. Dealing with such a lack of data is a focus of part of

this thesis (Chapter Seven).
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Figure 1.1: (From Collen et al., 2009a) Geographical Map of Palmyra Atoll showing labelled islands,
lagoons and reefs



The term ‘beachrock’ refers to cemented coastal sediments, and is essentially the
lithified paleo-beach that has been rapidly cemented through the precipitation of CaCO,
cements (Vousdoukas et al., 2007). Beachrock is an important feature of many tropical
coastlines as it appears to have an anchoring effect for dynamic islands and provides
protection from erosion. Yet, much remains unknown or debated about its origin and
properties. Beachrock outcrops may be one of the few physical records of past climate
information on low-lying reef islands but research on their application as an indicator of
paleo-environments in the Pacific is underdeveloped (Vousdoukas et al., 2007). As well
as providing evidence about the physical depositional environment, beachrock is
reported to cement in the intertidal zone (e.g. Rey et al., 2004) within just a few years
(Frankel, 1968; Hopley, 1980); it, therefore, has the potential to provide an indication of
past sea levels (Hopley, 1986; Nixon et al., 2009).

However, there are few dates for beachrock deposits in the Pacific although
published ages are mostly between 3000-4000 yrs BP, with some as old as 5500 yrs BP,
such as in the Tuamotus Archipelago (Pirazzoli and Montaggioni, 1988). The lack of
beachrock ages coincides with the scarcity of general paleo-climatic information for the
Holocene in the oceanic Pacific (Nunn, 1998). Understanding and utilising possible
recorders of past climates, such as beachrock, is crucial to predictions for future climate-

driven changes.

This thesis examines the development of Palmyra Atoll using beachrock as an
indicator for paleo-sea level and depositional environments through the beachrock
stratigraphy, petrology and hydrodynamics. Additionally, a simple sediment transport
model based on the SWAN hydrodynamic model, as well as a simple CaCO; production
model and a digital elevation model (DEM) derived from sonar measurements, are used
as tools for understanding sedimentary processes at Palmyra. Radiocarbon dating is used
together with these approaches to develop a history of the beachrock and reef island
evolution. The need for long term climate and environmental records in an environment
that is accepted as being extremely vulnerable to future climate changes is highlighted by

the limitations to the numerical wave modelling.



1.1.1. Thesis objectives

The research presented in the following chapters investigates the recent
geological history of Palmyra Atoll, including the relationship to late Holocene sea level
trends, and the use of beachrock as a proxy for environmental change. The research is
part of the larger international scientific initiative to understand the natural systems on
Palmyra Atoll and to provide baseline data for effective atoll management. The

particular aims of this thesis are:

1) To describe the beachrock lithofacies and outcrops found on Palmyra Atoll in terms

of their textural characteristics, including radiocarbon dating of individual outcrops;

2) To investigate the petrology of beachrock outcrops at Palmyra in order to determine
the cementation process, and to establish the position of their formation on the

beachface;

3) To interpret the depositional environment of the beachrock through the application

of the SWAN (Simulating WAves Nearshore) numerical wave model; and

4) To provide a model of how the reef islands and beachrock outcrops of Palmyra Atoll
have developed as a consequences of sea level change, CaCO, production, and wave

climates.

Overall, the results are integrated to describe the late Holocene history of
Palmyra Atoll, including the definition of the MHHS in the equatorial Pacific. These
results have implications for understanding the paleoclimate during beachrock
deposition, including sea level, storm frequency, and the overall process of reef island
development. This work compliments other research on Palmyra, especially those
studies focusing on the long term record of climatic and sedimentary changes at the

atoll.

Together, these studies highlight the delicate balance of systems in this very
dynamic environment, and this important implications for the current management of
Palmyra Atoll and also the management of natural coastal systems and processes on

other tropical atolls and low-lying islands.



1.1.2. Thesis outline

This thesis comprises ten chapters and three appendices. Chapter Two presents
information on the sea level history through the Quaternary in the Pacific Ocean, and
on the formation of beachrock, and how its formation can be related to sea level
changes. The regional setting of Palmyra Atoll, including climate and geological history
is described in Chapter Three. The methodology used in this thesis is explained in

Chapter Four.

Chapter Five contains the sedimentology and petrology of the beachrock
outcrops which are discussed through the definition of six major lithofacies. This is
followed by the detailed stratigraphy and description of individual beachrock outcrops

in Chapter Six, using the lithofacies previously defined.

Numerical wave modelling is then used to recreate the depositional
environments of the beachrock outcrops based on the average clast size within them
and the energy required to move these. Application of the SWAN model is described in
Chapter Seven, including a description of the acquisition of input data from an area with
limited environmental records. Results of the wave modelling are presented in Chapter

Eight.

Other processes that influence the sedimentology of the atoll, such as sediment
supply models and paleocurrent directions, are discussed separately in Chapter Nine.
Finally, the discussion of all results and conclusions regarding beachrock, sea level, and

the reef islands development are presented in Chapter Ten.



2. Pacific sea levels and beachrock formation

This chapter briefly explains the sea level trends in the Pacific Ocean throughout
the Holocene, as well as the nature of beachrock outcrops, including their characteristics,
mechanisms of formation, occurrence and impacts on coastlines. In particular, the
relationship between beachrock formation and sea level is discussed because it is an
important and highly debated aspect. Sea level plays an important role in the formation
and development of oceanic atolls, and therefore, the possibilities of beachrock as a

paleo-sea level proxy are critical to resolve.

2.1. Holocene sea level in the Pacific

2.1.1. Sea level change since the Last Glacial Maximum

Sea level changes play an important part in the evolution of Pacific atolls. These
variations reflect global geodynamic processes including glacio-eustatic sea level change
and local and distinct isostatic responses. Low lying Pacific atolls are marginal
environments, whose present form is a direct product of past sea level patterns.
Relatively short term fluctuating sea levels have a considerable impact on atoll
morphology (Peterson et al., 2006). During the Last Glacial Maximum (LGM; ~20 ka),
custatic sea level was more than 120 m below the present level (Fig. 2.1) as a large
amount of Earth’s water was held in the polar ice caps (Nunn, 1999). From 19 ka there
was a gradual rise in sea level until 6 ka. Melt water pulse around 14.5 ka (Clark et al.,

2004) caused a brief reversal in this trend.

Coral reefs kept pace as sea level continued to increase throughout the early
Holocene, culminating in paleo-reefs at elevations of 1.0-2.4 m above modern low tide
level during the mid-Holocene highstand (MHHS; Dickinson, 2009), before sea level fell
again to the present level. This highstand in the tropics occurred as a result of global
isostatic adjustment to the transfer of mass from circumpolar Pleistocene ice sheets to
the Holocene oceans (Dickinson, 2001). “Equatorial ocean siphoning”, a term coined by
Mitrovica and Peltier (1991), led to a drawdown in the tropical Pacific sea level because
of the transferral of the sea water required to cover the deepening continental shelves
that downflexed under the load of increased meltwater offshore, and the collapsing
forebulges of former ice sheets. The magnitude and the timing of termination of the
highstand varied across the tropical Pacific Ocean, most likely as a result of varying
mantle properties such as those associated with the South Pacific superswell (McNutt
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and Judge, 1990). Although the theoretical peak of the MHHS was at 4 ka (Dickinson,
2009), this peak was broad and both predictions and observations suggest the timing of

the peak ranged from 5000 to 1500 years ago (Grossman et al., 1998).
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Figure 2.1: (From Nunn, 2007; after Nunn, 1999) Eustatic sea level changes over the past 150,000 years
reconstructed from ages of emerged coral-reef terraces along the Huon Peninsula, Papua New Guinea The

trend within the red circle was only observed at the Huon Peninsula.
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2.1.2. Development of stable reef islets

The formation of stable islands on atolls requires the presence of an underlying
consolidated base (e.g. cemented paleoreef flats) upon which sediment can accumulate.
Such islands are termed “pinned” in the classification of Dickinson (2004) and are
protected from wave attack by their paleo-reef underpinnings (Dickinson, 1999).
Effective pinning requires a solid substrate and is preferentially formed under falling sea
level. In comparison, sand cays that lack the solid interior of mid-Holocene paleo-reefs
are transient and shift positions and morphology in irregular patterns under both fair-
weather and storm-wave conditions on atoll reefs (Richmond, 1992). As well as this
fundamental difference between sand cays and pinned islets, they also form in different
locations on atolls. Pinned islets are consistently formed on the windward side of atolls,
where reef growth is more vigorous (Dickinson, 2009). These areas are also more
exposed to storms and swells and as a result, the pinned islets form episodically
(Woodroffe and Mortison, 2001). In contrast, sand cays tend to form on the low energy,
leeward sides of atolls and show continuous deposition. The morphology of sand cays is
a result of the continuous shaping by currents and wave refraction, and highlights the

dynamic nature of oceanic atolls.
2.1.3. Paleoshoreline proxies

There are three complimentary groups of paleoshoreline proxies indicating
paleo-high-tide, paleo-low-tide and the paleo-tidal-range (Fig. 2.3; Dickinson, 2001).
Depending on the morphology and the degree of preservation, past shoreline elevations
can be determined with varying degrees of precision. However, precision better than 0.1
m is not feasible due to the inherent irregularity of shorelines and reef flats. Modern
tidal ranges are known to approximately the same level of uncertainty (£ 0.1 m;
Dickinson, 2001). Modern low tide level is marked by areas of reef flat, which are
defined as the upward limit of reef growth. In contrast, high tide indicators on cliffed
limestone are often represented by incised shoreline notches. However, low-lying atolls

such as Palmyra lack sufficient relief to preserve such paleo-notches (Anthony, 2009).
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Figure 2.3: (From Dickinson, 2001) Ideal geometry (not to scale) of Pacific paleoshoreline proxies, although
no all indicators are shown. LTL - low-tide level (pLTL — paleo-low-tide level); HTL — high-tide level
(PHTL - paleo-high-tide level); T — tidal range (pT- paleo-tidal range); E — paleoshoreline emergence from

a change in relative sea level.

On some island coasts, exposures of beachrock that are emergent above the
modern intertidal zone serve as indicators of paleoshoreline position. The elevations of
these outcrops must be interpreted with caution, though, as their occurrence is not
restricted to the intertidal zone. This is because some cementation may occur in the
supratidal swash zone where surf overtopping fringing reefs reaches island beaches.
These paleoshoreline indicators are only preserved if favourable conditions are
persistent. For example, paleo-reef surfaces are most likely to be preserved within
protected embayments. Most often, indicators are preserved where instantaneous
coseismic uplift occurs so that transient conditions during falling sea level did not make
a comparable impact (Dickinson, 2001). However, this has not occurred at Palmyra. The
indicators present, such as beachrock and micro-atolls, provide important physical

evidence of past sea levels in environments where other physical records are limited.

2.2. Relationship between beachrock and sea level

Beachrock is a useful environmental proxy for several reasons. At the outcrop
scale, it provides physical evidence of the energy of the depositional environment as
determined by the size and morphology of the included coral clasts. Furthermore,
oxygen isotope measurements from beachrock clasts have proven useful in sea surface
temperature (SST) reconstructions along the coast of the Red Sea (Friedman, 2005).
Most importantly, beachrock has been suggested as a proxy for Quaternary sea level and
neotectonic studies as lithification takes place in the intertidal zone (Ramsey, 1995;
Vieira et al., 2007; Vousdoukas et al., 2007). However, debate on the exact relationship

between beachrock and sea level is vigorous (e.g. Kelletat, 2006; Kelletat, 2007; Knight,
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2007), and thus, still provides an inherent uncertainty when using beachrock for

paleoenvironmental reconstructions.

Most literature on the topic suggests that beachrock lithification occurs in the
intertidal zone (e.g. Stoddart and Cann 1965; Hanor 1978; Scoffin and McLean, 1978;
Meyers 1987; Ramsey, 1995; Rey et al., 2004; Vousdoukas et al., 2007; David et al., 2009),
although some authors suggest that this may also occur simultaneously within the
supratidal spray zone (Viera and de Ros, 2006; Nixon et al., 2009). This reportedly
occurs sub-aerially beneath a veneer of beach sediment (Neumeier, 1999), and
beachrock is subsequently exhumed due to a recession of sea level (Hopley, 1980).
However, there are suggestions that cementation instead occurs in the supratidal zone
due to swash and sea spray at high tide, and this has been actively argued for by Kelletat
(2006, 2007). Kelletat (2000) stated that the ridge-like morphology of most beachrock
outcrops can only develop in two locations: the foreshore area where bars may form or
the highest margins of storm beaches, where beach ridges are deposited. Kelletat argued
that formation in subtidal bars is unlikely due to their mobility, whereas storm ridges
may stay untouched for centuries. Kelletat (2006) concluded that beachrock deposits
can be used as a sea level indicator “only in the sense that they bear witness to a former
supratidal environment”. However, this argument only deals with areas that, unlike the

Pacific Ocean, have large tidal ranges.

Knight (2007) contradicted the above argument, stating that Kelletat (2006) did
not take into account the age of the beachrock or the cementation style and formation
processes. Knight considered the idea of cementation occurring in the supratidal
position due to sea water spray to be incorrect and showed that cementation occurs in
the main body of the beach due to a variety of processes. It has been suggested that
beachrock can be related to periods of sea level regression, as studies suggest that CO,
degassing preferentially takes place during a falling tide (Meyers, 1987). This occurs as
CO, tends to dissolve in pore water during the first phase of the rising tides, which
increases the saturation ratio. Saturation then decreases during the falling tide due to

degassing, resulting in the precipitation of CaCO..

Reviews of the literature highlight the issue that beachrock, and in particular its
relation to sea level, is an underdeveloped area of research in coastal science. Further
understanding can advance the understanding of marine and groundwater interactions
and the role of biomineralization in addition to advancing the understanding of paleo-

environments and sea level patterns.
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2.3. Beachrock

Beachrock is defined as a hard coastal rock that consists of beach sediments that
have been rapidly cemented through the precipitation of carbonate cements
(Vousdoukas et al. 2007). Beachrock deposits typically form low, seaward-dipping,
planar beds that mimic the original shoreline depositional environment. Thus, the
inclination of the beds is generally related to the original sedimentary structures,
although some of the latter may develop after cementation due to subsidence and tilting.
The exhumation of beachrock is typically a result of coastal erosion due to a negative
sediment budget or a sea level rise (Desruelles et al., 2009). The primary depositional
feature of beachrock is bedding, often apparent due to variations in texture and
composition. Although these typical morphological features of beachrock can be seen in
almost all deposits, composition of the rock can be widely variable and include sand and
gravels of both clastic and biogenic origin. Sand is the predominant grain size due to the
easier cementation of a sandy matrix (Scoffin and Stoddart, 1983), and this may develop
after the original deposition of clasts due to infiltration of the smaller sand grains

between larger clasts.

2.3.1. Beachrock occurrence

Quaternary beachrock is a common feature on many tropical and subtropical
shorelines. Most contemporary beachrocks have latitudinal limits similar to the ‘Darwin
Point’ of coral atolls, where the ocean water temperatures are just sufficiently warm for
upward reef growth to keep pace with the rate of subsidence (Grigg, 1982). Occasionally
cemented beaches are found on temperate or even cold coasts, but these have
significantly different origins to tropical beachrock (Kneales and Viles, 2000).
Vousdoukas et al. (2007) summarised the available information on beachrock worldwide
and identified areas with a high density of beachrock occurrences in the Mediterranean
and Caribbean Seas, the tropical and subtropical Atlantic coasts, and the atolls of the
Pacific and Indian Ocean. There appears to be a dominance of beachrock occurrence
between 20° and 40° in both hemispheres, although Vousdoukas et al. (2007) suggest

that this may reflect a bias of relevant research in certain areas.

It is generally accepted that beachrock preferentially forms on microtidal
shorelines, as larger tidal ranges may not allow sufficient time for the beach sediment to

consolidate before being eroded. This understanding has allowed beachrock to be

12



distinguished from other lithified deposits, such as cayrock, by its cementation location.
Similar to beachrock, cayrock is a sandstone that cements in the supratidal zone (Fig. 2.4;
Gischler and Lomando, 1997). Cayrock may be easily confused with true intertidal
beachrock, along with emerged reef rock, phosphate rock, or cemented soil. Analysis of
the cements can help to differentiate beachrock from similar deposits. Whereas
beachrock has marine-phreatic cements, cayrock is dominated by meteoric vadose

cementation.

The position on the beachface at which beachrock forms often determines the
broad morphology of the outcrop (Scoffin and Stoddart, 1983). Sandy beaches are often
typical of the leeward islands of coral reefs and cementation at these beaches takes place
in situ or under a thin veneer of sediment. In contrast, beachrock from the windward
side is often characterised by coarse coral shingle banked in series. Acrgpora (staghorn)
coral deposits can help the lithification process because, once deposited, the interlocking
rods of coral branches stabilise the deposit and allow finer sediment to accumulate in

the interstices.

2.3.2. Formation mechanisms

Beachrock originates from beach deposits that have been cemented by the
precipitation of calcium carbonate. However, this formation can be the result of a wide
range of sedimentary processes and various ages, cementing agents and diagenetic
environments have been identified (e.g. Gischler and Lomando, 1997; Schmalz, 1971,
Davis and Kinsey, 1973; Hanor, 1978). The origin of tropical beachrock has been the
subject of long-standing debate, with several theories having been proposed that relate
cither to physiochemical or biological mechanisms (Scoffin and Stoddart, 1983;
Vousdoukas et al., 2007). Formation mechanisms can be classified into four main
processes: direct cement precipitation, mixing of marine and meteoric waters, degassing
of CO,, and formation by biological activity. However, most authors agree that several
mechanisms may be a factor in different locations and that the formation of beachrock

is dependent on the location and environment.

The most widely proposed mechanism for beachrock formation is by the direct
precipitation of cement from marine or fresh waters (Vousdoukas et al., 2007). Cement
precipitation from marine waters is considered to take place in or near the intertidal
zone due to the alternating wetting and drying of the sediments (Gischler and Lomando,

1997; Kelletat, 2000), aided by increased water temperatures due to warming of the
13



beach during the day. This theory is supported by the presence of aragonite cements,

indicating a marine provenance, within most beachrocks.

An alternative theory is that cementation is due to the mixing of marine and
meteoric waters. This developed from the understanding that due to the decrease of
solubility in water of CaCO; with decreasing salinity, mixing of marine and fresh water
may result in carbonate saturation and lead to precipitation of the cement (Schmalz,
1971). However, Hanor (1978) showed through thermodynamical experimentation that
precipitation of CaCOj; cannot be induced through the mixing of marine and meteoric

waters.

Degassing of CO, from groundwater can produce calcite crusts similar to some
cements observed in beach sediments (Hanor, 1978). Carbon dioxide is produced in the
sediment column by plants and subsequently washed seaward by the flux of
groundwater. Therefore, the concentration of CO, is highest in the phreatic zone and
continually diffuses upwards because of the potential gradient between the phreatic
zone, the vadose zone and the atmosphere. This process is self-limiting due to the
relative volume of pore space, which can be obstructed by cement, as well as the
maximum thickness of the cemented zone that can develop. As cement is precipitated,
the porosity of the sediment decreases, which in turn decreases the ability of the system
to degas (Hanor, 1978). However, this hypothesis requires waters to have sufficient
residence time in the landward areas to acquire a high P, and dissolved calcium and
carbonate, and sufficient residence time in the forebeach areas such that degassing can
take place before the waters reach the oceans. Sufficient residence times may be lacking
on oceanic atolls due to the small and extremely porous nature of reef islands (Stoddart

and Cann, 1965).

Many authors have considered the influence of the direct biological precipitation
of beachrock cements (Davis and Kinsey, 1973; Kumbrien, 1979; Neumeier, 1999).
Indirect biological precipitation may be possible in anaerobic environments where
bacterial processes can control the partial pressure by CO, consumption (Berner, 1971).
Nuemeier (1999) suggested that micro-organisms have strong influence over the
formation of the first micritic cement and the development of the subsequent prismatic
cement probably results from abiotic precipitation during times of higher fluid

circulation.
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Figure 2.4: (From Gischler and Lomando, 1997) Model of beachrock and cayrock formation. (1) Idealized
cross-section through a marginal barrier or atoll reef that has mangrove cays in the lagoon area. (2) Due to
wave refraction at the reef crest small sand cays may build up on the reef flat. (3) Intertidal beachrock
forms on the windward side of small sand and sand-shingle cays on the reef due to rapid, subaerial
cementation. Supratidal cayrock forms due to vadose cementation of sand or beach ridges of larger
mangrove-sand cays. (4) Due to movement of the cays, intertidal beachrock gets exposed mainly on the

windward side (a), but may also be covered (b), or exposed on the leeward side (c).

2.3.3. Beachrock composition

Analysis of the beachrock lithofacies requires determining the composition of
the rock, which is determined from thin sections. Typically, carbonate rocks have six

main components (Adams and MacKenzie, 1998):

a) Grains are known as the allochemical components (allochems). They include
coated grains, peloids, intraclasts and bioclasts.

b) The matrix occurs as carbonate mud sediments of clay and silt-sized particles,
which are deposited either during or after the deposition of the allochems.

c) Terrigenous components are detrital quartz, clay or other non-carbonate
minerals.

d) Carbonate cement of aragonite, calcite or high-Mg calcite. Staining techniques

(described below) were used in order to determine the mineralogy of the cement
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e) Replacive crystals of dolomites, evaporate minerals or other non-carbonate
minerals.

f) Pore space is any space in the sediment filled with air, water or hydrocarbons.

Due to the nature of the atoll environment and the young age of the beachrock,
terrigenous components and replacive crystals are not observed at Palmyra. The
allochemical constituents were separated into the following 11 groups: coral fragments,
algal fragments, pore space, cement, bivalves, molluscs, foraminifera, intraclasts,

echinoderms, bryozoans, and ‘other’.

Scleractinian corals found on the reefs at Palmyra are represented within the
beachrock as gravel clasts and finer matrix material. These corals have hard parts that
are composed almost exclusively of aragonite and are usually identified in thin section
from their size and gross morphology. Such clasts are made of radiating bundles of very
fine fibrous aragonite, which are clearly seen under plain- and cross-polarised light
(Fig.2.5). The radiating bundles give small areas of sweeping extinction as the stage of
the microscope is turned. However, in smaller fragments, the sweeping extinction is not

always seen.

Figure 2.5: Photomicrograph of a coral clast from the Paradise Island beachrock showing bundles of

aragonite crystals (red arrow) growing into the intraclast pore space.

Bivalves are an important contributor to the bioclast content of limestones out
of the major molluscan groups. Bivalve shells can be wholly aragonite, wholly calcite, or
a mixture of the two. Shell structure also varies with the most important forms being
foliated, prismatic, cross-lamellar and homogenous (Fig. 2.6; Adams and MacKenzie,
1998). Gastropods are next in importance as molluscan contributors to limestones.

Gastropod shells are nearly all composed wholly of aragonite, although a few have

16



mixed mineralogy. The most common gastropod shell structure shows a cross-lamellar

structure similar to that of some bivalves.

Figure 2.6: Cross sectional thin section through the shell of a Tridacna maxima bivalve. Scale bar is 1 mm.

Foraminiferan tests show a great variety of shapes and sizes; most are
multichambered and many are coiled. Difficulties of identification in thin section often
arise because random sections through the same organism can appear quite different.
However, the most common genus present in the beachrock at Palmyra is Amphistegina
spp., which has a finely porous test of low-Mg calcite (Fig. 2.7). This genus houses
diatom symbionts in the inner lateral walls, which are structured in an ‘egg crate’ fashion
(Resig, 2004). The accumulation of lamellae in the umbilical region of each chamber
addition produces a think umbo both dorsally and ventrally (Resig, 2004). The dense
micro-architecture causes Amphistegina to be almost three times more resistant to
abrasion than other major constituents of Hawaiian beach sand (Moberly, 1968).

Therefore, even fragmented tests or residual umbos are identifiable.

NONE S X170 100pm WD 8.3mm

Figure 2.7: Scanning election microscope images of a modern Amphistegina test showing the whole test on
the left and a close up of the porous microstructure on the right (Images courtesy of R. Mucadam).
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Intraclasts are fragments of carbonate sediment that have been reworked from
within the basin of deposition. In this study, these are most likely to be eroded
fragments of older beachrock or reef pavement incorporated into the younger material.
They can be identified as aggregates comprising a number of separate particles bound

together by cement separate to the beachrock in which they are found.

The calcite skeletons of echinoderms consist of plates of high-Mg calcite
permeated by a meshwork of organic material. However, the calcite in each plate is
secreted in the same crystallographic orientation so appears as a single crystal and hence
behaves anisotropically, making identification easy. Echinoid spines are the most
common echinoderm components of beachrock. Cross sections through these show
porous, radial morphology. Most echinoid spines have calcite crystal c-axes parallel with
their length, and transverse sections show interference colours lower than those often
seen with other carbonates. Cross sections of spines are often tangential and, therefore,

elliptical in shape.

Bryozoans are colonial marine organisms with a calcareous skeleton and are
relatively common in the reef environment but rarely found within the beachrock
samples studied. Finally, the ‘othet’ category refers to any material that is not included in
the other groups, or is too small to be successfully identified. This group includes, for

instance, sponges, ooids, peloids, and other types of molluscs.
2.3.4. Beachrock cements

Calcium carbonate cements that lithify tropical beachrock are either high-
magnesium calcite (HMC; 10-14 mol% MgCO,) or aragonite. Salt water is generally
aragonite-saturated and freshwater is undersaturated in aragonite (Stoddart and Cann,
1965). Thus, unstable aragonite will convert to calcite when transferred from salt water
to freshwater (Cloud, 1962). Therefore, cements can be diagnostic of the environment
of formation, where needles of aragonite cement are characteristic of the marine
phreatic zone, and HMC sparitic cements with stalactitic disposition are characteristic of
the marine vadose zone (Desruelles et al., 2009). Additionally, the formation of acicular
aragonite and micritic HMC may be related to the leeward and windward sides of an
island respectively, as recorded by Scoffin and McLean (1978) on islands of the Great

Barrier Reef.

Cement fabric formation is also dependent on the environment. Such fabrics

occur in three main morphologies: micritic coatings, fibrous or bladed crusts
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(commonly aragonite) or equant crusts of HMC (Scoffin and Stoddart, 1983). It is the
formation of micritic cement with irregular undulations that often seems to control and
initiate beachrock diagenesis (Neumeier, 1999; Desruelles et al., 2009). The micritic
texture forms as thin isopachous fringes or as a meniscus fabric between grains.
Isopachous and meniscus fringes are the most common fabric of cements and suggest
that the grains were cemented in a phreatic environment. Meniscus fabrics result from
periodic water saturation in the intertidal zone where, during low-tide and evaporation,
seawater is held by capillary action at grain contacts. This results in varying thicknesses
of cements precipitating within the meniscus and causing rounding of the pore space.
Furthermore, the crystals are typically blunt due to undernourishment at their tips.
During the drainage of impermanently saturated sands, a thicker film of water persists at
the under-surface of grains; this develops small-scale “stalactites” beneath grains and is

known as gravitational cement (Scoffin and Stoddart, 1983).

2.3.5. Effect of beachrock on coastlines

The formation of beachrock can irreversibly alter the coastline, especially in
highly dynamic environments such as small Pacific atolls. It has significant effects on the
ecology as well as affecting beach morphodynamics. For instance, in many cases
outcrops of beachrock have been found to act as effective natural beach defences which
mitigate the erosion of the beach (Bird, 2000). This is particularly true on the coasts of
dynamic and fragile small islands and atolls (e.g., Dickinson, 1999). Once the beachrock
has formed, it sets a limit to which the beach bed can erode, in effect locking the beach
profile. The expression of the beach is thus controlled by the relationship between

beachrock and the nearshore hydrodynamics (Vousdoukas et al., 2007).

The nearshore hydrodynamics may also be affected by the presence of
beachrock outcrops which alter sea bed roughness and subsequently change the friction
of the sea bed (Fredsoe and Deigaar, 1992). Additionally, outcrops of beachrock can
have significant effects on the transport and supply of sediment on beaches.
Vousdoukas et al. (2009) showed that submerged beachrock outcrops impede onshore
transport of sediment and may act as offshore transport conduits for beach sediment.
Patches of beachrock may also act as traps for sediment being transported by longshore

drift (Vousdoukas et al., 2007).

Beachrock may also have erosional effects on the beach. The addition of

impermeable beachrock layers can modify the infiltration and extraction process of
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water percolation through beach sediments and increase the volume of wetted, and thus
more buoyant sediment in the swash zone that could make the area more prone to

erosion (Vousdoukas et al., 2007).
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3. Regional setting

Palmyra Atoll lies near the centre of the Pacific Ocean. Located at 5°52’ N and
162°04’ W, Palmyra is one of the most northern islands in the Line Island chain (Fig.
3.1). Palmyra is unique because it has never been permanently inhabited and it remains
as the only unpopulated (except for scientific staff) “wet” atoll (>400 cm of rain per
year) of the tropical Pacific Ocean. All other atolls with similar conditions are
permanently inhabitated, often with large populations and the consequent necessity to
protect infrastructure. Palmyra thus gives researchers an exclusive opportunity to study
an atoll system and the surrounding reefs without anthropogenic influences. This
chapter outlines the natural and anthropogenic history of Palmyra as well as the known

climate and oceanographic information for the area.

3.1. Geography of Palmyra Atoll
3.1.1. Location

Palmyra Atoll is at the northern extremity of the Line Islands, lying along a
linear submarine ridge and surrounded by ocean waters approximately 4000 m deep.
Today, the Line Islands border the Central Pacific Basin, a complex and poorly
understood area of the sea floor which has had only limited geological drilling and
dredging (Davis et al., 2002). The NW-SE trending features of the Line Island ridge are

intersected by three fracture zones: Molokai, Clarion, and Clipperton (Fig. 3.1).
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Figure 3.1: Major geological features of Central Pacific Ocean. Bathymetric map obtained from

http://www.geomapapp.org/ (Ryan et al., 2009).
3.1.2. Bathymetry

The islands of Palmyra are at most only 3 metres above sea level and is
surrounded by 61 km® of reef to a maximum of 30 m depth. Recent multibeam sonar
mapping around the U.S. Pacific remote island areas (Vroom et al., 2006; Fergeson et al,,
2006) provides a detailed look at the morphology of Line Islands, in particular at the
surrounding shelf and slopes of Palmyra Atoll. The DEM produced here from these
data (Fig. 3.2) highlights the steepness of the slopes around the atoll and the depth of
the ocean in which it stands. At the reef edge, the sea floor drops very steeply to 1000 m
depth over 2 km and to 4000 m depth within 45 km. This is the typical depth of the

Line Islands submarine ridge (Hanmann et al., 2004).
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Figure 3.2: DEM of Palmyra Atoll looking to the northeast of the bathymetry surrounding Palmyra Atoll
down to 3400 m depth. Depth scale bar is in meters. The lagoons can be seen as depressions in the centre of
the atoll. Bathymetry data from Gaia Geo-Analytical et al. (2009; http://soest.hawaii.edu/pibhmc/
pibhmc_pria_pal_bathy.htm)

Analysis of the sea floor surrounding the atoll is beyond the scope of this study.
However, in brief, the sea floor has varying morphology and shows a range of slope
environments. To the immediate north of Palmyra, the sea floor drops neatly vertically
from sea level and flattens out towards the bottom at about 3000 m depth. This area of
sea floor is relatively smooth and appears free from any debris or significant reef growth
other than around the atoll. In comparison, the sea floor on the southern side of the
atoll, which shows significantly more debris or rubble, extends to the south before
eventually reaching the depths equal to those on the north. This debris is hypothesised
to be reef material that has washed or slumped off the reef terraces into deeper water

but this cannot be confirmed without further investigation.

A significant feature of the bathymetry is the area to the west of the atoll. There,
a large area about equal to the atoll edifice itself and lies at around 1500 m depth. This
area is highly irregular and has multiple cone-like features scattered across its platform
(Fig. 3.2). Little is known about this area and it may represent an extension of the

original volcanic edifice or significant flank failure from a once-larger atoll.
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3.1.3. Morphology

One of the most notable features about Palmyra Atoll is the east-west
elongation of the reefs and overlying atoll islands (Fig. 3.3). Palmyra Atoll is
approximately 7 km long from east to west and nearly 3 km wide from north to south.
The atoll is also unique due to the four main lagoons of approximately equal size, each
approximately 1 km across. The lagoons were separated by areas of shallow reef prior to
the U.S. military occupation in the 1930’s, and two of these areas remain today.
Although there has been no in-depth study of lagoon bathymetry, three of the lagoons
(East, Center and West lagoons) have developed karst topography, and reach a
maximum depth of 55 to 60 m. The inner slopes of the lagoons are extremely steep and
drop sharply away from the sand flats that are mostly exposed during low tide. A fourth
unnamed lagoon is defined between East Island and Barren Island and in thesis is

referred to as the ‘Eastern Flats’ (Fig. 3.3).
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Figure 3.3: Key areas of Palmyra Atoll discussed in this thesis. lkonos image (2000) of Palmyra Atoll,
courtesy of the U.S. Fish and Wildlife Service and Space Imaging, Inc.

Most islets have been connected since artificially joined during the 1940s (see
below), except for Sand and Home islands in the west, and Barren Island in the east.
The largest island is Cooper-Meng Island in the north, followed by Kaula Island in the
south. The northern and southern islets are broken by several channels between the

lagoons and the outer reefs which allow the flow of water into the lagoons. The islands
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have a combined total land area of 2.5 km?® with an average elevation of approximately 2

metres above sea level (Collen et al., 2009a).

An important feature is the pattern formed by the north-to-south elongate
islands and causeway that connect the northern and southern coasts. These are
represented by Barren Island, the East Island chain, the Lost Island chain and the north-
south causeway. All strike north-south and have a westward concavity. The north-south
causeway was constructed on a shallow shoal that is similar in shape to the eastern
island chains and it is presumed that this may represent part of the reef flat on which

reed islets never developed.

3.1.4. Distribution of reefs

Palmyra Atoll has around 60 km® of reef, which includes the two large reef
terraces to the east and west of the islands. Reef habitat mapping by NOAA’s
Biogeography group was published in November, 2010, and relevant maps are provided
in Figures 3.4 and 3.5. Figure 3.4 highlights algae and coral as the two main biological
classes on Palmyra’s reef, where the Fastern Terrace is dominantly algae and the
Western Terraces is dominantly covered in coral. There is little to no biological cover
within the lagoons or on the northern or southern reef edge, as these areas are mostly

bare or covered in sand and mud.

B Algae 50% - <00%  [B232 Live Coral 50% - <90% [ o cover50%- <so%  Biological Cover
[ Algae 90% - 100% [ Live Coral 90% - 100% [ INocoverso%-100% o 1 2

Figure 3.4: (From: U.S. Dept. of Commerce et al., 2010) Map of dominant biological classes on Palmyra
Atoll
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Figure 3.5: (From: U.S. Dept. of Commerce et al., 2010) Map of live coral cover classes at Palmyra Atoll.

A large proportion of the CaCO; sediment at Palmyra is produced by corals on
the reef edge and the cover of coral, determined by reef habitat mapping, is illustrated in
Figure 3.5. Coral cover is densest on the Western Terrace with coral cover up to 100 %.
The Eastern Terrace has comparatively sparse coral cover and is only reaches above 50
% on the northern edge of the reef. The back reef has a high number of corals within
the genera Montipora and Astreogpora, whereas the fore reef has more Pocillopora,
Hydrnophora, 1eptoseris, Gardineroseris, Fungia, Favites, and Favia individuals (Williams et al.,
2008). Branching Acropora species, an important source of gravel to the reef islands of
Palmyra, were generally more abundant within the back reef compared to the fore reef

(Williams et al., 2008).

3.2. Climate of Palmyra Atoll

Palmyra’s proximity to the equator dictates the atolls overall low seasonality,
high temperatures and light winds. This area is commonly referred to as the doldrums,
where the light easterly trade winds allow very calm conditions to develop. The ocean
currents surrounding Palmyra have a large influence on the local climate and the

currents often fluctuate as a result of seasonal and inter-annual variations.
3.2.1. Local climate

Due to the location of the atoll close to the equator, the wind climate at Palmyra
is low and consistent throughout the year. The winds at Palmyra are dominated by the
trade winds originating to the east or northeast of the atoll. Although no physical

records for periods longer than a few days are available for Palmyra, wind records have
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been reconstructed from hindcast data using the WAVEWATCH I (WWIII) model
between 1997 and 2009 (Fig. 3.6; Tolmann, 2002). This shows that most wind velocity is

less than 10 m/s, originating from 50° to 120°.

Palmyra has rainforest conditions as a result of the atolls location on the
southern edge of the Inter-Tropical Convergence Zone (ITCZ). Palmyra receives in
excess of 4500 mm of precipitation annually. On average 10.1 mm of rain falls daily at
Palmyra, with a monthly average of 310 mm of rain (Fig. 3.7). The ocean surrounding
Palmyra has a surface layer that is approximately 75 to 100 m deep with an almost
constant temperature between 28 and 29°C (Hamann et al., 2004). Between November
8" 1981, and December 29", 2010, there was an average weekly SST of 28.37°C
(Reynolds et al., 2002; Fig. 3.8).

Wind at Palmyra, DNovember—March Wind at Palmyra,OMay—September
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(n=15561) (n=15977)

Figure 3.6: Wind climatologies for Palmyra Atoll compiled from 13 years of NOAA WWIII global model
data by D. Zwartz, showing that east-northeast is the only significant wind direction at Palmyra in an

average year.
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Average monthly rainfall at Palmyra from
1979 to 2009
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Figure 3.7: Average monthly rainfall for Palmyra from CMAP (Climate prediction centre Merged
Analysis of Precipitation) estimated precipitation, average between 1979 and 2009 (Huffman et al, 1997)
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Figure 3.8: Weekly sea surface temperatures from Integrated Global Ocean Services System (IGOSS)
between November, 1981, and December, 2010 (Reynolds et al., 2002).
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3.2.2. Cyclones and extreme wave events

Palmyra Atoll receives very few tropical storm events due to its location outside
the major tropical storm centres to the east and west, and its proximity to the equator
means there is insufficient vorticity for cyclogenesis (storm formation) to occut.
Cyclogenesis to the west and northwest of Palmyra produces tropical depressions that
head towards the western Pacific. Storms that develop off the coast of Mexico and
move westward generally undergo cyclosis (storm death) or track northwards before
reaching Palmyra. Therefore, the atoll is located out of the path of almost all tropical
cyclones of any significant intensity. There have been only three cyclones observed in
the locality of Palmyra over the past 60 years, and only one of those reached wind

speeds in excess of 60 knots (Cyclone Ekeka in 1992; Brainard et al., 2005).

Although uncommon at Palmyra Atoll, the effects of tropical cyclones are
important to understand as it has been suggested that sediment entrainment across a
reef is limited to spring high tide conditions and decreases landward, as water level is a
major control of energy across the reef (Brander et al., 2004). Therefore, for most of the
time, the reef platform is relatively inert in terms of sediment movement, and any
significant changes in sediment production, transport rates and reef island sediment
budgets are dependent on extreme waves or storm conditions (Brander et al., 2004). For
instance, Hurricane Bebe in 1972 deposited an extensive storm rubble rampart onto the
reef flat of Funafuti Atoll in Tuvalu (Maragos et al., 1973). Subsequently, this rampart
has been reworked onto island shorelines (Baines and McLean, 1976) and increased the
island area along the eastern reef rim (Webb and Kench, 2010). Thus, hurricanes have
been shown to have constructional as well as erosional impacts on atolls (Bayliss-Smith,

1988).

Tsunamis generated by distant earthquakes are not observed at Palmyra Atoll
due to the steep topography surrounding the reefs. Since there is no continental shelf to
allow run-up for a tsunami to generate a destructive wave, tsunamis that propagate
across the Pacific Ocean have little impact on Palmyra, as happened as a result of the
Samoan earthquake on September 27", 2009, and the Chilean earthquake on February
29" 2010. However, tsunami can occur on oceanic atolls when there is catastrophic
flack failure. This can be caused by numerous exogenic and endogenic processes, such
as oversteepening and thermal alteration, that lead the sudden backwash onto the atoll
(Keating and McGuire, 2000). Such tsunamis give little to no warning and can have

catastrophic impacts on atolls; none, however, are known for Palmyra.
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3.2.3. El Nino Southern Oscillation

The El Nifio Southern Oscillation (ENSO) phenomenon is a quasi-periodic
climate pattern that occurs over a period that varies from 3 to 7 years. El Nifio events
are characterised by high air surface pressures in the west Pacific Ocean, which cause
the easterly trade winds to weaken or head west and the degree of cool upwelling to
decline (Philander, 1983). This leads to sea surface temperature (SST) anomalies in the
eastern tropical Pacific. Conversely, LLa Nifia events are characterised by cooler SST and
lower air surface pressure in the western Pacific (Philander, 1983). ENSO causes
variations in sea level on the order of 20-30 cm and tidal crests during the peak of an
ENSO cycle can produce wash-over of low-lying barrier islands on continental coasts of

the Pacific Ocean (Morton et al., 2000).

The coupled atmosphere-ocean dynamics that occur during the course of an
ENSO cycle greatly affect the surface water properties at Palmyra. Cessation of the
wind-driven upwelling of cooler, deeper waters at the equator during El Nifio years
leads to positive SST anomalies throughout the central and eastern equatorial Pacific.
During strong El Nifio events, inter-annual SST anomalies on the order of 1°C occur at
Palmyra, which drive enhanced convection over most of the central tropical Pacific
(Ropelewski and Halpert, 1987). On the other hand, La Nifia events are characterised by
enhanced equatorial upwelling, which maintains cooler drier conditions in the central
Pacific Ocean. In-sitn measurements suggest that inter-annual salinity anomalies over the

last large ENSO cycle may have been as large as 0.50 psu (Cobb, 2002).

3.2.4. Oceanography

The equatorial Pacific, as with other oceans, is subject to the upwelling of cool
subsurface water. In the equatorial Pacific, there exists a tongue of cool water stretching
from the coast of Peru to longitude 180°E, which is caused by both upwelling and
horizontal advection of cool water from the east (Wyrtki and Eldin, 1982). This
upwelling is caused by the divergence of the surface Ekman drift at the equator because
of the easterly trade winds (Wyrtki, 1981). As a result, Palmyra Atoll is located in the
strong SST gradient between the West Pacific Warm Pool (WPWP), with SSTs near
30°C, and the East Pacific cold tongue, where deeper waters with temperatures below

25°C are brought to the surface.
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The surrounding warm tropical oceans contain four major ocean currents (Fig.
3.9). The area is dominated by the easterly trade winds, which results in a complex
system of westward-flowing surface currents and eastward-flowing surface and
subsurface counter-currents. For the most part, Palmyra Atoll lies in the path of the
North Equatorial Countercurrent (NECC) (3°N to 10°N); a warm, eastward flowing

surface counter-cutrent.
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Figure 3.9: (From: Maragos et al., 2008; modified from Tromczak and Godfrey, 2003). Cross section of the
equatorial current system in the Pacific Ocean at 170° W. The crosshatching shows the NECC and SECC,
subsurface Equatorial Intermediate Current (EIC), North and South Subsurface Countercurrents (NSCC
and SSCC), and the Equatorial Undercurrent (EUC). Green and brown represents eastward flow and
white represents all westward flow. Black numbers in italics were observations from January 1984 to June
1986 (latitude 165° E), and bold red numbers were observations from April 1979 to March 1980 (latitude
155° W), with both representing transport in Sverdrups (Sv = 10° m%s) The red star shows the position of
Palmyra Atoll.

Due to the combination of high precipitation and the influence of freshwaters
advected from the WPWP by the NECC, ocean waters surrounding Palmyra maintain a
relatively low salinity of 34.7 psu (Wyrtki and Kilonsky, 1984). Seasonal migration of the
ITCZ also occurs as a result of the variation in trade winds. In boreal summer the ITCZ
resides at 10°N and moves to 5°N during boreal winter. This means that the ITCZ

passes Palmyra twice throughout the course of a year (Cobb, 2002).

Seasonal shifts in trade wind direction can influence the surface water properties
at Palmyra because of the proximity of the cool, salty westward-flowing South
Equatorial Current (SEC; 15°S to 3°N). During boreal winter strong north-easterly trade
winds drive the Ekman transport of water northward resulting in a dominance of cool,

salty water at Palmyra. Conversely, during boreal summer, weakened trade winds allow
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the influence of relatively warm, fresh NECC water to dominate. This variability

amounts to 1.2 °C in SST and 0.3 psu in sea surface salinity (SSS; Cobb, 2002).

3.3. Geological History of Palmyra Atoll

The Line Island submarine ridge was first assumed to have formed by the
movement of the Pacific plate over an oceanic hot spot similar to the Hawaiian chain
(Haggerty et al., 1982), which created a chain of islands as the Pacific plate moves north
over a stationary hotspot. This theory was abandoned when Leg 33 of the Deep Sea
Drilling Project (Nov-Dec, 1973) investigated the geochronology of the Line Islands
and the Tuamotu chain (Fig. 3.10; Schlanger et al., 1974). The minimum “basement age”
for the Line Islands was determined at site 164 (approximately 600 km northwest of
Palmyra Atoll) and was placed at between 79 and 83 Ma. The southern end of the Line
Islands shows a volcanism cessation age of 81-83 Ma BP, and at site 315 (located nearer
the middle of the chain) the age of cessation is 85 Ma (Fig. 3.10). Therefore, the central
part appears older than the northern and southern ends of the chain. As a result,
systematic movement of the Pacific plate over a melting anomaly beneath cannot

account for the geochronology of the Line Island volcanism.

The dates from nine volcanic edifices along the Line Island chain presented by Davis et
al. (2002) exhibit two major episodes of Cretaceous volcanism, each lasting about 5 Ma
and separated by approximately 8 Ma, which occurred synchronously over long
distances. These volcanic episodes also occurred at nonaligned edifices. The extensive
coeval volcanism along major segments of the chain is compatible with decompressional
melting of heterogenous mantle due to diffuse lithospheric extension along pre-existing
zones of weakness. The episodes of volcanism, therefore, are most likely related to
broad upwarping of the Superswell region in the eastern South Pacific (Davis et al.,
2002). The South Pacific Superswell is a broad region beneath French Polynesia that is
subsiding at a slower rate than predicted for a plate of the same age. The area also
correlates with an area that has a high density of volcanoes, low seismicity velocity in the

upper mantle, and a reduced thickness of the lithosphere (McNutt and Fischler, 1987).
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Figure 3.10: (From: Maragos et al., 2008; seafloor ages from Muller et al. 1997; map by CRED/PIFSC) Sea floor
and seamount ages in the central Pacific. Triangles indicate locations of dredge or drill age data, and stars

indicate location of multibeam data
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The initiation of a mid-oceanic atoll is explained by the subsidence theory of
reef development originally proposed by Darwin (1842). As a central land mass
(volcanic edifice) subsides, the surrounding fringing reef grows upward and outward to
form a widening barrier reef and lagoon system (Darwin, 1842). As the oceanic
lithosphere cools, it becomes denser and sinks relative to local sea level. It is this relative
increase in sea level which overtops the volcanic edifices and creates accommodation

space allowing coral to grow and the modern atoll to form.

During the LGM (18-23 ka), lowered sea level caused karstic erosion of
Pleistocene limestone, over which reefs did not re-establish in the Pacific region until
around 8000 yrs BP (Woodroffe, 2008). However, stable reef islets did not begin to
form until after the MHHS in the tropical Pacific, around 3000 ka (Dickinson, 2009).
Since the initial volcanic edifice is no longer evident at the surface, the atoll maintained
through the growth of the surrounding coral reef, sedimentation of limestone and

fringing beachrock outcrops (Keating, 1992).

3.4. Palmyra Atoll over the past 100 years
Table 3.1 lists some of the major events at Palmyra Atoll since 1802.

3.4.1. Discovering Palmyra Atoll

No Polynesian knowledge or occupancy of Palmyra is known and the atoll was
first sighted by European voyagers in 1802, by the captain of the American ship Palmyra.
However, it was not until 1862 that Palmyra was claimed by Captain Zenas Bent and J.B.
Wilkinson for the Kingdom of Hawai’i. Twelve years later the atoll was first mapped by
Commander Skerret of the USS Portsmouth (Collen et al., 2009a). Discovery of the atoll,
along with four other Pacific island (Jarvis, Baker, Howland and Kingman reef), led to
Palmyra being claimed for the United States under the Guano Islands Act of 1865
(Maragos et al., 2008a). However, the U.S. foreign office never ratified the claim and,
regardless Palmyra is too wet for the major accumulation of guano and was never

commercially mined.

3.4.2. Military occupation 1939 - 1945

The atoll was part of the Kingdom of Hawai’i until the latter was annexed by the

United States. It remained in private ownership until in 1939, with the threat of war, it
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was appropriated from the Fullard-Leo family by the U.S. Navy and construction of a
naval base was authorized by the U.S. Congress. Throughout World War II (WWII) up
to 6000 service men occupied the Palmyra Atoll Naval Air Station (Maragos et al.,
2008a). Although this period of occupation was relatively brief, significant changes
occurred during that time in order for the atoll to be used as an air base. Figure 3.11

summarises physical changes in Palmyra from 1874 to 2000.

Construction of the ship channel began in 1940, when contactors dredged a
channel 9 m deep and 60 m long between West Lagoon and the southwest ocean reef
(Fig. 3.11 and 3.12). Additionally, the reef which prior to construction separated West
and Center LLagoon was also dredged to a depth of 3 m to serve as a seaplane runway.
The shallow perimeter reef flats around most of West and Center lagoons provided a
base upon which to build the elevated road causeways that connected most islets. This
included the North-South Causeway built on the reef flat that separates Center and East
lagoons, which led to significant impacts on the circulation of the atoll through isolation
of lagoon water from the surrounding reefs (Dawson, 1959; Maragos, 1993). Cooper-
Meng Island (Fig. 3.13) was used as the main base and was enlarged to provide
sufficient area for two runways, the largest of which was 2000 m long, as well as a deep

draft dock and other facilities.
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Figure 3.11: (From: Collen et al., 2009a) Outline of Palmyra's reef islands recreated from maps and
photographs from 1874 to 2000. Black areas represent land above sea level, grey areas are shallow reef
flats and white are the lagoons or the surrounding ocean. The scale bars represent 1 km and are taken

from the original photographs.
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Figure 3.12: An aerial mosaic of Palmyra Atoll produced by the U.S. Navy in 1942 during construction of
the Palmyra Atoll air base. In the centre of the mosaic is the dredged seaplane runway and the ship
channel can be seen in the bottom left.

3.4.3. Post-WW!II

Upon cessation of hostilities, ownership of the atoll was returned to the Fullard-
Leo family in 1947, although it was used by the Civil Aviation Authority (CAA) for
several years. After the departure of the military and the CAA, the atoll was effectively
abandoned, with most equipment and temporary buildings removed. However, many
concrete bunkers are still present (Figs. 3.13A & B). As it was specifically excluded from
the 1959 Hawai’i Statehood Act, it remains the sole U.S. unorganised and incorporated

Territory. In subsequent years, Palmyra Atoll was left to natural forces with only

occasional visitors, including scientists to survey the reef.

Figure 3.13: A) A bunker remains on Cooper-Meng Island, now overgrown with vegetation. B) A concrete

structure sits dislodged on the coast of Home Island.
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3.4.4. Current status

In January, 2001, the atoll was established as a National Wildlife Reserve (NWR)
under administration of the U.S. Fish and Wildlife Service (USFWS). This followed the
purchase of the atoll in 2000 by The Nature Conservancy (TNC) and the transferral of
the surrounding waters to USFWS. TNC then established a field research station

capable of housing up to 20 scientists and staff on Cooper-Meng Island (see Fig. 1.1).

Today, Palmyra is jointly managed by TNC and the USFWS and since 2005
there has been a small TNC base staff with parties of up to a dozen scientific
researchers visiting the island as members of the Palmyra Atoll Research Consortium
(PARC). PARC at present, consists of nine research institutions: The American
Museum of Natural History, California Academy of Sciences, Scripps Institution of
Oceanography of the University of California (UC) at San Diego, Stanford University,
UC at Irvine, UC at Santa Barbara, UC at Santa Cruz, University of Hawai’i, and
Victoria University of Wellington. Research undertaken by PARC has many applications

to decision-making in island and coastal conservation worldwide.

Palmyra is the one of seven islands and atolls included in the Pacific Remote
Islands Marine National Monument, which was declared a national monument by
President George W. Bush in January, 2009. This monument represents “the most
widespread collection of marine- and terrestrial-life protected areas on the planet under

one country’s jurisdiction” (Bush, 2009).
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Table 3.1: Timeline of the significant events at Palmyra Atoll over the past 200 years

1802

1862

1874

1935

1939

1945

1947

1958

1961

2000

2001

2009

Palmyra first sighted by European voyagers

Palmyra claimed by Captain Zenas Bent and J.B. Wilkinson for
the Kingdom of Hawai’i

First survey of the atoll’s islands by USS Portsmonth

Growth of Barren Island above sea level

Initiation of military construction

Cessation of hostilities and most military construction

The atoll is returned to the Fullard-Leo family

Channels develop into East Lagoon, including the separation of
East Island and Papala Island

By September, the North-South Causeway has been breached in
two places

Palmyra is purchased by The Nature Conservatory

Palmyra becomes a fully protected National Wildlife Refuge

Palmyra Atoll incorporated into the Pacific Remote Island Marine

National Monument
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3.5. Research at Palmyra Atoll

Palmyra Atoll has been the subject of numerous ecological surveys throughout
its brief history and today remains the focus of a largely biological research effort. The
first botanical survey of the atoll was completed in 1913, by a scientific party from the
Bishop Museum and College of Hawai’i, Honolulu, led by Joseph Rock (Rock, 1916).
Today, research by PARC is examining many facets of the modern atoll, with a large

focus on marine biolo iven Palmyra’s unique status.
y

Despite this intense scientific effort focussed on Palmyra and its surrounding
waters, little research has looked holistically at the atoll system or the geological past.
As previously mentioned, these are limited to analysis of moderns sediment movement
(Collen et al., 2009a) and coral records (Cobb et al., 2003a). The recent geological and
hydrological changes at Palmyra have been documented by Collen et al. (2009a) and
record changes in the atoll morphology since 1874, the changes during WWII, and
modern behaviour of the atoll. Investigations into sediment movement and lagoon
hydrology (e.g. Collen et al., 2009b; Gardner et al., 2010) have the potential to make a

significant contribution to the management of the atoll and its reefs.

In 2003, Cobb et al. published a study of coral records from Palmyra in order to
understand the tropical Pacific climate variability. Multiple young modern and fossilised
massive corals were collected from Palmyra and precisely dated using uranium series
dating, enabling information from different corals to be spliced together to create one
continuous record. Using this method, monthly climate variations back to 1022 yrs B.P.
were able to be determined. This is gives the potential for reconstructing continuous,
multi-millennial climate records from different corals and is also important because it is

the only study to date fossil material from Palmyra Atoll.

Victoria University of Wellington is establishing long term research at Palmyra
on the importance of the carbonate sedimentology of the atoll and surrounding reefs,
and the ecophysical effects on corals and tridacnid clams. This includes the investigation
of the sources of carbonate production, the movement of sediment into and through
the lagoon, across the reef and off the atoll. The research presented here is
complimentary to the ongoing projects at Palmyra, and those of similar nature in other

locations in the wider Pacific Ocean.
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4. Methodology

This chapter, describing the methods used in this study, has been structured in
the chronological order in which the analysis were undertaken. Except for radiocarbon
dating, analytical work for this thesis was undertaken in laboratories at Victoria
University of Wellington. Many techniques, with the exception of the numerical wave

modelling, are standard processes and are briefly described here.

4.1. Field study

Field work at Palmyra Atoll (Fig. 4.1) was completed in one field season in
May/June, 2009. This primarily involved outcrop mapping, descriptions of lithofacies,
sampling and photography. Day trips were taken from the base station on Palmyra Atoll
to study all of the previously known outcrops and to explore for additional outcrops.
Many of the outcrops are located around East Lagoon and the Eastern Flats area (Fig.
3.3), furthest away from the base station, which meant that access was limited to periods
of high tide. Beachrock heights were measured from the modern reef flat. Some

additional samples and photographs were collected for the author by the June 2010 field
party.
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Figure 4.1: Map of the beachrock outcrops at Palmyra Atoll, highlighted in red (after Collen et al., 2009a).
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4.2. Lithofacies analysis

Vertical stratigraphic sections were described for 13 outcrops distributed along
the beachrock ledges located on ten islands on Palmyra Atoll (Fig. 4.1). Textural and
sedimentary structures were used to group the examined sections into six lithofacies.
Descriptions were accompanied by the collection of samples, 18 of which were
impregnated with epoxy resin, slabbed, thin-sectioned and point counted using a
petrographic microscope. A catalogue of samples used for petrographic analysis,
including locations and associated lithofacies is proved in Appendix A. Petrographic

descriptions are provided in Chapter Five.
4.2.1. Classification of lithofacies

The beachrock lithofacies described in this thesis were defined by physical and
biological characteristics, primarily grain size. The two most widely used limestone
classifications are based on those of Dunham (1962) and Folk (1959, 1962). In the
classification of Dunham, rocks are assigned names according to their depositional
textures, which is the simplest descriptive classification. The method of classification
followed here is that proposed by Embry and Klovan (1971), which expands the work
of Dunham to include terminology for coarse grained allochthonous limestones
where >10 % of the particles are larger than 2 mm. These are termed ‘rudstone’ for
clast-supported limestones, and ‘floatstone’ for matrix-supported limestones (Fig. 4.2).
This terminology is appropriate for the large clasts and the texture of the beachrock on
Palmyra Atoll. In accordance with the Embry and Klovan classification, matrix material
here is defined as particles smaller than 2 mm. This classification has advantages in that
it has a partially quantifiable, descriptive terminology that reflects environmental “energy”
and thus conveys genetic information more easily. However, it is also not as detailed as
the Folk classification and offers little flexibility in classifying diagenetically-altered rocks

(Scholle and Ulmer-Scholle, 2003).
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Allocthonous Limestone (origianl components not organically bound during deposition)
Less than 10% grains > 2 mm More than 10% grains > 2 mm
Contains Lime Mud No Lime Mud
Mud Supported
Matrix Grain
Supported | (>2mm)
> 10% grains | < 10% grains Grain Supported
0.03-2.0 mm | 0.03-2.0 mm
Mudstone | Wackestone | Packstone | Grainstone Floatstone | Rudstone

Figure 4.2: Textural classification of reef limestone after Embry and Klovan (1971), images highlighted in
yellow are used in this study.
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Figure 4.3: (From Chappell, 1980) Coral forms as a response to environmental stresses.
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The allochthonous conglomerates were also characterized by their biological
content. This differentiates the main coral clast morphology between massive, platy or
the more friable, branching forms. Identification of coral species in beachrock, beyond
the broad morphologies, becomes difficult as key features for distinction are lost after
death of the coral through abrasion and erosion (G. Williams, pers. comm.). However,
identification of the gross morphology alone is very important as it has implications for
the source of the sediments as well as the energy required to fracture and transport the
clasts. Light, wave stress, sediment and sub-aerial exposure are the four main stress
factors that affect the development of coral morphologies and their position on the reef

(Fig. 4.3).
4.2.2. Point counting

Compositional data for the thin sectioned samples were collected through
repetitive point-counting under 10 x optical magnification. Each sample was subjected
to three counts of 500 points, with a stage interval of 2 mm. The final appearance of a
carbonate rock is often as much a product of the secondary, diagenetic processes it has
experienced, as it is of the primary depositional features. For this reason, the original
constituents are considered separate from the cement. Data were analysed using all
counts normalised to 100 %, both without pore space and without pore space plus

cement. Point count data are presented in Appendix A.
4.2.3. Election Probe Micro Analyser

The Electron Probe Microanalyser (EPMA) allows geochemical investigation
beyond the scope of the petrographic microscope. Its primary use in this study was the
qualitative investigation of element distribution through the use of backscatter imaging
as well as mapping of the concentration select elements using a wavelength dispersive
spectrometer (WDS) in addition to the energy dispersive spectrometer (EDS). The
VUW JEOL 733 Electron Microprobe was used to conduct back scattered electron
(BSE) imaging and elemental maps of the samples. Accelerating voltage of the probe
current was constant at 150 kV, with a dwell time of 50 m/s. Raw data are presented in
the elemental maps according to relative concentration. Strontium (St), calcium (Ca),
magnesium (Mg) and barium (Ba) were mapped using the WDS. Additionally, sodium
(Na), aluminium (Al), silicon (Si), titanium (Ti), and iron (Fe) were mapped using the

less precise EDS.
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4.2.4. Aragonite staining

The cement of the beachrock was tested for aragonite, calcite and high
magnesium calcite by staining with both Alixarian Red S solution and Feigl’s solution as
described in Reid (1969, pg. 4). Sample material was etched in dilute HCI for ~6

minutes and then washed in running water prior to staining.

Alizarian Red S (Dihydroxyanthraquinone; C,,H,O,;) solution was prepared by
dissolving 0.1 g of Alizarian Red S in 100 ml of 0.2 % HCI. The cleaned and etched
surface of the sample was covered with the cold reagent solution and allowed to react
for about 5 minutes. The solution was then poured off and the etched surface was
washed carefully by decantation. Calcite, witherite, high-Mg calcite, and aragonite are

stained deep red by this process.

To distinguish between calcite and aragonite, Feigl’s solution was used (Feigl,
1958, p. 470). This was prepared by placing 1 g of Ag,SO, in a solution of 11.8 g of
MnSO,.7H,0 in 100 ml of demineralised water and boiled. After the solution had cooled,
it was filtered and 2 drops of dilute NaOH solution were added. After 90 minutes, the
solution was again filtered to separate any precipitate. It was then stored in a dark bottle
to prevent the solution reacting with light. When staining, the etched surface of the
samples was covered with the cold reagent solution and allowed to react for
approximately 20 minutes. Aragonite is stained black by this treatment, while both
calcite and high-Mg calcite are unaffected. Results from these tests were examined using

a petrographic microscope.

4.3. Clast-orientation and paleo-flow estimation

Many sedimentary structures yield depositional data that shows the direction of
the current at the time of deposition. In fluvial conglomerates, the orientation or
imbrication of the clasts relate to the strength and direction of the currents during
deposition (Selley, 1968; Graham, 1988). The beachrock at Palmyra shows similar
qualities and are investigated in this thesis as a tool for paleo-environmental studies.
However, clasts at Palmyra are affected by oscillatory flow, unlike the unidirectional

flow of a river, and thus may result in different trends.

Here, analysis of paleocurrents may aid in the interpretation of depositional

events and in the understanding of the geometry and trend of lithological units. This is
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feasible because the beachrock outcrops have undergone no tectonic deformation or
tilting, and therefore clast orientation data can be compiled and summarized directly.
The gravel clasts on Palmyra may show a preferred paleo-orientation because much of
the sediment deposited on the beaches consists of broken clasts of _Acrgpora coral which
have an elongate, rod shape. Due to their shape, these clasts tend to interlock and as a

result become resistant to subsequent currents or erosion.

During the 2009 and 2010 field seasons, overlapping, orientated photographs
were taken of bed surfaces in plan view at four individual locations. From these
photographs, paleocurrent analysis was accomplished by measuring the long-axis
orientation of coral clasts. To obtain a statistically reliable paleocurrent trend, numerous
otientation measurements must be made within a given stratigraphic unit. To achieve
this, every identifiable clast larger than 2 cm was measured within each photograph, or
of smaller size if necessary to give a minimum sample size of 30. Commonly, directional
data from a particular bed or stratigraphic unit show considerable scatter, and thus, data

are treated statistically to reveal primary and secondary directional trends.

In studies of large field areas, paleocurrent data often have their greatest value
when plotted on a regional scale to, reveal paleocurrent patterns. However, because
Palmyra has very little land area and the beachrock beds are relatively confined and
isolated, paleo-flow data were analysed individually for each beachrock bed.
Measurements (Appendix C) were combined to give total measurements for each bed,

and are presented as rose diagrams in Chapter Eight.

4.4. Numerical wave modelling

The hydrodynamics of Palmyra were modelled using the numerical wave model
SWAN (Simulating WAves Nearshore), developed by the Delft University of
Technology. From this model, a simple sediment transport model was inferred from a
well established relationship between bed shear stress (as determined by SWAN) and
the particle size and density. However, no attempt is made to produce a sediment
dynamics model. Here, the use of the numerical model to Palmyra Atoll is unique due to
application for the wave model to an oceanic atoll reef, and in the application to
determining past depositional environments of beach sediments. Due to this unique
nature of the wave modelling at Palmyra, which includes modelling an area with limited

baseline data, the full description of the methods and the acquisition of input data
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employed in the application of the SWAN wave model to Palmyra is provided in

Chapter Seven.

4.5. Radiocarbon dating

Conventional radiocarbon dating of beachrock clasts and cement was achieved
at the Waikato Radiocarbon dating laboratory. Samples were checked for
recrystallization of aragonite prior to dating and two were discarded. Dense calcite
samples provided by Tridacna maxima (giant clam) fossils were the preferred material for
dating because the dense shell is relatively resistant to recrystallization. However, where
Tridacna clasts were not present, a common genus of gastropod fossils (Turbo spp.) was
used. Although these are more numerous in the beachrock, they are also more subject to
erosion due to their thinner, more fragile shells. However, the Turbo sp. fossils that were
dated were well preserved and relatively unaltered, to the extent that the nacre layer was
still intact. A sample of Porites sp. was also dated, when Tridacna or Turbo samples were
absent. Additionally, a sample of cement was dated to determine the minimum age of
the beachrock at Lost Island. Although an ideal dating method, sufficient cement could

not be extracted at other locations and AMS dating was not available.

In tropical surface waters, there is a depletion of "C compared to atmospheric
concentrations mainly due to mixing with older, deep ocean waters. This offset is
known as the ‘reservoir age’ and the late Holocene reservoir ages in the Atlantic, Pacific
and Indian oceans depend on the geographic latitude of the region. Currently the
reservoir age is relatively consistent for pre-atomic testing tropical waters and ranges
between 300 and 500 years in the western tropical and subtropical regions between
40°N and 40°S (Fairbanks et al., 2005). The ages of material on Palmyra Atoll were
corrected for an oceanic reservoir effect of 350 £ 55 yrs. This is the reservoir age
measured at Kiritimati (n=4; Fairbanks et al., 2005), as no estimates presently exist for

Palmyra Atoll.

The corrected radiocarbon ages are presented in this thesis as calibrated years
BP (Before Present.; Table 6.1), as well as calendar ages in the C.E (Common Era). to
facilitate comparison to other reported ages and records. Conventional *C ages can be
calibrated into calendar years using numerous calibration curves based on absolutely
dated tree-ring chronologies and other archives. Precisely dated corals have provided a

calibration curve back to 50,000 yrs BP (Fairbanks et al., 2005). The conversion into

46



calendar ages here was achieved used the online calibration by Fairbanks et al. (2005; Fig.

4.2; http:/ /www.radiocarbon. LDEO.columbia.edu/).
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Figure 4.4: (From Fairbank et al. 2005; http://www.radiocarbon.LDEO.columbia.edu/) Calibration curve
for radiocarbon for the past 2000 year.
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5. Beachrock lithofacies and petrology

5.1. Beachrock distribution on Palmyra Atoll

Beachrock outcrops occur on 10 islets on Palmyra Atoll (Fig. 4.1), and although
beachrock is exposed along these shorelines, it is not possible to determine the extent of
original beachrock outcrops on Palmyra Atoll due to the significant modification of the
islands during military occupation (Chapter Three). During field work, care was taken to
distinguish between naturally occurring beachrock and the artificial rock which has
formed from the compacted rubble sourced from dredging of the lagoons and shipping
channel. Such deposits may have undergone natural cementation after artificial
compaction, or may possibly have had cement included. They are often found along
stretches used for roads and around relict structures as well as composing the composite
Cooper-Meng Island and the six completely artificial islands. An example of this along
the shoreline of the North and South Fighter Strip (Fig. 5.1), which were constructed as

runways for fighter planes and are now eroding on the northern edge.

Only one 2 sitn outcrop of beachrock is found on Cooper-Meng Island due to
the major alteration from the natural state of several small, disconnected reef islands
into the single large island which was centre of military activity (Fig. 3.11). However,
disconnected and isolated smaller outcrops and boulders can be found scattered along
the coast, suggesting that more extensive outcrops did exist. For example, material at
North Beach (Fig. 5.2) appears to be beachrock but now sits loosely on the reef flat and
appears to be out of place. Its original position and orientation are unknown, and thus it

is of limited use to the present study.

Today, remaining beachrock outcrops are predominantly located on the eastern
islands of the elongated atoll, as well as along the north and south coasts. Most outcrops
exhibit typical beachrock characteristics, being parallel to the coast and dipping seaward
at a low angle. Additionally, beachrock comprises all of Lost and Fern islands within

East Lagoon (Fig. 4.1)
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Figure 5.1: Northern edge of North fighter strip, which has eroded since its construction during the
military occupation.

Figure 5.2: Disconnected beachrock boulders on the reef flat at North Beach. Boulder is 5 m across. The
beachrock here is coarse grained and clast-supported, with mostly branching coral species.

As the process of cementation generally occurs sub-aerially, beachrock is only
exposed at the surface when the area has undergone significant erosion. Therefore,
headlands and the outer edge of islands, areas subjected to a higher degree of erosion,
tend to have more exposures of beachrock. It is unknown to what degree the beachrock
identified in this study extends inland due to the vegetation and unconsolidated

materials covering the outcrops from the edge of the beach.

Six lithofacies have been defined for the beachrock outcrops of Palmyra Atoll
using the classification described in Chapter Four, and the observed textures and
petrology related to their environment of deposition. The beachrock on Palmyra
typically has bimodal clast populations, consisting of the gravel portion that were
described from outcrop and in hand samples, and the smaller, matrix populations that
were analysed from thin sections. However, lithofacies 1a and 1b (Fig. 5.3) are heavily
dominated by sand grains, and thus are distinguished as separate lithofacies. The
following lithofacies are recognised on Palmyra Atoll and are described in detail in

section 5.2:
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1. Carbonate Sandstone
a. laminated
b. massive
2. Allochthonous Conglomerate
a. Rudstone
1. platy coral species
ii. branching coral species
b. Floatstone
1. platy coral species

ii. branching coral species

5.2. Lithofacies descriptions

In addition to the descriptions, samples were collected from the six lithofacies
and 19 of these were impregnated with epoxy resin, slabbed, thin sectioned and analysed
quantitatively using a petrographic microscope. Selected samples were chosen as
representative samples and analysed further with the EPMA. The observations from the
petrographic analysis were integrated with field data to help in the description of the
lithofacies, and determination of the origin of the cements. The cement is identified to
be predominantly aragonite (confirmed using Feigl’s solution; Fig. 5.3) and did not vary
with different forms of cement, mostly either acicular needles or micritic rims. Average
percentages of the allochemical components, as well as the cement and porosity, are

given in Table 5.1 and shown in Figure 5.4.

The undetlying reef/algal platform is exposed at almost all locations studied
here, except where covered by modern sand, and has been subjected to a high degree of
erosion. This pavement extends out from the base of the beachrock outcrop towards
the modern reef and represents the oldest surface of sedimentation of the beachrock.
The lithified coralgal platform is excluded from the following classification of lithofacies
as it is beyond the scope of this study. Additionally, it is still growing and

morphologically distinct from beachrock as it is not a single depositional entity.
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Figure 5.3: (A) Thin section of sample KO 031 (Cooper Island, lithofacies 2bii) showing banded aragonitic
cement stained black by Feigl’s solution. (B) Thin section of KO 010 (Holei Island, lithofacies 1a) showing

blocky aragonitic cement stained black by Feigl’s solution.

Table 5.1: Average composition of each beachrock lithofacies, as determined from raw point count data in
Appendix A.

Lithofacies

l.a 1.b 2.a.i 2.a.ii 2.b.i 2.b.ii
No. of samples 3 1 2 4 1 8
Coral 11.36 10.33 8.83 32.71 17.27 28.48
Algae 42.13 34.00 50.40 26.05 44.93 29.83
Pore Space 24.27 21.00 13.14 20.89 22.20 21.63
Cement 20.51 13.13 26.47 13.37 10.93 16.76
Bivalve 0.14 0.73 0.80 0.88 0.93 0.60
Gastropod 0.00 0.00 0.00 0.02 0.00 0.43
Foraminifera 2.67 19.87 0.37 0.90 0.93 1.49
Intraclast 0.00 0.00 0.00 0.49 0.00 0.05
Echinoderm 0.00 0.00 0.00 3.90 0.00 0.14
Bryozoa 0.36 0.93 0.00 0.73 2.80 0.30
Halimeda 0.00 0.00 0.00 0.07 0.00 0.32
Other 0.00 0.00 0.00 0.00 0.00 0.18
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5.2.1. Lithofacies 1.a — Laminated Sandstone

Lithofacies 1.a represents approximately 4 % of the total described beachrock
and is only present at Holei Island (Fig. 6.1). It consists almost entirely of weakly
cemented, well sorted sand similar to the modern beach sand on the adjacent beaches. It
has a uniform pale cream colour and consists entirely of coarse sand-sized particles. The
distinguishing feature of this lithofacies is the laminated effect resulting from large,
elongated pore spaces that average approximately 5 mm across and 1 mm deep (Fig.
5.5A). The laminations are a post-depositional feature and possibly occur due to the
weak compaction and friable nature of the lithofacies. The laminations are present in
both hand samples (~1 cm) and at outcrop scale (5-10 cm) and appear to be due to
localised dissolution of CaCQO;. Lithofacies 1a is also highly susceptible to bioerosion
due to its friable nature and contains numerous burrows occupied by sipunculid worms

(Fig. 5.5B).
5.2.1.1. Petrology

In thin section (Fig. 5.5C), this lithofacies consists mostly of uniform clasts
between 150 and 400 microns in diameter. On average, these are well sorted, sub-
rounded, non-spherical grains. The average porosity of this lithofacies is approximately
25 %. The composition of the laminated sandstone is difficult to obtain accurately
because of the small size of the clasts; further, these are also sufficiently abraded that the
identifiable structure of the organism or skeleton has often been lost (Fig. 5.5C).
However, there is a dominance of calcareous algae (~42 %) compared to the coral
fragments (~11 %) which form the second most common constituent. The remainder
consists of minor parts of bivalves, gastropods, foraminifera, bryozoans and other

unidentifiable material.
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Figure 5.5: (A) Hand sample from lithofacies 1.a, showing fine scale laminations created by elongated pore
spaces. Scale bar is in centimetres. (B) Sipunculid worm extracted from beachrock at Holei Island. (C)
Thin section of lithofacies 1a under cross-polared light. Dark areas are pore spaces and the lighter, white
areas show the blocky cement. Scale bar is 500 microns. (D) Backscattered electron image of sample KO
010, highlighting homogenous cement. Scale bar is 100 microns. Three clasts of coral and algae can be seen
on the edges of the image, as well as the black pore space at the bottom of the image. The triangular area in
the centre is most likely caused by plucking of a crystal during the thin sectioning process. (E) WDS image
of the concentration of Ca in the section of KO 010 shown in (D), including more of the pore space. (F)
WDS image of concentration of Mg in the same section as the previous figures. This highlights a high-Mg

object that is otherwise homogenous with the rest of the material.
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The blocky cement is very well developed locally, constituting about 20 % of the
rock (Table 5.1), with an evident meniscus fabric. The cement fabric is most clearly seen
under cross-polarised light, where the cement is easily identified (Fig. 5.5C). In BSE
images, the cement appears extremely homogenous (Fig. 5.5D). However, elemental
mapping of Mg (Fig. 5.5F) show areas of significant variation in the concentrations of
Mg within the cements. This may be due to dense coralline algae that have been
subjected to severe cementation. With the exception of such areas, the majority of the
cement appears to be relatively low-Mg calcite that has formed with a large blocky

morphology.
5.2.1.2. Inferred origin

The small, even clast size is evidence that this lithofacies represents a low energy
environment, similar to that of the present day North Beach and the sheltered beaches
on Holei Island and the southern coast. The laminated porosity also suggests that it did
not form under a thick overburden and has thus undergone little compaction.
Considering the grain size and the degree of sorting, this lithofacies would have been

subject to considerable reworking on the beachface prior to cementation.

The meniscus fabric presented in this lithofacies is diagnostic of a vadose or
intertidal environment of cementation. During low-tide and evaporative conditions,
seawater is held by capillary action at grain contacts. The uneven cements precipitated
within each meniscus result in pore rounding and, further, the crystals typically have
blunt terminations due to undernourishment from pore fluids, or dissolution, at their
tips. The consistency of the solid, blocky cements suggest that there was a significant
supply of seawater during cementation, leading to the conclusion that this lithofacies

formed lower down in the intertidal zone, beneath a thin veneer of sediment.
5.2.2. Lithofacies 1.b — Massive Sandstone

Lithofacies 1.b also has limited distribution and is found only along the inner
coastline of Papala Island (Fig. 6.1), making up only about 7 % of the total beachrock
on Palmyra. This lithofacies is a massive, fossiliferous sandstone, which is generally
darker than other beachrock found on Palmyra. This colour is due to a reddish brown
tinge around the outer surface of the grains, which is most likely due to algal pigments.
It contains a number of randomly-oriented coral and shell clasts up to 10 cm in the
longest dimension that, together with the lack of lamination, distinguishes it from the

other sandstone lithofacies. Both of the dominant molluscan species, Turbo cornutus and
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Tridacna maxima, are present as clasts as well as numerous species of platy coral in

varying states of preservation.

5.2.2.1. Petrology

In thin section (Fig. 5.6A-B), this lithofacies shows well sorted material, of
approximately 500 microns average size, with a porosity of about 21 %. This sub-
rounded to rounded clasts have relatively dark colouration when compared to other
lithofacies. Compositionally, calcareous algae are the main constituent (~34 %), with
coral fragments a relatively minor component (~10 %). However, foraminifera play a
significant part in the composition, compared to all other lithofacies, and contribute

around 20 % of the original components.

The cement has formed in two main episodes. The first generation is a rim of
dense, irregular micritic cement, which is succeeded by the more porous, acicular
cement. This second generation of cement is irregular in thickness. Close examination
of these cements using backscattered election imaging shows that both types are

composed of numerous smaller bands (Fig. 5.6C-D).

5.2.2.2. Inferred origin

This lithofacies must have formed in a medium to low energy environment, due
to the small grain size and also the presence of randomly distributed larger clasts. The
high degree of sorting and rounding of the grains suggest significant abrasion during
transport and reworking on the beachface. This lithofacies represents beach material,
similar to that of lithofacies 1la, that has been reworked sufficiently to remove
laminations, but includes a higher proportion of gravel clasts. The banded cements
show that cementation occurred during a series of brief episodes, resulting in the

extremely fine banding shown in the backscattered electron images.
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Figure 5.6: (A) Thin section of KO 038 (Papala Island) showing the dominance of algal fragments. A
fragment of an echinoid spine is present in the bottom right of the frame. The image also shows the
micritic rims (red arrow) followed by irregular sparry cement (yellow arrow). (B) Same section of KO 038
centred on two species of foraminifera. The cement surrounding the foraminifera have partially eroded
(arrow). (C) Backscattered electron image a different part of the same sample with a variety of
constituents. (D) Backscattered electron image of (B).

5.2.3. Lithofacies 2.a.i — Platey Rudstone

Lithofacies 2 sediments are classified by their biofacies as well as their lithofacies.
Clast-supported is defined as occurring when the matrix material of the beachrock is so
low in proportion to the clasts that the individual clasts are in contact with each other.
In this lithofacies, the matrix material, usually coarse sand, only exists in the pore spaces
between larger clasts. Lithofacies 2.a.1 occurs at three locations on the atoll, at Pelican,
Lost and Cooper islands (Fig. 6.1); overall it makes up approximately 20 % of the
beachrock at Palmyra. The lithofacies is a clast supported, platy conglomerate with the
larger clasts consisting almost entirely of platy and massive coral species. At outcrop
scale, this lithofacies is extremely variable and visibly coarse with clasts up to 30 cm in

diameter.
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5.2.3.1. Petrology

The matrix material is generally well sorted, sub-rounded grains. Cement exists
in greater amounts (26 %) than the porosity (13 %). The pre-cement detrital
components are also unevenly split between calcareous algae (50 %) and coral (9 %),

with minor components of bivalves, foraminifera, echinoderms and bryozoans.

For most of this lithofacies, the cement is dominated by up to five generations
of micritic cement. The dark rims of micritic cement are interspersed with brighter
layers of sparry aragonite (Fig. 5.7A-D). In discrete locations, the rims of micritic
cement appears to have disintegrated into a fine mud (Fig. 5.7B). Through microanalysis,
BSE images (Fig. 5.7C-D) show multiple layers of sparry cement of varying densities.
The cement appears to be homogenous in its composition and variations in the element
intensity; in particular Mg and Ca (Fig. 5.7E-F) are most likely due to density differences
between layers of cement. For instance, the outer most layer of cement is composed of
fine needles of aragonite, which are less densely cemented than older layers. Most
elements are homogenous between the cement and the clasts, except for Mg, which
exists in lower concentrations in the cement than in the clasts (mostly high-Mg algae

and foraminifera).

Lithofacies 2.a.i was analysed from two separate locations (Lost Island and
Pelican Island) which contained different amounts of cements. While the Lost Island
samples have cement averaging about 100 pm thick, Pelican has thick cement bands
visible to the naked eye in outcrop. The latter cement averages approximately 250 um in

thickness (Fig. 5.7D) but can be up to 600 um
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Figure 5.7: (A) Thin section of sample KO 031 (Cooper Island) showing rounded algal clasts surrounded

by multiple generations of micritic cement. (B) KO 016 (Pelican Island), shows similiar features to KO 031.
(C) Backscattered electron image of a sample from Pelican Island showing cementation around algal clasts.
The cement also extends approximately 100 pm into the outer layer of the clast. (D) Backscattered electron
image of beachrock from Pelican Island showing numerous bands of cement filling a pore space between
four algal clasts. (E) WDS element map of Ca on a thin section of beachrock cement from Pelican Isand. In
the top portion of the image is a section of shell, and an algal fragment is the lower left hand corner.
Banding of the cement is highlighted by the varying concentration of Ca, which is due to variations in the
density of the cement. (F) The same image as (E) but mapped for Mg. This shows that the cement and the
shell material have similar concentrations of Mg in them.
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The cement contains some five dark bands that, on closer examination, appear
to be gaps in the thick, dense cements that are filled with sparry, sparse cements.
Concentrations of Mg in all of the cements are relatively low when compared to the

clast materials, especially those dominated by high-Mg Amphistegina tests.
5.2.3.2. Inferred origin

This lithofacies was deposited under extremely high energy conditions, such as
significant storm events, and cemented rapidly afterwards. Platy corals and large Tridacna
shells are generally more resistant to mechanical breakdown than other species and
therefore are indicative of high energy transport. Due to the large overall grain size of
the clasts, energy from waves must have reached to the lower portions of the reef where
platy corals form. The lack of significant material smaller than 2 mm suggests either that
all finer material was transported elsewhere or was cemented so rapidly after deposition
that smaller material carried in by lower energy events was unable to penetrate into the

pOfC spaces.
5.2.4. Lithofacies 2.a.ii —-Branching Rudstone

Lithofacies 2.a.ii. occurs mainly at the eastern end of the atoll, on Barren and
northern East islands, but is also present at Cooper Island on the northern coast (Fig.
60.1), and is representative of approximately 26 % of the beachrock on Palmyra. This
lithofacies is a clast supported conglomerate similar to lithofacies 2.a.i, but is dominated
by branching coral species, such as Acrgpora. Beds of branching rudstone have variable
grain size and sorting within hand samples, with coarser material closer to the top of the
bed. This lithofacies generally has a much higher proportion of smaller clasts than in
lithofacies 2.ai. Beds with larger clast sizes are preferentially eroded, resulting in a

staggered or stepped appearance to the outcrop.
5.2.4.1. Petrology

The petrographic texture of branching rudstone is similar to that of 2.a.i.; that is,
it is composed of coarse, pootly sorted, sub-angular, non-spherical grains. It is the most
porous lithofacies present, with a porosity of 21 %. There are almost equal amounts of
the two major constituents, coral fragments (33 %) and calcareous algae (26 %). The
remaining material is composed of minor portions of bivalves, foraminifera, intraclasts
and bryozoans, each of which comprises about 0.5-4 % of the total. Gastropod

fragments are very minor (0.1 %).
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Figure 5.8: (A) Top surface of lithofacies 2.a.ii at the beachrock outcrop on Cooper Island. (B) A hand
sample of fine-grained branching rudstone from Barren Island. (C) Thin section of KO 026, from Barren
Island, which exhibits a large intraclast in the upper centre of the photo, surrounded by largely algae
fragments. (D) Thin section of KO 027, also from Barren Island, showing a section through a small
gastropod in the centre of the view surrounded by coral and algal fragments. (E) BSE image of KO 026
shows thin meniscus cement around the pore space and minor bundles of acicular needles between the
clasts. (F) BSE image of the same sample as (E) showing an algal fragment and a coral clast with minor

matrix material between them.
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This lithofacies has the least amount of cement, making up only 11 % of the
rock. This is because it contains only one generation of bladed aragonite cement, which
has not formed complete rims around the grains. Similar to elsewhere where larger coral
clasts are present, needles of aragonite have formed within the intra-clast pore spaces of

coral clasts.

Backscattered electron imaging of a sample from the Barren Island outcrop
shows relatively homogenous individual clasts, as well as the cement material (Fig. 5.8E-
F). Some clasts show infilling of the pore space or borings with cement that is
compositionally different to the cement binding the rock. The dominant cement type is
unique to this lithofacies and forms highly irregular acicular needles in clumps around
the smaller matrix material (Fig. 58-F). However, this is not consistent throughout the

sample and some areas lack cement.

5.2.4.2. Inferred origin

It is likely that this lithofacies formed in a medium to high energy environment,
much like the conditions that are present today along the eastern side of Barren Island.
Material deposited on the beach during high energy events is combined with finer
material from moderate conditions. The presence of numerous beds of varying grain
size also suggests that the outcrops of this lithofacies formed from numerous
depositional events. Today, greater wave energy affects the eastern coast of Barren
Island than anywhere else on the shorelines of Palmyra, giving coarse, modern deposits.
The moderate to high energy suggested by the beachrock texture may be a combination

of storm deposits and normal but relatively high energy conditions.

5.2.5. Lithofacies 2.b.i — Platy Floatstone

Lithofacies 2.b (both i and ii) differ from the previously described lithofacies in
that they are conglomerates with sufficient matrix material that the clasts are not in
direct contact with each other. These matrix-supported facies are defined as only
containing 20-30 % clast material. Lithofacies 2.b.i is encountered only on East Island
(Fig. 6.1), and makes up approximately 10 % of the described beachrock. The matrix-
supported, platy conglomerate lithofacies is poorly sorted and contains very angular
clasts of a variety of platy coral morphologies, which give the outcrop a very rough,

jagged and uneven appearance.
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Figure 5.9: (A) Outcrop of platy floatstone on East Island. (B) Closer view of a weathered portion of platy

floatstone on East Island. (C) Thin section of KO 035 from East Island, showing a variety of grain types
and sizes cemented with a thick meniscus fabric. (D) A different section of the sample in (C) at a higher
magnification. This is mostly matrix material and highlights at least three generations of cement binding
the grains. White areas within (C) and (D) are inter-clast pore space.

5.2.5.1. Petrology

In thin section, the matrix of lithofacies 2.b.i consists of pootly sorted, sub-
rounded grains. There is a high proportion of grains smaller than 2 mm that comprise
the matrix. These are mainly composed of calcareous algae (45 %), with lesser coral
fragments (17 %). The rest is composed of minor portions of bivalves, gastropods,

foraminifera and bryozoans. It is a relatively porous facies with an average porosity of

22 %.

Cement in this platy floatstone lithofacies is not as common as in other
lithofacies and only accounts for 11% of the composition. This lithofacies has on
average two generations of micritic rims of cement, interspersed intermittently with
sparry cement (Fig. 5.9C-D). The micritic cement has formed as a meniscus fabric

around the pore spaces, creating the rounding effect also seen in other lithofacies.
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5.2.5.2. Inferred origin

The meniscus fabric formed by the cement in this lithofacies shows that it was
dominantly formed in the intertidal/vadose zone, similar to the laminated sandstone
lithofacies. However, unlike the laminated sandstone, it must have formed from much
higher energy deposits, similar to platy rudstone, to create the coarse, poorly sorted
deposits. The cementation process may have taken a longer period of time, perhaps due
to a lower position on the beach, further into the intertidal zone. This allows time for
finer clasts that would have been washed away during the initial depositional event, to
subsequently infiltrate the deposits and cement synchronously with the original material.
The combination of high energy deposits and considerably reworking is rare and may be

a reason why lithofacies 2.b.i is a minor lithofacies at Palmyra
5.2.6. Lithofacies 2.b.ii — Branching Floatstone

Lithofacies 2.b.ii is the most common lithofacies on Palmyra and is present on
Paradise, Holei, Cooper and Lost islands (Fig. 6.1). Together it makes up approximately
33% of the total described beachrock. This lithofacies is similar to the previous one,
being a matrix-supported, branching conglomerate with a high proportion of small (<2
mm) particles. It differs in that it is largely made up of branching, Acropora sp. coral
clasts. Clasts are generally smaller than those of platy corals so outcrops have a higher
degree of sorting of clasts. Beds appear to be sorted by size differences and contain a
variety of fossilised material besides corals including gastropods, bivalve shells and
echinoderm fragments (Table 5.1). The branching floatstone lithofacies is common
along both the north and south coasts of Palmyra Atoll as well as on the inner lagoonal

islands.

Lithofacie 2.b.ii is the most common lithofacies on the atoll and as a result
shows a high degree of variation. For instance, it is extremely variable in the degree of
sorting, ranging from very pootly sorted to well sorted. However, it contains
consistently sub-angular, non-spherical grains. The matrix grains range from
approximately 50 microns in diameter up to 2 mm, and are mostly calcareous algae
(30 %) and coral fragments (29 %). There are minor components of other allochemical
grains, the most common of which are foraminifera (1.5%), and by minor proportions
of bryozoans, bivalves, gastropods, intraclasts, echinoderms, and other clasts. This

lithofacies has an average porosity of 22 %.
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Figure 5.10: (A) Thin section of sample KO 003 from Paradise Island, showing mostly coral and algal
fragments surrounding by thick, irregular, micritc (dark) and sparry (light) cement. Scale bar is 2 mm. (B)
Thin section of beachrock from Cooper Island showing variation in banding of the cement. (C) Thin
section of lithofacies 2.b.ii from Lost Island showing dense micritic cement and acicular aragonite needles.
This also highlights the large number of foraminifera present at Lost Island. (D) BSE image of sample KO
002 (E) Element map of Ca for KO 002, which shows mostly homogenous calcium content throughout the
sample. (F) Element map of Mg for KO 002 showing relatively high Mg cement compared to the low Mg
clasts.
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5.2.6.1. Petrology

Branching floatstone has a significant amount of cement (around 21.2 %), which
generally consists of a few thick layers of dark, micritic cement enclosed by a lighter,
sparry cement (Fig. 5.10A-F). This cement forms a meniscus fabric around the grains,
creating smooth, rounded pore spaces. An exception is sample KO 013, from Holei

Island, where there is no dark, micritc cement present and the sole cement is blocky.

BSE imaging reveals variable numbers of cement bands in the samples from this
lithofacies (Fig. 5.10D). Sparry, acicular cement is dominant throughout the lithofacies.
The cement has low concentrations of Mg; however, the cement still has relatively
higher concentrations of Mg than the clasts except in the case of high-Mg foraminifera,
echinoderms and red algae (Fig. 5.10F). Very low but detectable amounts of Na, K, and

Ti are homogeneous throughout the cements, and are generally absent from the clasts.
5.2.6.2. Inferred origin

The textural characteristics of the branching floatstone are representative of a
relatively low to moderate energy environment where clast materials are transported to
the shore during significant wave events and are then subject to reworking on the beach
face before cementation. The rounding of the pore spaces due to the meniscus fabric of

the cement in this lithofacies suggests it was cemented in the phreatic or intertidal zone.

The concentrations of Na, K, and Ti within this and all other lithofacies
analysed is a result of the presence of seawater during the cementation process. This
supports the formation of these cements as being due to cementation from seawater,

rather than fresh water.
5.3. Summary

The classification of the beachrock at Palmyra Atoll is diagnostic of the
environmental conditions during the deposition of each lithofacies. A summary of the
lithofacies characteristics are shown in Table 5.2. Overall, the textural characteristics and
sedimentary structures identified in each of these lithofacies are diagnostic of deposition
in the shallow marine coastal environment. The dominance of large clasts in many
lithofacies suggests high energy was required to transport the sediment from their origin
on the reef edge to the shore. This is particularly true for the large platy coral

morphologies, which typically grow deeper on the reef and have a higher mechanical
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strength than friable branching coral morphologies. Therefore, they are only removed

and transported under high wave energy conditions.

Analysis of the petrology of the beachrock lithofacies suggests that most were
positioned within the intertidal zone of the beach during deposition. This is largely due
to the dominance of cement-forming aragonite, which only precipitates from shallow
marine phreatic zones (Desruelles et al., 2009). This is significant as it has implications
for the sea level at the time of deposition. Currently the beachrocks that are
stratigraphically youngest are all above the high tide mark although within reach of
waves during storm events. This suggests that the mean sea level at Palmyra Atoll was

higher when these rocks were deposited.

The structure of the rock is also indicative of the depositional environment. For
instance, the two clast-supported rudstone lithofacies were either deposited higher on
the beachface so that they were not affected by subsequent deposition, or cemented
before smaller particles could be incorporated into the rock. The presence of meniscus
cements indicative of the intertidal zone suggests the latter is most likely. In contrast,
floatstone lithofacies, which are matrix supported, most probably form well within the
intertidal zone due to the large amount of smaller, low energy material that may have

infiltrated during reworking.
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Table 5.2: Summary of the main characteristics of each lithofacies and inferred energy of depositional environment.

Lithofacies

Lithofacies name

Percentage of
total beachrock
at Palmyra

Atoll

Brief Description

Depositional
energy (inferred
from grain size)

l.a

1b

2.a.i

2.a.ii

2.b.i

2.b.ii

Laminated sandstone

Massive sandstone

Platy Rudstone

Branching Rudstone

Platy Floatstone

Branching Rudstone

4%

7%

20%

26%

10%

33%

Well sorted, sand with fine scale laminations of
pore spaces due to post depositional processes.

Well sorted sand that shows no lamination or
layering and has abundant, randomly distributed
fossil clasts

Sandy matrix supported conglomerate consisting
of predominantly platy coral species and
morphologies

Sandy matrix supported conglomerate consisting
of predominantly branching coral species and
morphologies. Cross bedding present in certain
locations.

Clast supported conglomerate of platy coral
species and morphologies. Multiple layers of
dense aragonite cement. Very porous and easily
eroded.

Clast supported conglomerate of platy coral
species and morphologies

Low

Low

Very high

High

High to
moderate

Moderate
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6. Outcrop stratigraphy

This chapter provides details of the outcrops of beachrock currently exposed on
Palmyra Atoll. The following descriptions are important in addition to the lithofacies
descriptions because of the high variability of beachrock at each outcrop, which gives
each a distinctive stratigraphy and depositional history. To understand the paleo-
environment of Palmyra, each location is examined individually as it is unique to its
location on the atoll. Stratigraphic sections were constructed for each outcrop as shown
in Figure 5.3., which are representative of the seaward face of the exposed beachrock.
Overall, each unit within an outcrop appears to represent a singular depositional event
over a relatively short time period and many suggest relatively high depositional energy.

Radiocarbon dating of six outcrops is summarised in Table 6.1.
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Table 6.1: Radiocarbon ages of seven samples from six sites at Palmyra Atoll. Barren Island beachrock is too young to be to be converted from % yrs B.P to calender years.

UTM coordinates Reservoir
Calender
Outcrop (zone 3N) Material 14C years B.P. corrected
years B.P.
years B.P.
Paradise Island 822460.56 E 650010.12 N Tridacna 1295 + 34 945 + 55 864 * 67
Cooper Island 823720.15 E 65217193 N Gastropod 1031 £ 36 681 + 55 645 £ 40
East Island 826258.29 E 650801.09 N Tridacna 1279 + 33 929 + 55 846 + 69
Pelican Island 825781.42 E 650209.65 N Tridacna 1370 £ 32 1020 £+ 55 797 + 68
Papala Island 825606.76 E 650593.34 N Tridacna 1236 = 33 886 *+ 55 934 + 47
Lost Island 825470.73 E 650788.55 N Tridacna 1660 =20 1310 + 55 1249 £ 52
Lost Island 825454.89 E 650766.72 N Cement 1009 £ 20 659 + 55 631 * 44
Barren Island 827467.94 E 650801.09 N Coral 454 + 35 104 £ 55 n/a
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Figure 6.1: Stratigraphic columns for Palmyra Atoll beachrock outcrops. Scale bar at the top of the stratigraphic sections refer to average clast size of the unit.
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6.1. Outcrop descriptions and stratigraphy

The beachrock outcrops at Palmyra show characteristics similar to typical
beachrock (Vousdoukas et al., 2007). The outcrops generally form ledges on the edge of
vegetated islands 0.2 m to 1.5 m above low tide level (LTL). They strike parallel to the
shoreline and dip seaward at a shallow angle, and most consist of two or three beds.

More detailed description of individual outcrops follows.
6.1.1. Cooper Island

The main outcrop of beachrock (Figs. 6.2A-F) on Cooper Island (5°53°32.17”N,
162°04°37.03”W) encompasses a section of coastline along the eastern edge of the north
coast of Cooper Island, approximately 50 m long, near the northern end of the runway.
This outcrop is one of the most complex outcrops on Palmyra Atoll as it is highly
irregular and variable both vertically throughout the section and laterally both east to
west, and north to south. The outcrop is discussed here as eastern and the western
sections on either side of a relict gun bunker (Fig. 6.2A). Erosional processes appear to
have affected the two sections differently. On the east, the outcrop is highly segmented
but not eroded to a flat surface, whereas to the west the continuous outcrop has seen
significant vertical erosion. Comparisons between 2006 and 2009 show significant
erosion of the unconsolidated sediment from the eastern section of the outcrop, which

has led to higher exposure of the outcrop.

In the western section, the segments of beachrock range from boulders as small
as 30 cm in diameter disconnected from the original outcrop to i situ sections up to
approximately 15 m long. Almost all of the units at this outcrop are dipping north at a
maximum angle of 5°. The exception is the youngest unit in the western section, where
the bottom contact is represented by an angular unconformity and dips north-northwest

at 10°.

On the whole, the outcrop is separated into three beds, each representing a
different lithofacies with sharp contacts (Fig. 6.2G). The stratigraphically oldest unit
consists of lithofacies 2.b.ii (Table 5.2) and dominates the eastern portion of the outcrop
as well as the older section on the western side. Layers within this lithofacies are
bounded by sharp contacts due to changes in the mean clast size, which vary between
approximately 10 and 20 cm. The upper contact is a sharp contact with lithofacies 2.a.i,

which is approximately 20 cm thick and found on the seaward side of the western
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portion. This unit has an average clast size of 15 cm and is considerably more porous
than the rest of the outcrop and as a result has been much more susceptible to erosion.
Lithofacies 2.b.ii is again present stratigraphically above this unit and remains relatively
uniform over approximately 50 cm. The most landward unit consists of lithofacies 2.a.ii.
and is made up entirely of small Acropora clasts, averaging 3cm in length. These clasts

have a high degree of orientation, trending north-south.
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Figure 6.2 (previous page): (A) The eastern portion of beachrock on Cooper Island. (B) The western section of
beachrock on Cooper Island. (C) The youngest unit on the western section of beachrock dips eastward. (D)
Section of beachrock showing three units, with the bottom unit partially covered by sand. (E) Cross-sectional
scetch of the western portion of the outcrop through which two of the stratigraphic sections were taken
showing the position of the modern high tide level (HTL; dashed line, as determined through observation
during field study). The dark grey represents observed beachrock and the light grey is inferred beachrock. The
sloping lines show the contact between beachrock units. This highlights preferential erosion of the porous
platy rudstone lithofacies. Stratigraphic sections across the beachrock outcrop section at Cooper Island are

shown below. The top axis represents the average clast size of the unit.

Gastropod fossils are common throughout the outcrop (Fig. 6.2F), but no
Tridacna fossils were found. Coral forms are variable throughout, although branching
Acropora sp. is the most common species. An age of 645 + 40 cal. yrs BP was determined

for the beachrock at Cooper Island through radiocarbon dating of a Turbo spp. shell.

6.1.2. Northern East Island

Further east, beachrock outcrops on the northern point of East Island as a large,
rough platform wrapping the northwest end of the island for approximately 180 m from
east to west (Fig. 6.3A). It extends out from the vegetated part of the island to, at most,
60 m from the coast, where the majority of the outcrop is covered by water for most of
the tide cycle. However, it is distinguished from the fossil reef platform due to its
conglomerate nature and dipping bedding, and appears to entirely consist of lithofacies
2.a.i (Fig. 6.3C). The outcrop has a dark grey colouration. The majority of clasts are well
sorted fragments of branching corals with larger clasts apparently randomly distributed.
The bedding is largely defined by variations in size of the clasts. It is made up of layers
averaging about 30 cm thick, and although the dip is relatively constant at 5-10°, the dip
direction is variable across the entire platform (Fig. 6.3A). On the eastern side, the dip
direction is almost perpendicular to the shoreline. On the northern point, however, it
appears to curve and extend out towards the reef edge. This may be a result of different
events of shoreline propagation, and may record the previous edge of the island. Overall
the bedded sequence is approximately 2 m in stratigraphic thickness. No age for this

outcrop was obtained.
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Figure 6.3: (A) Map of the beachrock outcrop on northern East Island indicating the overall strike and dip

pattern. (B) View of partially submerged beachrock platform at the northern end of East Island, looking
northeast. (C) Continued beachrock platform wrapping the coastline to the west. (D) Close up of the
beachrock lithofacies showing coarse grain size but few identifiable features. (E) Stratigraphic column of the
original beachrock section at the Northern East Island outcrop. The top axis represents the average clast size

of the unit.
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6.1.3. East Island

The eastern coast of East Island is almost 1.3 km long and contains numerous
beachrock sections that are here treated as a single exposure. The island itself is 140 m
wide at its widest point but beachrock only occurs on the eastern edge. Each section of
beachrock strikes north and is located at the contact between the sandy beach and the
land, above the low tide mark. At each location, only about 1 m of lithographic section
is exposed. These dip east at an angle between 11° and 15°. The beachrock along East
Island is highly variable but largely consists of lithofacies 2.b.i (Fig. 6.4A-F), although
significant changes in the average grain size are observed. The platy coral clasts that are
present range up to 30 cm in length. The larger clasts of coral, as well as the fossil
gastropods and giant clams, in this outcrop are well preserved and imply that these were
deposited in an environment with sporadic high energy events and were followed by
periods of low energy. The absence of later reworking is highlighted by the presence of
fossilised Fungia sp. coral in the outcrop (Fig. 6.4D) with fragile costal spines intact.
Species of Fungia occur occasionally on exposed reef fronts but do not relate to any

specific environmental conditions.

Further north, the beachrock shows a gradation in sorting. The sorting increases
rapidly upwards so there is a bed of well sorted, finer clasts at the top of the
stratigraphic column, with a decreasing proportion of matrix material. Mechanical
erosion has had a large influence at East Island and many sections of the beachrock
show significant undercutting, which has lead to the collapse and subsequent
destruction of the youngest unit. This has occurred because the youngest unit is
unaffected by wave action due to its supra-tidal position, whereas the older units are
subject to mechanical erosion by wave energy throughout the tide cycle. An age of 846
T 69 cal. yrs BP was determined for the beachrock at East Island from a large Tridacna
shell (Fig. 6.4C).
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Figure 6.4: (A) View to the northwest of a typical section of beachrock on East Island. (B) Photo of the outcrop
at East Island highlighting the undercutting present. (C) /n situ Tridacna shell, which was used for radiocarbon
dating of this outcrop. (D) Well preserved Fungia sp. indicating low energy during cementation. (E) Cross
sectional sketch of a portion of beachrock showing the position of the modern HTL (dashed line, as
determined through observation during field study). The dark grey represents observed beachrock and the
light grey is inferred beachrock under vegetation or koose sediment. (F) Stratigraphic columns for two section
of beachrock on East Island, one on the northern half and one on the southern half. The top axis represents

the average clast size of the unit.
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6.1.4. Papala Island

Prior to human intervention, Papala Island was disconnected from the surrounding
islands in the gentle arc of the eastern islands. Today this stretch of islands separates
East Lagoon from the eastern shallows. The outcrop on the modern Papala Island (Fig.
0.5A-E) is located along the north to northeast coast (Fig. 6.1), which is located within

the channel between East Lagoon and the Eastern Flats.

Lithofacies 1.b, fossiliferous sandstone, is unique to the outcrop. The beachrock has
a reddish tan colour throughout that appears not be the result of a modern algal coating,
but instead may have formed prior to cementation and then been incorporated into the
cement. The upper unit is approximately 50 cm thick and is continuous along the
northern coast of Papala Island. The lower unit was beneath the high tide mark and
appeared to be about 30 cm thick and defined by coarser sand with fewer coarse clasts.
Both units are comprised of poorly sorted sandstone with sparse coral, gastropod and
small Tridacna clasts up to 15 cm across. The maximum age of deposition of the

beachrock at Papala Island is 797 £ 75 cal. yrs BP.
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Figure 6.5: (A) View of the beachrock outcrop at Papala Island looking west. (B) Beachrock just above the high
tide mark at Papala Island. (C) A section of beachrock at Papala Island looking west. (D) Cross sectional sketch
of a portion of beachrock showing the position of the modern HTL (dashed line, as determined through
observation during field study). The dark grey represents observed beachrock. (E) Stratigraphic column for

the Papala Island beachrock. The top axis represents the average clast size of the unit.
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6.1.5. Lost Island and Fern Island

Lost Island, located on the inner edge of the sand flats within East Lagoon, has
an elongated elliptical shape stretching for 140 m north northeast and is approximately
30 m across (Fig. 6.1). The occurrence of beachrock here and at Fern Island is atypical
because they are entirely enclosed within a lagoon. The beachrock is also significant
because it contains some of the coarsest sediments found on Palmyra (Fig. 6.6B), but is
surrounded by an extremely low energy modern day environment. This suggests
significant changes to both the terrestrial environment and the sediment flux have
occurred to Palmyra since the beachrock deposition. Radiocarbon dating of both
fossilised T7idacna and the cement show that the oldest age of deposition is 1249 £ 52
cal. yrs BP and that one of the last episodes of cementation occurred 631 £ 44 cal. yrs
BP. This shows that there was approximately 600 years between the formation of
sediment (through death, transport and deposition of the organism) and cementation of

the outcrop.

The entire outcrop at Lost Island is dipping east at an angle between 5° and 10°,
exposing a large portion of the stratigraphic section on the western side, which is
composed of three units, which represent two lithofacies (Fig. 6.6D). The oldest portion
of beachrock is composed of lithofacies 2.a.i, which has an average thickness of
approximately 60 cm. The stratigraphically oldest section is only around 20 cm thick but
consists of platy clasts averaging 20-25 cm in length. Above this the clast size decreases
to approximately 10 cm, but the clasts are equally poorly sorted, and extremely coarse.
In these units, there is a significant amount of mechanically strong cement. This
contributes to the rough appearance of the outcrop as a result of erosion in places
removing clast material but leaving the encasing cement. The youngest unit is slightly
less coarse, and consists of lithofacies 2.b.ii. with an average clast size of 5 cm.
Considerable undercutting of this unit has occurred by the erosion of the more porous,

older layers, leading to collapse of the outcrop on the eastern side of the island.
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Figure 6.6 (previous page): (A) View, looking north, of the western coast of Lost Island. (B) Beachrock section
showing 3 units on the eastern coast of the island. (C) Similar to B, but further to the north of the island. (D)
Stratigraphic columns for the northern and southern ends of Lost Island. The top axis represents the average
clast size of the unit. (E) Cross sectional sketch of Lost Island beachrock from west to east showing the
position of the modern HTL (dashed line, as determined through observation during field study). The dark
grey represents observed beachrock and the light grey is inferred beachrock under the vegetation of the
island. The sloping lines show the contact between beachrock units. (F) Debris and vegetation cover
beachrock outcropping at Fern Island. (G) Beachrock segment disconnected from Fern Island on the northern

shore now supporting a coconut palm that is growing on the eroding edge of the island.

Fern Island is located approximately 300 m south of Lost Island and shows
similar features (Fig. 6.6F and G). This island is kidney shaped and 90 m long by 50 m
wide. The position of the island adjacent to Lost Island suggests that both formed as
part of a chain similar to the modern eastern islands chain. The beachrock present at
Fern Island is very similar to that of Lost Island but exists in low-lying slabs along the

coast that have undergone significant amounts of erosion.

6.1.6. Pelican Island

Beachrock on Pelican Island extends from the north-eastern corner and follows
the coast round to the south-western coast of the island for approximately 200 m (Fig.
6.1). This outcrop can be divided stratigraphically into two units, both of which are
lithofacies 2.b.. and distinguished by clast size. The youngest unit is approximately
60cm thick and lenses out to the south. It consists of poorly sorted brittle and very
angular clasts of platy coral with random orientation. The older unit is defined by a clast
size of less than 10 cm, as well as an increase in sorting in both clasts and matrix
material. To the south, the clasts become considerably larger and more rounded. The
rounding may be either a result of more reworking on the beach before incorporation
into the beachrock or more exposure of that section of the outcrop to erosion over
time. In this southern section, micro-phytokarst features (see Chapter Nine) are present
as a surface phenomenon which also suggests increased exposure of the section due to a
decrease in vegetation cover. Sipunculids are also actively bioeroding this material.
Pelican Island had numerous samples of well preserved, fossilised Tridacna, one of which

was dated at 796 £ 68 cal. yrs BP.
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Figure 6.7 (A) Beachrock outcrop at Pelican Island looking north. (B) Close up photograph showing the coarse,
poorly sorted nature of the beachrock lithofacies. (C) View of southern section of beachrock at Pelican Island.
(D) Eroded section of beachrock on the southern end of the island, which is subject to micro-phytokarst
erosion. Fossilised Tridacna are also present. (E) Cross sectional sketch from west to east at Pelican Island
showing the position of the modern HTL (dashed line, as determined through observation during field study).

The dark grey represents observed beachrock. (F) Stratigraphic column for the beachrock at Pelican Island.
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6.1.7. Holei Island

This outcrop is laterally uniform and dips south at a low angle (<5°). The upper
surface has hollows and irregularities (Fig. 6.7A-B) and is covered to varying degrees
with algae, cynobacteria and fungi that weather the outcrop orange-brown. Lithofacies
1.a (Fig. 5.6) is unique to this location and consists of a fine, well sorted sandstone with
noticeable but poorly defined laminations. In hand samples, these laminations appear to
be defined by layering of the large pore spaces within the rock. The unit is very pale
cream in colour where not externally altered. There are occasional clasts of platy corals
(~5-6 cm) confined to the upper 10cm of the unit. These coral clasts are well rounded
and, along with the sandstone, appear to be similar to modern day beach deposits of
fine sand with scattered pebbles of broken and rounded coral. This bed is host to large
numbers of sipunculid worms (see Chapter Nine), which may contribute to the

formation of the laminations.

The middle unit consists of lithofacies 2.b.ii, a matrix supported, branching
conglomerate, which has a gradational contact with lithofacies 1.a. This porous, clast-
rich layer is being preferentially eroded and as a result is undercutting the bed above.
The vertical variations within the bed show clast size increasing towards the top, leaving

a layer of pebbles near the contact with the younger unit.

The lowest bed is also lithofacies 2b.ii, but distinguished from the unit above by
a sharp contact, change in grain size and a large degree of cementation, all of which
suggest a separate depositional event. This bed is extremely hard and well cemented, and
extends out from the bottom of the outcrop to the south for up to 20 m. It is
distinguished from the fossilised reef platform by its conglomeratic nature. It is mostly
fine grained with lenses of coral pebbles on its upper surface. However, it is difficult to

analyse thoroughly as the unit is low-lying and thin.
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Figure 6.7: (A) View of the outcrop at Holei Island, looking west. (B) Closer view of the top surface of the
outcrop, looking northeast. (C) View of the contact between the middle and top units, indicated by the black
line. (D) A fresh vertical surface of the upper 1a lithofacies unit showing laminations. (E) Seaward edge of the

outcrop showing the stratigraphy. (F) Stratigraphic column for the Holei Island beachrock.
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6.1.8. Paradise Island

The beachrock on the south coast of Paradise Island stretches around the coast
for a distance of approximately 120 m. The entire outcrop consists of similar material
representing lithofacies 2.b.ii (Fig. 6.8F). However, layers are defined by differences in
clast sizes and proportion of matrix, and are on average approximately 30 cm thick.
These layers are all dipping approximately 10° to the east and striking approximately at
320°. Several layers within the lower section of the outcrop show indistinct cross
bedding. Additionally, most layers appear to show a decrease in clast size upwards, as

well as developing increased sorting (Fig. 6.8 A-E).

At the highest point, the beachrock on Paradise Island reaches 1.5m above the
reef platform and thus is well beyond the tidal range. The eastern section of this outcrop
is significantly more eroded than the section to the west. Similarly to Cooper Island,
these sections of outcrop are separated by a relict concrete bunker built in the 1940’s. In
both circumstances, it is the eastern section that is eroded more, which may be due to

protection of the western side from the alongshore currents by the gun bunkers.

Tridacna and gastropods are present throughout the entire outcrop (Fig. 6.8D). A

Tridacna shell used for dating the beachrock here gave an age of 864 & 67 cal. yrs BP.
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Figure 6.8 (A) Beachrock outcrop at Paradise Island showing angle and direction of dip, photo is looking
northwest. (B) Oblique aerial view of the western section of beachrock at Paradise Island, looking west. (C)
Oblique aerial view of the eastern section of the Paradise Island beachrock, which is considerably more
eroded than the western section. (D) Example of a well preserved, fossilised Tridacna cemented into the
beachrock. (E) View of the layers within the western section of beachrock. (F) Stratigraphic section of

beachrock at Paradise Island.
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6.1.9. Barren Island

There are three outcrops of beachrock present on the eastern coast of Barren
Island, each a few metres offshore on the eastern coast where they are located in
intertidal positions. Two of these outcrops are found at the northern end of the island
and the third is located at the southern end. This southern outcrop appeared to be more
extensive than those found in the north. However, it was also located well below the
water level at the time of the survey and thus was inaccessible; therefore only its
existence is noted here. Observations here at low tide were not possible because access
for lagoon boats to the eastern end of the atoll limits visits to periods immediately

adjacent to high tide only.

The two northern outcrops were found in shallower water close to the shore
and were therefore somewhat more accessible for observation (Fig. 6.9A-F). Both of
these are represented by lithofacies 2.a.1i. The northern-most outcrop is small, consisting
of three sections ranging from 0.5 to 1.5 m across. The second outcrop, ~150 m to the
south, is approximately 50 m long, stretching north-south parallel to Barren Island. The
entire outcrop is dipping east at an average angle of 5° and has a red-brown colouring.
Approximately 0.8 m of beachrock is exposed stratigraphically divided into beds
averaging 0.2 m thick (Fig. 6.9F). The beachrock consists of coarse, well sorted sand and
broken (Acrgpora sp.) coral fragments up to 0.3 m in length. However, rounding, size
and sorting are highly variable throughout the outcrop. Generally, it appears size
decreases and sorting and rounding increase vertically within the section. The unaltered
interior of the beachrock is pale pink/white in colour, similar to the modern day beach
sands on Barren Island (Fig 6.9D and 6.9E). The pink colouration is due to the presence
of red algal fragments in the rock. However, red algae lose their colour over long
periods of time (hundreds of years), which suggests that the beachrock of Barren Island

is relatively young.

This outcrop is estimated at being the youngest beachrock on Palmyra because
of the age of the island at which it is situated. Unfortunately, there were no Tridacna or
gastropod shells available from this location and, in their absence, a sample of coral was
used for radiocarbon dating. The age for the coral was 104 £ 65 calibrated years BP,

which is outside of the calibration range into calendar years (Fairbanks et al., 2005).
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Figure 6.9 (previous page); (A) Photograph taken looking south down the centre of Barren Island, the
northern beachrock outcrop can be seen offshore to the left (indicated by the white arrow). (B) Main
beachrock outcrop at Barren Island (looking east) extending parallel to the coastline. (C) View south from the
beachrock outcrop at the north of Barren Island (D) Fresh surface of beachrock broken off the Barren Island
outcrop. (E) Material typical of the modern beach sediments at Barren Island. (F) Stratigraphic columns of an
example of the two portions of beachrock at the northern end of Barren Island. (G) Cross sectional sketch
from west to east of the beachrock outcrop at Barren Island showing the position of the modern HTL (dashed
line, as determined through observation during field study), the dark grey represents the beachrock outcrop

and the light grey represents the island.

This is therefore assumed to be modern and to have formed in the past 80 years during
which Barren Island has grown. During this time, Barren Island has migrated westward
leading to the exposure of the beachrock outcrop a few meters offshore today. There
have been no significant sea level changes in this region since the outcrops formation
and therefore this is evidence that tropical beachrock, such as that at Palmyra, forms
within the intertidal zone. This is in agreement with the majority of the literature on the

topic (Chapter Two).
6.2. Summary

There is a concentration of beachrock outcrops on the eastern portion of
Palmyra Atoll. Although each outcrop is distinctive, they also show similarities between
one another. Almost all outcrops form small cliff or benches between the sea and the
islands they are found on. Radiocarbon ages date the upper surface of six beachrock
outcrops, and are considerably young and range from 1249 yrs B.P., at Lost Island, to
present day, at Barren Island. Beachrock forms in an intertidal position, which is
suggested by the Barren Island outcrops, thus the other outcrops at Palmyra suggest

formation during an elevated sea level.

It is important to note that many of the outcrops show depositional
environments that are out of equilibrium with the present conditions. In particular, Lost
Island sediments suggest that the island was once exposed to high energy conditions,
such as are generally found on the reef edge. This suggests that Lost Island was
originally located on the exposed edge of the atoll, and therefore should be older than
beachrock to the east, which is confirmed through radiocarbon dating. It is also
important to note how variable lithofacies are between and within individual outcrops.
This implies that unique conditions govern the deposition of each outcrop. The ability

to model deposition of the units of beachrock given their location on the atoll and the
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average clast size allows a more in-depth and detailed understanding of their
depositional environments, as well as furthering the understanding of the
hydrodynamics. This is achieved in the following chapters through the use of a

numerical wave model.
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7. Numerical wave modelling

Understanding the wave climate at Palmyra, both across the outer reef and
within the lagoon, is an important contribution to the overall understanding of this
complex atoll system, and has implications for management of the overall environment.
Currently, there is no readily available model of the effect of waves or sediment
transport across coral reefs on oceanic atolls. However, sediment transport is important
to understanding reef history and to projecting future changes in reef geomorphology.
Therefore, the SWAN (Simulating Waves Nearshore; www.swan.tudelft.nl) wave model
is used here as a tool for an intermediate step towards the understanding of atoll
processes with associated implications for sediment transport across the reef. A key
determinant of transport of sediment is bed shear stress, which can be calculated from
oceanic- and local-wave conditions by the SWAN wave model, provided wvalid
assumptions can be made regarding bed roughness. Using SWAN, it is possible to
understand the effect of breaking waves at the reef edge and the effect of wave
propagation across the submerged reef, especially on the Eastern and Western terraces.
This is important in order to understand the contribution of these reefs as sediment
sources for Palmyra Atoll, and in turn can aid understanding of the past depositional
environment through modelling the energy required to form the beachrock deposits of

the atoll.

Surface waves across coral reefs are important because as waves break on the
reef, the resulting increase of mean water surface elevation creates a pressure gradient
that drives reef circulation. The currents formed by this process can transport nutrients,
sediment, plankton, and larvae across the reef flat. Secondly, as sediment supply on
coral reefs is entirely derived from organic activity, understanding the transport and
other processes involved from growth on the reef to the site of deposition is extremely
important to understanding the atoll system. However, wave environments on oceanic
atolls are hydrodynamically complex (Karambas, 2003). Not only is the modelling of
breaking waves physically complex compared to understanding non-breaking waves, but
the former also create two directions of possible sediment movement due to their
oscillatory flow under non-breaking waves. The asymmetric shape of wave form results
in faster flow for a shorter duration in the direction of wave propagation, whereas by

contrast flow is slower but for a longer period in the opposite direction. As a result,
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coarse material is often moved in the forward direction due to the higher energy

requirements, and finer material is moved in the opposite direction to wave propagation.

Wave energy is progressively dissipated across the reef and thus sediment
transport at the landward margin is limited to spring high tide conditions, as water level
is a major control of energy across the reef (Brander et al., 2004). Therefore, for most of
the time, the reef platform is relatively inert in terms of sediment movement, and any
significant changes in sediment production from wave abrasion, transport rates and reef

island sediment budgets are dependent on extreme waves or storm conditions (Brander

et al., 2004).

This study presents results from a detailed investigation of wave processes,
through the use of numerical modelling, across the reef surrounding Palmyra Atoll in an
attempt to define the relationship between wave environments and the sediment texture
of the beachrock outcrops at Palmyra. The results have implications not only for
understanding paleo-environments and beachrock formation, but also for helping to
understand marine benthic communities and modern movement of sediment on the
atoll. Wave-induced bottom shear stress, calculated by SWAN, is not only fundamental
for sediment movement but has also been identified as a major factor in determining
benthic community composition, especially in wave-dominated areas (Dollar, 1982;

Storlazzi et al., 2005; Peterson et al., 2000).

The application of three-dimensional hydrodynamic models to oceanic atolls has
been limited (Andrefouet et al., 2006), and only three atolls have had any type of 3D
modelling published. For example, finite-difference models have been used to study
water movement at Mururoa and Majuro atolls (Tartinville et al., 1997; Kraines et al.,
1999) and a finite-element model has been applied to Rongelap Atoll in the Marshall
Islands (Peterson et al., 2006). The latter study is important with respect to this work as
it attempts to relate bottom shear stress and hydrodynamic conditions to ecosystem
function and resource management. However, these studies all focus on circulation
within partially closed lagoons rather than across the outer reef, which is the focus of
this study. The review of models applied to CaCOj platforms, reefs, and continental
lagoons bounded by barrier reefs is slightly more extensive but excludes true atoll
settings (Fernandez et al., 2006; Jouon et al., 2006; Andrefouet et al., 20006). Therefore,
the present study is the first of its kind and is applied in an area where there are few

long term climate and environmental records available.
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A sediment transport model for Palmyra Atoll is based on the SWAN
hydrodynamical model, which is a numerical wave model primarily used to model the
effects of winds and waves on continental shelves and in embayments. The overall aim
of using the SWAN programme in this study to model the wave environment at
Palmyra Atoll is to determine the bottom conditions, primarily shear stress, across the
reef and use these to understand the past and present distribution of sediment at
Palmyra, including the determination of conditions under which the beachrock clasts
were deposited. Rather than predicting waves through the use of wind and climate data,
the wave conditions for the model are obtained through hindcast data. The resulting
effect on the sea floor is examined and depositional conditions are defined by the wave
conditions necessary for sediment movement. Sediment movement is inferred from well
established relationships between bed shear stress, which is calculated in SWAN, and
particle size. No attempt is made, though, to produce a sediment dynamics model as it is

beyond the scope of this study.

A major impediment to hydrodynamical studies on Palmyra Atoll is the lack of
wave data. This deficiency has been addressed in the SWAN wave model by the
application of modelled hindcast data for conditions at Palmyra. These were defined
using the WAVEWATCH III (WWIII) model (Tolmann, 2002) together with
information collected from Triton buoys located closest to Palmyra (Fig. 7.1). The result
of this gives 3 hourly reconstructions interpolated from the WWIII model for the

period 1996 to 2009, and used as the basis for modelling the wave energy conditions.
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Figure 7.1: Location of the six closest TAO/Triton buoys to Palmyra Atoll

95



7.1. The SWAN wave model

SWAN is a third generation wave model developed by Delft University of
Technology and computes random, short-crested wind-generated waves in coastal
regions and inland waters (Booij et al., 1999). Given wind, bottom and current
conditions it is possible to obtain realistic estimates of wave parameters in coastal areas,
lakes and estuaries. It can also simulate the evolution of prescribed wave boundary
conditions. It is a widely accepted computer model, which explicitly accounts for
propagation, generation by wind, interactions between waves and the decay of wave
power by breaking and bottom friction. This model has most commonly been used for
modelling conditions within coastal embayments (Ou et al., 2002; Hoeke et al., z press)

but no published studies have previously applied SWAN to oceanic atoll settings.

SWAN has an advantage over other third-generation wave models, such as WAM
(WAMDI Group, 1988; Komen et al., 1994) as the latter are not able to be applied to
coastal regions at horizontal scales of less than 20-30 km and water depths of less than
20-30 m. This is because the shallow water effects of depth-induced wave breaking and
wave-wave interactions are not included and therefore such models are best suited to
predicting the waves at the surface of the deep ocean (Booij et al., 1999). In the SWAN
programme, waves are described with the two-dimensional wave action density
spectrum even in the surf zone, where conditions are highly non-linear. The evolution
of the wave spectrum is described by the spectral action balance equation (Boojj et al.,
1999; Hasselmann et al., 1973). Further implementation and validation of SWAN is
described in Boojj et al. (1999), and verification of the model is also given by Ris et al.
(1999). Other studies using the model include the modelling of Hanalei Bay in Kauai by
Hoeke et al. (#n press), which is a bathymetrically complex fringing coral reef embayment,

as well as the modelling of typhoon waves in Taiwan by Ou et al. (2002).

Modifications to the application of SWAN have been required for the present
study, because of the lack of observational wind and wave data. Rather than predicting
wave conditions through climate data, wave conditions are forced to match hindcast
wave records and the subsequent effects on the sea floor are examined. These wave
conditions are used to set the boundary conditions, which are then modelled across the
computational grid. The results are then compared to observations of sediment
accumulation on the reef to validate the results. Input parameters required to run the

model are bathymetry, wind and/or wave data, and the bottom conditions.
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7.2. Input parameters

7.2.1. Bathymetry

A 3-dimensional model of the bathymetry of Palmyra’s lagoon, shelf and slope
environments is based on two merged datasets downloaded from the NOAA Coral Reef
Ecosystem Division, Pacific Islands Fisheries Science Centre and the Pacific Islands
Benthic Habitat Mapping Centre, School of Ocean and Earth Science and Technology,
University of Hawaii (http://www.soesthawaii.edu/pibhme/pibhme_pria_pal.htm on
March 30", 2010; Gaia Geo-Analytical et al., 2009) and compiled by D. Zwartz (Victoria
University of Wellington; Fig. 7.2). The first data set comprises a 40 m grid of the
deeper sea floor and the second comprises a 5 m grid of the shallow reef flat using a
combination of swath bathymetry in the deepest parts and IKONOS satellite data,
where depth is obtained from pixel colour, across the shallows (Fig. 7.2). The
bathymetry dataset includes Simrad EM300, EM 3002D, and Reson 8101ER multibeam
data collected between the 24™ and the 28" of March, 2006. Northerly, easterly and
depth values were extracted using Generic Mapping Tools and manipulated by SurferS,
a contouring and 3D surface mapping programme to create a 3D surface map of the sea

floor surrounding Palmyra (Fig. 3.2 and 7.2).

The computational grid was defined by the coordinates given in Table 7.1.
However, the IKONOS data show considerable variation in the depth across the reef
terraces; this appears unrealistic, but can only be resolved in the future with
comprehensive LIDAR imagery. The 5 m grid data was combined with the 40 m grid to
create a composite grid (Fig. 7.3) using the 40 m grid in the deeper parts that were not
covered at higher resolution. The resulting merged grid is interpolated at 20 m intervals,
giving an elongate rectangle of 20.2 x 5.3 km around the atoll and adjacent reef terraces,
and extending into water at least 300 m deep on all sides. Approximately 50% of this

computational grid is shallower than 40 m.
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Figure 7.2: 5m grid of the bathymetry surrounding Palmyra down to 300 m depth. No vertical
exaggeration has been applied.
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Figure 7.3: Two dimensional image of the bathymetry of Palmyra expressed within the computational grid
defined. Depth is indicated by the colour shading from shallow (light blue) to deep (~300 m; purple); grey
indicates depth greater than 300 m or shallower than the LTL.
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Discrepancies appear between observations and the shallow bathymetry, which
show significantly more areas appear to be above high tide than are presently mapped.
This may be explained by the satellite mapping occurring at a low tide when some
shallow but submerged areas may appear as land. This was compensated for by setting
low tide as the current sea level and defining the boundaries from observations. The
islet coastlines were then defined using DIGIMAP and assigned an elevation of +0.6 m
relative to mean sea level, which is equivalent to the mean modern high tide level (the
datum level is defined as the mean low tide level). Most conditions were then modelled
using SWAN were run with sea level set at “high tide” as most sediment movement in

the shallowest areas will occur at higher stages of the tide.
7.2.2. Bottom friction

Estimates of wave energy on coastlines are dependent on the empirical wave
friction factor (f,) of the bed surface. The wave friction factor is an essential
dimensionless parameter for estimating wave-induced bed shear stress (Le Roux, 2003).
Lowe et al. (2005) show that under typical reef conditions, most wave energy dissipation

is due to bottom friction rather than wave breaking as previously assumed for coral

reefs and sandy beaches. However, f,

w

is difficult to define as it depends on other
parameters which are themselves rarely defined accurately. Also, different equations
must be employed for hydrodynamically rough or smooth flows, and the boundary
between them is also hard to define (Le Roux, 2003). Therefore, correctly estimating

this parameter has significant implications for the accuracy of the model results.

Madsen et al. (1988) extended the theory of energy dissipation due to friction in
turbulent wave boundary layer flows for monochromatic waves to spectral wave
conditions by defining representative flow parameters. This gives the basis for
predicting the friction as a function of relative bed roughness (r/a), where r is the
hydraulic roughness of the bed and « is the amplitude of the oscillatory wave motion at
the bed as estimated from linear wave theory, also known as the orbital excursion

distance (Nelson, 1997). For non-breaking waves, f, can be defined by:

£, = exp (5.3 (2)0'2 —6)

eq. 7.1
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Bed roughness (r) is dependent on whether or not the bed is movable (e.g.
migrating dune forms). If the bed is movable, then rvaries depending on the differences
in bed forms, though if the bed is fixed then the applicable relative roughness can be
easily determined for any wave and water depth combination because r becomes
invariant. Such environments include rock and coral reef platforms. However, field
measurements of hydraulic roughness for natural fixed beds, such as those found at
Palmyra, are difficult and expensive. This, although ideal, was not possible for the
present study and so 7 is semi-quantitatively estimated from photographs and personal
observations of the reef environment at Palmyra, as well as examples from the existing
literature. The value of » varies depending on the location on the reef at Palmyra. For
instance, the reef terraces have a high hydraulic roughness because of the uneven bed
surface and numerous large coral colonies (Fig 7.4). Thus, three zones of differing
roughness were identified at Palmyra: the northern and southern reef flats, the eastern
and western reef terraces and the sand flats in and around the lagoons (Table 7.2 and

Fig. 7.5).

Nelson (1997) showed that f,

w

and f (the wave energy dissipation factor) are
essentially interchangeable. Thus, the dissipation of wave energy is closely related to the
bottom friction. Nelson (1997) estimated the hydraulic roughness of the reef platform at
John Brewer Reef (Great Barrier Reef) as 0.06 m based on a mean « value of 0.29 m,
which corresponds to wave height and orbital amplitude. This gives the f, a value of
0.13, which corresponds to the friction exerted by the reef flat. This value was employed
for the reef flats of Palmyra and then extended the two other bed environments: sandy
beds, which are predominantly within the lagoons and the reef terraces, which are the
extensive submerged areas up to 20 m deep to the east and the west. For these, an
average bed roughness of 0.01 m and 0.2 m respectively was used. A mean orbital
amplitude of 0.29 m was employed for all three friction environments. These values give
/, values ranging from 0.03 to 0.3 depending solely on their bed roughness and are

displayed in Table 7.2.
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Figure 7.4: (A) Reef-scape photograph of the north-western part of the Western Terrace at a depth of 4 m

highlighting the rough bed of the reef. (B) Reef-scape photograph of the Eastern Terrace at a depth of 9
meters. (Photographs courtesy of G. Williams)

Table 7.1: Determination of the friction factor for the three main bottom environments at Palmyra

Roughness Orbital Friction

length Amplitude Factor
Sandy Beds 0.01 m 0.29 m 0.03
Reef Flats 0.06 m 0.29 m 0.13
Reef Terraces 0.20 m 0.29 m 0.3

Palmyra Atoll

652000

650000

814000 816000 818000 820000 822000 824000 826000 828000 830000 832000

Figure 7.5: Computational grid of Palmyra coloured according to the zonation of friction factor. Blue is
high friction factor assigned to the reef terraces and deep ocean; green is a moderate friction factor on the
northern and southern reef flats; and red is a very low friction factor assigned to the sand/mud areas on

the lagoons and beaches.
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The assumption that these three friction zone are homogeneous and distinct is a
significant limitation to the application of the model. There is most likely a large
variation within each friction zone that cannot be accurately estimated without extensive
observation and measurement. The zones presented here, therefore, are the simplest
estimate and are assessed in the review of the model’s application. Additionally,
sensitivity of the SWAN wave model to variations in the friction factor were not
investigated as it was beyond the scope of this thesis. However, Hoeke et al. (i press)
show that varying degrees of bottom roughness do not lead to large differences in the

resultant shear stress.

7.2.3. Climate parameters

SWAN is primarily used to model the effects of the wind climate on waves.
However, in this study the effects of the waves are known and the application has been
used to retrospectively model the waves needed to create this environment. In this
method, local winds are assumed to be minimal and have limited effect on the wave
climate at Palmyra. This is due to the small spatial scale of the model in an area with a
dominance of large, mature seas. Additionally, due to the location of Palmyra within the
doldrums, it typically has only light winds ranging from 5 to 10 m/s (see Chapter Three).
Seasonal directional wave climatologies were extracted from hindcast WWIII Global
Model for the years 1996-2009 (Tolmann, 2002) and are shown in Figure 6.6 for the
boreal winter (November to March) and the boreal summer (May to September).
Annually there is a bimodal wave climate dominated by waves generated locally from
the easterly or north-easterly trade winds and storm swells form distant storm swell (Fig.
7.6). Differences in the trade wind climate between seasons is minor due its location

near the equator.

Another consequence of the position of the atoll is that it is not affected by
many large local storms (see Chapter Three). However, Palmyra is still affected by large
distant storms whose waves propagate across the world’s oceans. In the Northern
Hemisphere winter, the majority of these occur in the Arctic and off the Alaskan coast,
sending large, long period waves down from the north. In the summer, Palmyra is
affected by distant storms that are produced during the Southern Hemisphere winter,
producing northward-flowing swells. Snodgrass et al. (1966) showed that large storms

from as far away as the Indian Ocean can be detected at Palmyra. These waves are not
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generated by local winds and as a result are not indentifiable in the wind climatologies in

Figure 3.3.

The bimodal wave climate of each season means that four main wave
environments at Palmyra Atoll can be identified (Table 7.3). Trade wind conditions are
dominant throughout the majority of the year. However, in winter, these trade winds are
strengthened slightly in terms of the significant wave height, although this does not
affect the direction or wave period. Two storm swell conditions are also identified at
Palmyra during winter and summer respectively. As mentioned above, in winter,
Palmyra can be affected by large storms near the Arctic Circle. These are identified as
large wave events with long periods travelling south past Palmyra. Alternatively in the
summer, Palmyra can be affected by such storms generated in the Southern Hemisphere
(Snodgrass et al., 1966). However, these wave events are noticeably lower amplitude,
although with just as long wave periods, than those from the north. This is most likely
due to a greater distance travelled, or a weaker original storm. This annual wave climate

is similar to that experience by the Hawaiian Islands (Harney and Fletcher, 2003).

Mean Wave Event Hezght, November-March Mean Wave Event Heoight. May-September

180 Hs (m) 180
(n=15561) (n=15977)

Figure 7.6: Wave climatologies for Palmyra Atoll compiled by D. Zwartz. The two plots represent
mean significant wave height for boreal winter (November to March) and summer (May to September) in
each respective direction (8) and peak period (T) bin. The frequency of each wave observation is represented
by the brightness of the bin colour, which is defined as the occurrence of peak direction (6 p) and peak period
(Tp) in each /T bin in the historical data. The frequency is also indicated by the black contour lines, which

represent 5 days per season. Additional wave plots are given in appendix B.
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Table 7.2: Typical average conditions of the wave climate at Palmyra Atoll, averaged over 13 years of

hindcast modelling.

Direction  Significant wave = Wave period Frequency
height (Hs) (seconds) (Days/season)
Summer 080° 2m 8 120
trade winds

Summer 195° 225 m 14 25
swells

Winter trade 070° 25 m 8 94
winds

Winter swells 330° 3m 14 54

As mentioned in previous chapters, there has only ever been one cyclone with
winds greater than 70 knots recorded near the atoll in recent years. Cyclone Ekeka in
1992 generated significant winds over the lagoons at Palmyra. However, no other
climate parameters were recorded for this event. Thus, in the present study, the wave
climate associated with storm conditions were estimated using the relationships and
patterns of other cyclones. Empirical equations describing the relationship between
cyclone wind speed and significant wave height and period are determined by Kumar et
al. (2003). These show that with a wind speed of 70 kt (33.4 m/s), waves can develop up
to 7.9 m significant wave height with a peak wave period of 11.6 seconds. The design
wave height is 9.39 m for 1 in 100 year return period for a direct hit of a cyclone in the

study region (Kumar et al., 2003).

In addition to unknown wave parameters, barometric pressures were not
recorded for the cyclone event. This makes estimation of the height of the storm surge
above mean high water difficult. Understanding the magnitude of the storm surge
during such events is important because increases in sea level decreases the magnitude
of wave dissipation due to bottom roughness across the reef. Therefore, during periods

of increased sea level, wave energy can propagate further across the reef.
7.3. Application to sediment movement

To begin with, it is necessary to apply the known modern conditions to the
SWAN model in order to establish the fit of the model compared to the known

distribution of modern sediment across the reef. This involves the application of the
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four annual wave regimes to the model. If this is in agreement with the modern reef
sediment, then the model and the aforementioned inputs are appropriate for use at
Palmyra. Then, as a result of the primary modelled conditions, investigation of the
influence of increasing wave strength, changes in wave directions as well as the influence

of rise in sea level has been studied.

Since one of the main aims of the SWAN wave model in this thesis is to
determine the wave climates necessary to move the sediment required for the formation
of beachrock, the threshold for sediment transport must be defined. For sediment to
move due to the force imposed from wave action, the critical shear stress on the bed
must be exceeded. Bed shear stress due to waves (7») is a function of the fluid density,
bottom velocity, and the dimensionless friction factor described above. The shear stress
can be constrained with the simple expression (Madsen et al., 1988; Lowe et al., 2005):

1
T, = EhWUg Eq.7.2

where uis the representative maximum near-bed horizontal orbital velocity calculated
by the model. Storlazzi et al. (2009) suggest that a minimum bed shear stress of
approximately 0.10 N m? is required to mobilize the finer terrigenous and marine

(calcareous) sediments.

The critical threshold for sediment movement is a function of its diameter,

density, and the density of the seawater. It can be describe by the following equation:

Tc = Cs(ps - pf)gD Eq.7.3

where D is the diameter of the clast (in this case, the average diameter of the beachrock
clasts), p, is the density of the sediment, g, is the density of seawater (1.025 g/cm’), g is
gravitational acceleration and C| is a dimensionless constant. For turbulent flows with
Reynolds numbers greater than 1000, the value of C, is constant, with a value of about
0.06 (Hsu, 1989). Equation 7.3 was used for sediments with varying densities, and the
results are displayed in Table 7.3. This shows, for example, that for a grain with a
diameter of 1 cm and a density of 1.6 g/ cm’, a shear stress of 0.34 Nm™ is required for

it to be moved.
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Table 7.3: The calculated critical shear stress for sediment transport for varying clast diameter (cm) and
clast density (g/cm®). The column in bold highlights the values for a density of 1.6 g/cm®, which was used as
the average density of clasts on Palmyra Atoll.

Diameter | os=1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8
(cm)

0.01 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01
0.1 0.02 0.03 0.05 0.06 0.07 0.08 0.09 0.10
1 0.22 0.34 0.46 0.57 0.69 0.81 0.93 1.04
2 0.44 0.68 0.91 1.15 138 1.62 1.85 2.09
3 0.66 1.02 1.37 1.72 2.07 243 2.78 3.13
4 0.88 1.35 1.82 2.30 277 3.24 3.71 4.18
5 1.10 1.69 2.28 2.87 3.46 4.05 4.64 5.22
6 1.32 2.03 2.74 3.44 415 4.86 5.56 6.27
7 1.55 2.37 3.19 4.02 484 5.67 6.49 7.31
8 1.77 2.71 3.65 4.59 553 6.47 7.42 8.36
9 1.99 3.05 4.11 5.16 6.22 7.28 8.34 9.40
10 2.21 3.38 4.56 5.74 6.92 8.09 9.27 10.45
11 2.43 3.72 5.02 6.31 7.61 890 10.20 1149
12 2.65 4.06 5.47 6.89 830 9.71 1112 1254
13 2.87 4.40 5.93 7.46 8.99 10.52 12.05 13.58
14 3.09 4.74 6.39 8.03 9.68 11.33 1298 14.63
15 3.31 5.08 6.84 8.61 1037 12.14 1391 15.67
16 3.53 5.42 7.30 9.18 11.07 1295 1483 16.72
17 3.75 5.75 7.75 9.76 11.76 1376 15.76  17.76
18 3.97 6.09 8.21 10.33 12.45 1457 16.69 18.81
19 4.19 6.43 8.67 10.90 13.14 1538 17.61 19.85
20 4.41 6.77 9.12 11.48 13.83 16.19 1854  20.90
21 4.64 7.11 9.58 12.05 1452 17.00 1947 21.94
22 4.86 7.45 10.04 12.63 15.22 17.81 20.39  22.98
23 5.08 7.78 1049  13.20 1591 18.61 21.32 24.03
24 5.30 8.12 1095 13.77 16.60 19.42 2225  25.07
25 5.52 8.46 11.40 14.35 17.29 20.23 23.18 26.12
26 5.74 8.80 11.86 14.92 1798 21.04 2410 27.16
27 5.96 9.14 12.32  15.49 18.67 21.85 25.03 28.21
28 6.18 9.48 12.77  16.07 19.36 22.66 2596  29.25
29 6.40 9.81 13.23  16.64 20.06 23.47 26.88 30.30
30 6.62 10.15 13.68 17.22 20.75 24.28 27.81 31.34
40 8.83 13.54 18.25  22.96 27.66 32.37 37.08 41.79
50 11 17 23 29 35 40 46 52
100 22 34 46 57 69 81 93 104
500 110 169 228 287 346 405 464 522
1000 221 338 456 574 692 809 927 1045
2000 441 677 912 1148 1383 1619 1854 2090
3000 662 1015 1368 1722 2075 2428 2781 3134
4000 883 1354 1825 2296 2766 3237 3708 4179
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7.4. Limitations

One of the most important limitations to this study, as previously mentioned, is
the lack of long term climate data in the central Pacific and here hindcast modelling is
used as a method of overcoming this gap in knowledge. However, the wave parameters
used to model the hydrodynamics were averaged for the past 13 years, a time period that
does not include some of the extreme events known to have occurred at Palmyra. For
instance, Cyclone Ekeka (1992) gave recorded wind speeds of over 60 knots (111 km/hr)
and a handful of other tropical cyclones have been recorded in the vicinity of the
northern Line Islands. There is also photographic evidence of waves completely
washing over part of Cooper Island during the period of military occupation (Fig. 7.8)
although no climate data recording these events in the area are available. Therefore the
wave climatologies generated from WWIII Global Model hindcast cannot be completely

representative.

Figure 7.8: Photograph of waves flooding one of the buildings on Cooper Island during the military

occupation, date unknown but probably about 1942

Another important physical limitation is the variation in the micro-topography
of the reef flat. Bathymetry used for this area was taken from satellite altimetry. When

compared to the data acquired by swath mapping in the slightly deeper parts of the 5 m
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grid (Fig. 7.3) there appears to be considerable noise in the Ikonos data. This leads to
variations across the reef terraces, which may have implications for the SWAN results.
Although it is most likely that there are fluctuations in depth across these platforms, it is
unlikely that these are exactly where they appear on the bathymetry map. The reef flat
micro-topography is an important but difficult factor to understand and more research

is needed to achieve this.

Quantitatively relating shear stress to sediment transport is difficult in this
environment. The total bed shear stress is the sum of the bed shear stress related to
unidirectional flows, such as tidal currents and alongshore drift, and the bed shear stress
caused by oscillatory waves. Wave-induced currents are not calculated by SWAN and
need to be provided as an input. Since in this study only the effects of waves are being
examined, the effects of the currents are assumed to be minimal and are therefore
neglected. However this may not be the case, especially within the lagoons, where the
water is known to dominantly flow from east to west (Maragos et al., 2008a). Although
the observed currents mentioned do not affect the outer coast where this study is
focused, there are similar alongshore currents (Collen et al., 2009a; Collen et al., 2009b)

that are not quantified, which may affect sediment transport across the reef flat.

As a result of the lack of quantitative or observational data from Palmyra, the
SWAN wave model cannot be validated in terms of the models performance. Usually,
quantification of the performance of ocean wave models is achieved through the use of
a scatter index (e.g. Ris et al.,, 1999), which is defined as the rms error normalized with
the average observed value. However, this is not possible for Palmyra Atoll due to the
absence of accurate observational data. The validation of the model, therefore, comes
only through relating the results to observational records, which are limited to a handful

of locations on the coast.

Calculating the critical threshold for sediment movement at Palmyra has
inherent limitations because of the variety of density and shapes of the sediment. The
critical shear stress calculated in this study is for an average coral density of 1.6 g/cm’
(Hughes, 1987). However, different morphologies of coral have differing densities and
these can range from 0.15 g/cm’ to 2.8 g/cm’ (Hughes, 1987). Therefore the threshold
only applies to the average clast and does not represent the entire population of
sediments. In addition to this, other non-coralline clasts have greatly varying densities.
For instance, Tridacna valves are extremely dense as they are almost pure aragonite and

have very little porosity. This together with their considerable size (up to 30 cm), make
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clear that larger amounts of wave energy than those typically found in the same
environments at Palmyra are required to move them. Furthermore, the equation for the
critical shear stress assumes that particles are spherical, which cleatly does not apply to
the majority of clasts on a coral reef. In fact, the sands and gravels at Palmyra Atoll have
greatly varying morphologies, from elongate Acrgpora coral clasts to large, convex

Tridacna valves, and these may either enhance or hinder transport.

The SWAN wave model also has limitations that are inherent to the program.
These cover aspects such as triad wave-wave interaction and wave-induced set-up as
well as internal scenarios and limiters. Complete computation of quadruplet wave-wave
interactions are difficult and time consuming and not feasible for wave modelling.
Eldeberky and Battjes (1995; in Booij et al., 1999) provide SWAN with an economically
feasible formulation of the triad wave-wave interaction and the lumped triad
approximation was later derived and employed in SWAN. It is important to note that
SWAN may have difficulty accurately modelling wave set-up and run-up across the reef
edge. This has yet to be investigated fully and as SWAN has rarely been used to model
waves on reefs of any kind, the accuracy of the model on these issues are unknown.
Despite such limitations, SWAN provides the most complete, three-dimensional

approach available for modelling oceanic atolls and their coastal environments.
7.5. Summary

Shallow wave models, such as SWAN, have yet to be applied to an oceanic atoll,
such as Palmyra, which is exposed to wave energy from all directions. Although SWAN
does not directly model sediment transport, it is inferred from well known relationships
between the bed shear stress and the clast size. This study contributes to the
understanding of paleo-climate and hydrodynamic environments in an extremely
isolated area of the Pacific Ocean. In particular, this impacts on the understanding of
processes of atoll island development and their relation to sea level. The possibilities of
the application of the SWAN wave model to such unique and dynamic environments
have yet to be fully explored but have the potential to become an important tool in the

study and management of atolls and shallow reefs.
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8. SWAN wave model results

8.1. Overview of wave modelling results

Application of the SWAN wave model to Palmyra Atoll determines the impact
that both oceanic- and locally-generated waves have on the atoll and its surrounding
reefs. Throughout an average year (see Fig. 7.6) two dominant wave conditions are
identified: the trade wind conditions due to the fetch built up from the easterly trade
winds, and swells generated from distant storms. These conditions vary depending on
the season, creating four main wave conditions. In addition to the trade wind and swell
conditions defined, very large and infrequent waves are known to impact Palmyra, such
as Cyclone Ekeka. Sea level is also an important factor to consider when investigating
atoll reefs and particularly when considering future stability of such fragile environments

and this is investigated using SWAN

Only large-scale oceanic-waves are considered here because the locally-generated
waves have a limited effect only on conditions within the lagoons. Although the use of
this wave model allows the conditions of beachrock deposition to be determined, this
chapter reports the distribution of energy across the reef as a result of varying wave
conditions. The formation of beachrock in terms of the SWAN wave model results is

discussed in detail in Chapter Ten.

Variations in wave climates were modelled at both low (0 m sea level) high (0.6
m) tide levels. However, the lack of accurate bathymetric data results in an inability to
accurately mask the grid for the exposed land at current low tide levels. This is further
hindered by the lack of observational records at low tide from the more remote areas of
the atoll. This is particularly difficult for the Eastern Flats areas and Barren Island, as
travel to these locations is only possible at close to high tide conditions. Overall, the bed
shear stress shows a similar distribution to that of the bottom orbital velocities, which

highlights the relationship between them.

Each set of wave conditions modelled by SWAN shows a unique distribution of
bed shear stress across the reef (Fig. 8.2). However, the patterns of the direction of
wave as they propagate across the reef are similar and are not dependent on the wave
height or speed. The directional pattern of waves as they propagate across the reef is

similar under all wave conditions modelled. As the waves pass the atoll, they increasingly
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curve inland and when they reach the opposite side of the atoll from which they
originated, they are refracted and converge, where the energy is then directed both

inland and offshore.

The frequent impact of relatively high energy waves results in significant
transport of sediment across the reef terraces, as well as influencing sedimentation rates
and the circulation of waters, both of which are important for coral health and growth.
Determination of the shear stress exerted on the bed during different wave climates
allows prediction of the size of sediment clasts that can be moved over specific areas of
the reef. This is achieved through equation 7.3, and depends on the nominal sediment
diameter as well as its density. For a grain density of 1.6 g/cm’ (the average density of
coral skeletons comprised of aragonite; Hughes, 1987), the critical shear stress required
to move a grain 10 mm in diameter is 0.33 N m™. For comparison, a boulder 50 mm in
diameter of the same density requires 1.69 Nm™. The critical shear stresses required for
varying sediment diameters with the density used for sediment movement at Palmyra

are shown in Figure 8.1.

Critical Shear Stress (where gs = 1.6)
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Figure 8.1: Critical shear stress required to move sediment with a density of 1.6 g/cm®
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Additionally, some of the variations across the reef terraces in the resulting plots
are due to variations inherent in the baseline data. For instance, there is an area of
shallow water on the north-eastern edge of the Eastern Terrace for which direct
observations are non-existent and its presence is inferred only from remote mapping.
This portion of the reef is subject to extremely high shear stress conditions under all
modelled conditions, although the validity of this bathymetry is difficult to assess.

Therefore, it has been neglected in the following sections.

Selected results of the SWAN wave model are plotted for the bed shear stress as
well as the orbital velocity of the waves and selected plots are displayed in Figures 8.2,
with selected statistics shown in Table 8.1. The average annual conditions modelled by
SWAN, described in the previous chapter, are in agreement with observations of
sediment accumulation on the sea bed in and around the lagoon. Of importance, areas
within the lagoons and nearshore are protected from most high energy waves due either
to the sheltering effects of the islands or through dissipation of the wave energy across
the reef flats. There is insufficient fetch or swell waves within the lagoons to cause

sediment movement other than that of fine sands and silt.

8.2. SWAN results and associated sediment movement

8.2.1. Modelled annual conditions
8.2.1.1. Summer trade winds

Summer trade wind conditions occur most frequently throughout an average
year and are characterised by 2 m swells from the east with a moderate wave period of 8
seconds, and thus the lowest energy of any modelled conditions. Such waves have their
greatest effect on the eastern side of the FEastern Terrace (Fig. 8.2A), as well as on areas
along the north and south reef edges that are impacted by shear stresses greater than 1.5
N m™”. Therefore these areas of reef are exposed to the highest amount of energy for the

longest period of time throughout the year.

There are areas of the reef, such as within the lagoons and in deep water, where
essentially no shear stress is exerted on the bed under typical trade wind conditions.
Elsewhere, the maximum shear stress obtained during these conditions is 65 N m™ and
the bottom velocities reach up to 201 m.s", mainly at isolated parts on the outer edge of

the northern reef flats. Therefore at most, these waves have enough energy on the
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bottom to move a boulder approximately 22 cm in diameter (with a density of 1.6 g.cm”)
on the most exposed part of the reef edge during ~120 days each summer. This area
would thus be cleaned of most sediment produced almost immediately. However, this

amount of shear stress only occurs at discrete and isolated areas of the outer reef.

Sediment movement, calculated from the critical shear stress (Eq. 7.3), is
significant across much of the reef during such weak wave events. There is sufficient
energy across 49% of the reef at Palmyra Atoll to transport clasts 1 cm in diameter. As
the clast size increases, the area over which clasts can be moved dectreases. For instance,
clasts 5 cm in diameter can be moved across 20% of the reef, and clasts 20 cm in
diameter can only be moved on 4% of the reef. The movement of these larger clasts
occurs on the eastern edge, where the reef absorbs and dissipates the energy emanating

from the east.

8.2.1.2. Summer swells

Summer storm swell conditions are characterised by larger, long-period waves
originating from storms in the southern hemisphere and occur least frequently
throughout an average year (25 days/season). However, even though these storm swell
events generally have a smaller significant wave height (2.25 m) than those formed
during the Northern Hemisphere winter, they still have a substantial impact on the atoll
(Fig. 8.2B). The reef flat on the south coast, where these waves have the greatest impact,
is approximately 150 m narrower that of the north coast and this affects the dissipation
of wave energy. As a result, the distance across the reef is not sufficient for the wave
energy to dissipate fully and waves still have significant energy when they reach the

coastlines of the islets.

At numerous points across the south coast the bed shear stress is at least 10 N
m?, which is sufficient energy to move boulders as large as 30 cm in diameter. This
energy also propagates across the eastern and western reef terraces, in particular around
the perimeter. On the whole, the Eastern Terrace appears to have a higher proportion
of its area subject to higher shear stresses. The force on the bed at its maximum can

reach a substantial 155 N m™ and the bottom velocities can reach 282 ms™.

Since the bed shear stress exerted during summer swell wave events is elevated
in relation to trade wind conditions, the area of reef over which sediment can be

transported increases by around 20%. For instance, 1 cm and 20 cm clasts of coral can
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be transported across 70% and 21% of the reef respectively, a significant increase from

the 49% and 4% allowed by the summer trade wind conditions.

It is important to note that during summer swell wave events, there is effectively
no wave energy exerted on most of the north coast as well as within the lagoons. This
includes areas out to Barren Island in the east and Sand Island in the west, and is due to
the sheltering effect of the southern reef crest. On the western portion of the reef flat,
the wave direction and therefore the predominant sediment transport direction, is

opposite the normal situation during easterly trade wind conditions.

8.2.1.3. Winter trade winds

Winter trade wind conditions are characterised as a strengthened version of the
summer trade wind conditions, in that the significant wave height averages 3 m rather
than 2 m and originating slightly more northeast, though the wave period remains the
same. There is a steady change in wave direction from east-northeast to east on the
portion of the grid south of the atoll. The closer to the atoll these waves are, the more
they begin to curve to the north so that the energy is directed almost entirely at the islets.
A similar effect occurs on the northern reef flats as well, where the energy is directed

almost directly into North Beach.

The spatial distribution of energy remains essentially the same during these
heightened trade wind periods. Shear stress during these conditions (Fig. 8.2C) can
reach up to 175 N m?, almost triple that exerted on the bed during the summer
equivalent, and orbital velocities can reach 272 m/s. This enetrgy is mainly concentrated
along the north coast and across the Eastern Terrace. Additionally, the area of possible
sediment movement during trade wind events increases slightly during the boreal winter
from during the summer months. There is a 10% increase in the area of the reef over

which sediment up to 1 cm in diameter can be transported (Table 8.1).

8.2.1.4. Winter swells

Winter swell conditions occur when Palmyra is subject to storm swells
propagating southward from high latitude cyclones and have the greatest effect on the
reefs and sediments of the atoll during a typical year. These events are characterised by
long period waves with significant wave heights of at least 3 m from the northwest, and

occur on average 54 days per season.
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During winter swell conditions (Fig. 8.2D), the maximum shear stress can reach
approximately 320 N m™, which is theoretically, sufficient to move boulders over 1 m in
diameter. The maximum orbital velocities during these conditions also occur in the
same areas and can reach approximately 326 cm.s”. The northern reef edges, as well as a
large proportion of both the Western and Eastern reef terraces, are subject to the
highest bed shear stress throughout such wave conditions. Unlike the deeper parts of
the reef terraces, this energy is dissipated relatively quickly across the reef flats.
Therefore, there are still relatively low energy environments at the shoreline of the reef
islands. The only areas of the outer atoll that are unaffected during such events are the

central sections of the south coast.

Overall, across 76% of the reef there is sufficient energy to transport sediment
that is 1 cm in diameter and medium gravel can be moved over 59% of the reef area.
There is sufficient energy to move larger clasts of 10 and 20 cm in diameter, over 48%
and 31% of the grid respectively (Table 8.1); as mentioned above, this mostly occurs

across the large reef terraces and on the reef edge.

Table 8.1: Area of reef over which there is sufficient wave energy at high tide to transport sediment of
increasing size under different annual conditions.

Size moved Summer: Winter:

over reef Trade winds ~ Storm swell Trade wind  Storm swells
lcm 49% 70% 59% 76%
5cm 20% 55% 27% 59%
10cm 11% 38% 18% 48%
20cm 4% 21% 10% 31%

8.2.2. Extreme events

Although there is a wide range of possible scenarios to model extreme (<5 m)
wave events, due to time limitations only a limited number of these events were tested
using the SWAN wave model. These included cyclone events, based on the estimates of
Cyclone Ekeka wind strengths to determine the wave climate, as well as very large storm
swells with a larger significant wave height and longer wave period. Based on winds of

33 m.s', the modelled wave climate produces waves estimated at 7.9 m in significant
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wave height with a period of 11.6 seconds (Kumar et al., 2003). Under these conditions
(Fig. 8.2E), substantial shear stress is exerted on the bed, reaching a maximum of
around 830 Nm®. Along with the estimated cyclone conditions, a variety of extreme
wave events were modelled with variations in both wave height and direction. Wave
events of this magnitude are relatively infrequent and do not appear in the 13 year
hindcast wave model or by historical evidence. During the modelled cyclone event,
extreme bottom shear stress is applied to the outer edge of the Fastern Terrace, which

can exceed 1000 N m™? in isolated areas.

SWAN wave modelling of extreme events, such as Cyclone Ekeka, show that
the direction of the wave or wind parameters does not have a great effect on the bed
shear stress difference between these two environments, although, the atoll does
provide some sheltering from waves. However, it is unlikely that the wind or swell
directions remain constant throughout a cyclone event and therefore both reef terraces

will be subject to similar bottom conditions during cyclone events.

When such cyclone conditions are modelled at high tide, movement of sediment
1 cm in diameter can occur across 79% of the grid (rather than a percentage of the reef
as used previously), or over 84 km”. Therefore transport of fine sediment is occurring
not only on the atoll, but also in some of the deeper water surround the reef edge.
Additionally, clasts as large as 10 cm and 20 cm can be moved across 32% and 26% of
the grid respectively. If this only occurs on the reef, then it relates to 57% and 46% of
the reef at Palmyra Atoll. This is likely to be the outer reef edge and the shallower areas

of the reef terraces.

8.2.3. Influence of sea level variations

The effect of relative sea level on wave energy was tested by increasing sea level
relative to high tide conditions. This sea level rise is a simplistic model that involves an
instantaneous rise in sea level where all other parameters are held constant. This showed
that additional bed shear stress was exerted on the sea bed inland from the reef edge due
to the increased sea level. This additional energy is displayed in 0.2 m increments in
Table 8.2. The results show that the additional bed shear stress forced by elevated sea
level increased until sea level has been raised by 1 m, after which the additional bed

shear stress resulting from additional sea level elevation was decreasing. These plots (Fig.
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8.2F and G) show that during a 1 m sea level rise, the wave energy can propagate

considerably further inwards before the energy is dissipated by friction on the sea bed.

Table 8.2: The additional maximum bottom shear stress caused by 0.2 m increments of sea level rise
during typical summer trade wind wave conditions. The additional energy peaks at 1.6 m, whichis 1 m

above the modern high tide level.

Sea level (m) Additional shear stress % increase Cumulative shear
(N m?) stress (N m™)

(modern)0.60 65.49 n/a 65.49
0.80 10.83 16.53 76.32
1.00 6.65 10.15 82.97
1.20 0.00 0.00 82.97
1.40 10.23 15.62 93.37
1.60 10.40 15.88 103.60
1.80 6.11 9.33 109.71
2.00 4.08 6.22 113.79
2.20 3.84 5.86 117.62
2.40 4.25 6.48 121.87
2.60 3.71 5.67 125.58

The four average annual conditions were modelled for varying sea levels, and
the effect on sediment transport was assessed. The areas of the reef over which
sediment transport can take place with a 1 m sea level rise are displayed in Table 8.3. If
the sea level was 1 m higher than the modern high tide level, then there is at most only a
slight increase of area (several km” of reef) over which sediment can be transported.
However, qualitatively, there are significant differences that are highlighted by the plots
of increasing sea level (Fig. 8.2F-G). These show that, although the amount of energy
has not increased notably, it does propagate further inland than during normal annual
conditions at the high tide level, particularly in the eastern flats area. There is sufficient
bed shear stress across the reef flats to move sediment in areas that are otherwise too far
from the reef edge or too sheltered from other islands to reach the critical shear stress
for sediment movement. This has important implications for the deposition of sediment

on the inner reef islands, such as Lost and Fern islands.

However, this model of sea level rise has not taken into account growth of the
reef or further accumulation of sediment across the reef, and assumes that same bed
roughness and friction factor that is estimated for the modern conditions. Thus, if the

growth of the reef flat has kept pace with sea level rise then there are unlikely to be any
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significant changes to the wave energy across the reef. Therefore, a higher sea level
could be accounted for by the reef unable to keep up with a relative sea level rise, a
storm surge, or the possible inability of SWAN to accurately model wave set up across

the reef crest.

Table 8.3: The percentage of area of the reef over which sediment can be transported during normal

conditions when sea level has been increased 1 m.

Size moved over ~ Summer: Winter:

reef: Tradewind  Storm swell Trade wind Storm swell
1cm 53% 73% 63% 85%
5cm 20% 56% 29% 66%
10 cm 10% 38% 18% 50%
20 cm 3% 22% 10% 28%

Figure 8.2 (following pages): Model results for SWAN wave model results over Palmyra Atoll and
surrounding reef down to ~300 m. Upper plot colour scale shows the bed shear stress exerted on the
bottom under given conditions (inputted wave and wind values given above the plot, including directional
arrow), where blue represents shear stress less than 1.5 and hence can move sediment up to 5 cm in
diameter and red describes the shear stress between 1.5 and 10.0 Nm? which has enough force to move
material between approximately 5 and 30 cm respectively. Additionally, grid space with bed shear stress
less than 0.001 Nm? is plotted as white and islands are shaded grey. Although most modelled scenarios
have a maximum shear stress greater that the upper limit of the scale bar, 30 cm sediment clasts are the
largest clasts found with beachrock outcrops and so it the upper limit of shear stress examined in this
study. The lower plot describes the orbital velocity at the bottom over the reef in cm/s for the same
conditions as the above plot. Directional arrows on both plots describe the change in wave direction as the
waves propagate across the reef. Wave directions from within the lagoons have been omitted because of
their oversimplification due to the complex nature of currents within the lagoon. A) Summer trade wind
conditions. B) Summer swell conditions. C) Winter trade wind conditions. D) Winter swell conditions. E)
Estimated Cyclone Ekeka conditions. F) Summer trade wind conditions with a 1 m sea level rise. G)
Winter swell conditions with a 1 m sea level rise. All plots, apart from F and G are modelled at the modern
HTL.
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(A) Summer trade wind conditions
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(B) Summer swell conditions Wave-induced Shear Stress
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(C) Winter trade wind conditions
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(D) Winter swell conditions Wave-induced Shear Stress
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(F) Summer trade wind conditions
1 m sea level rise
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(G) Winter swell conditions
1 m sea level rise Wave-induced Shear Stress
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8.3. Justification of SWAN

The SWAN wave modelling programme has been quantitatively assessed by Ris
et al. (1999), and shown to be able to account for shoaling, refraction, generation by
wind, white capping, triad and quadruplet wave-wave interactions, and bottom and
depth-induced wave breaking. However, the programme may not accurately predict the
wave run-up and set-up over atoll reef edges because it is primarily designed for
continental shelves. To assess the accuracy of the application of the SWAN wave model
to Palmyra Atoll, modelled conditions are here compared to the limited modern data

and observations.

Comparison to the modern environment at Palmyra was achieved by comparing
wave height and direction, and the distribution of modern, unconsolidated sediment on
the atoll. The distribution of sediment is the most comprehensive approach to
validation of the model because there are only very limited records and anecdotal

evidence of wave data.

8.3.1. Wave height and direction

The only wave records available from Palmyra, in addition to personal,
unquantified observations, are short-term records taken near Strawn Peninsula and the
lagoon side of the boat channel (pers. comm, G. Dunbar). These are both at the western
end of West Lagoon, which receives the maximum fetch developed in the lagoons due
to the easterly trade wind. These data show maximum significant wave heights less than
0.2 m which, when compared to the plots of modelled wave height (Fig. 8.3), suggests

adequate correlation between modelled and observed conditions.

Comparisons can also be drawn between the areas and magnitude of breaking
waves on the reef edge. Images from both IKONOS satellite and Google Earth were
compared to the plotted results of the SWAN wave modelling for low wave conditions
during the summer trade wind events (Fig. 8.4). These show that the modelled
conditions match the locations of the observed wave breaking in both satellite images.

Personal observations at Palmyra show similar agreement.
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Significant wave height during a winter storm swell event at high tide
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Figure 8.3: Significant wave height across the reef at Palmyra Atoll at high tide during winter storm swell
conditions.
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Figure 8.4: (A) A satellite image taken by Google Earth of Palmyra Atoll on the 21% of June, 2009. This
shows where waves are breaking during summer trade wind conditions. (B) Plot of the height of breaking

waves as calculated by SWAN for summer trade wind conditions, which matches observed conditions.
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8.3.2. Wave energy and deposits

The shear stress results modelled by SWAN are in good agreement with the
distribution of modern sediment at Palmyra. Observations around the coastline of the
atoll today show that there the south coast is often exposed to considerable wave energy,
as evidenced by the modern, un-cemented deposits of large coral and shell on the
beaches and inland on the edges of vegetation. Also noteworthy are the effects on the
bunkers and other large concrete structures built in the 1940s. For example, a bunker
situated on the beachrock outcrop of Paradise Island has significant amounts of coarse
reefal debris within it (Fig. 8.5). The only opening for entry of this is approximately 1.5
m above the reef flat. Therefore, there must have been wave events within the past 70

years that were large enough to transport coarse material of this size into the bunker.

Figure 8.5: Reefal debris found inside an abandoned bunker on Paradise Island, south coast of Palmyra
Atoll

Figure 8.6: A concrete building that was originally constructed in the centre of Home Island now sits on
the southern beach and is filled with poorly sorted reefal deposits.
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Similarly, a large concrete structure on the south-eastern end of Home Island
(Fig. 8.0) is tilted significantly, as well as also being filled with coarse reefal sediment.
Home Island is an unpinned cay, which has migrated northward since the structure was
built. Moving sediment from underneath the structure, causing the tilting, and exposure
on the coast, would require large energy events on the south coast. A nearby five-inch
gun platform on the south-western end of Home Island is now completely disconnected
from the island, while another has collapsed from its once high position (~3 m) on a
built platform on the island due to erosion on the southern face. These observations of
high energy events on the south coast fit with the results from SWAN model, in that
today there can be large wave-induced energy exerted nearer to the southern shoreline

in comparison to the north coast.

One of the major accumulations of sand on the outer coast of Palmyra Atoll
occurs at North Beach, which was created during the modifications of Cooper Island
(Chapter Three). In recent years, the area has been accreting at a rate in excess of 1 m
per year (Collen et al., 2009a). If any significant shear stress was able to be exerted on
this area during the annual storm swell events, then it would be washed clean of sand
and fine particles on a regular basis. However, the results of the SWAN modelling show
that even under significant winter storm swell events little wave-induced bed shear stress
is able to affect this area, thus validating the SWAN results and emphasising the ability
of the reef flat to dissipate wave energy. This also highlights the critical limit to which
the islets can accrete towards the reef edge before the wave energy becomes too great
for any sediment to be deposited, cement and thus stabilise islands. Overall, this
demonstrates that substantial sediment accumulation can only occur once sufficient

dissipation of wave energy from the wave energy has occurred.

Other important areas for examination are Barren Island and the lagoons. The
bottom sediments in the lagoons of Palmyra consist largely of sand, silt and mud size
particles. Therefore, a good measure of the model is to test under what conditions this
sediment is moved, since little shear stress is required for the transport of fine sediment.
None of the four average wave climates have sufficient force to propagate inland in
order to move this sediment, due to the roughness of the outer reefs dissipating wave
energy and the significant sheltering effect of the reef islets. Barren Island, today, is
frequently exposed to large wave-induced shear stress, which is a result of bed shear
stress that is not completely dissipated across the Eastern Terrace. As described in

Chapter Nine, the sediment on Barren Island ranges from coarse sand in the intertidal
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zone to large clasts of coral (mostly Acrgpora spp.) on the ridge top and down the
leeward side. The coarse sand within the normal tidal range is consistent with the
normal energy exerted in the area, whereas the larger clasts require greater than normal

wave events in order to be deposited.

8.4. Summary

Overall, the SWAN wave model is sufficiently accurate, for the purposes of this
study, when applied to an oceanic atoll setting despite inherent limitations and
uncertainties pertaining to the input data for the model. The results show that the reef at
Palmyra is regularly exposed to relatively high energy on the sea bed from both oceanic
and locally-generated waves. However, the friction factors employed in this study causes
most energy from the waves breaking on Palmyra to be dissipated before it can reach
the present coastline. As a result, the shallow areas of reef flats are relatively inert for
most of the year except during storm events, whereas the deeper reef terraces are

regularly washed clean of sand and gravel.

Global hindcast data were primarily used in this study due to the lack of long
term wind and climate data for Palmyra. However, these are significant to the
understanding of the wave regime in the equatorial Pacific because they highlight wave
events that are not due to local wind. The differences between the wind and wave
regimes at Palmyra are illustrated in Figures 7.6 and 3.6. These show that although the
high frequency, low energy waves are related to the constant easterly trade winds at
Palmyra, the storm swell conditions are not recorded in the wind records. This
highlights both the importance of detailed climate records and the risk of only assessing

one climate parameter.

Results from an investigation of the impact of the wind regime at Palmyra
suggest locally-generated wind effects should be ignored because they have a minor
effect on the overall wave regime. At Palmyra, wind has a very small effect during
relatively calm conditions (£ 0.1% of reef area across which sediment of a given size can

be moved) and an even smaller effect during swell conditions (£ 0.01%).

Throughout an average year a variety of wave climates are experienced at
Palmyra. In trade wind conditions the movement of sediment less than 1 cm in diameter

occurs over 50-60% of the reef, whereas clasts up to 20 cm in size can be transported

130



over only 5-11% of the reef. During storm swell conditions, the area of sediment
movement for any particular clast size increases by at least 10%. For instance, sediment
1 cm in diameter is moved over about 70-77% of the reef during a swell event, and

sediment up to 20 cm can be moved over approximately 21-32% of the reef.

Results from modelled extreme events are important because it is under these
events that there is the largest increase of energy across the entire computational grid,
and therefore, a corresponding ability to transport large clasts over a significantly larger
portion of the reef. However, modelling also shows that the reef flats are extremely
efficient at dissipating wave energy because there still remains a significant portion of
landward edge of the reef flat that is sheltered from these extreme wave events. It is
important, as well, to note the effect of a rise of sea level. Even though this does not
increase the actual amount of energy exerted on the reef in any given area, a rise in sea
level allows wave energy to propagate further across the reef flats and terraces than
occurs at the modern high tide level. Therefore, to move gravel sized sediment on the
shoreline of the reef islets, large wave conditions must be coupled with a high sea level

in order to propagate high energy across the reef flat.
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9. Associated atoll processes

Many processes influence the sedimentology on dynamic and fluctuating reef
islands, and a key driver of this change is sediment supply and the production of
sediment on the reef. This chapter primarily discusses a model of sediment production
for the reef at Palmyra. Additionally, although the hydrodynamics of the depositional
environment and sediment transport are largely being studied through the use of the
SWAN wave model, the directions of the wave energy during periods of beachrock
formation have also been studied by analysis of the orientation of the clasts within the

beachrock outcrops. The importance of biological erosion is also discussed here.

On small, low-lying atolls, the only source of sediment is biogenically-produced
calcium carbonate on the reef. The production of such sediment depends on factors
including the wave energy environment, the health of the organism and its morphology
and mechanical strength, and the activity of biological agents. Although the
framebuilding processes are important to the overall growth of the reef platform, the
CaCOj; sediment budget primarily concerns carbonate sediment that is produced
through physical, and biological, erosion and subsequently dispersed from the reef by
currents and waves (Stern et al., 1977). The main agent for the mechanical production of
sedimentary particles is wave energy, particularly during storms, which can produce
material ranging in size from coarse rubble to fine sand and suspended particles (Stern
et al.,, 1977). Additionally, organisms that bore into or graze skeletons (e.g. parrot fish;
Bellwood, 1995) also produce finer sediments, as well as contributing to the mechanical
weakening of the coral. Overall, reef carbonate mass-balance is described by Land

(1979) using:
Gross Production (G) [kg (CaCO;) ni’yr'] = Net Accumnlation + Sediment Removed  Eaq. 9.1

where the gross production refers to kilograms of CaCO; produced per square meter of
reef per year. The gross carbonate production can also be described by the following

equation:

G = 0.01 xY. (P Yocover) g (CaCO’/ )/ year Eq. 9.2

This equation describes the gross production obtained by summing the product

of the potential production (P) of each organism in a given reef habitat, multiplied by
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the proportion of reef area covered by the organism (Chave et al, 1971). For the
purposes of the present study, the focus is on the gravel transported to the shoreline by
mechanical processes, rather than the chemical and biological loss of CaCO; from the

reef.

This study is largely concerned with the biogenic gravel clasts, which are
representative of the beachrock components. The sources and mechanisms of gravel
supply to carbonate beaches in general have been well documented (e.g. Stern et al.,
1977; Blanchon et al., 1997; Harney and Fletcher, 2003). The processes most cited in the
literature involve fluvial input, storm mobilization of shallow nearshore sources, sea cliff
erosion, reworking or earlier raised gravel beaches, and redistribution along the beach by
strong longshore currents. Most of these require a terrestrial sediment source, and the
only processes likely to affect the sediments at Palmyra Atoll are storm mobilization and
longshore currents. The latter have been examined by Collen et al. (2009a, 2009b) and

are important to the distribution of sediment to the west.

9.1. Sediment production and supply

9.1.1. Sediment supply

All biogenic sediment on Palmyra Atoll has grown, died and been transported
across the reef before being deposited on the shoreline and incorporated into the
beachrock. Therefore, it is important to understand the production of CaCO; on and
around the island. This mostly takes place on the submerged reef through growth of
coral, algae, foraminifera, molluscs, and other organisms. At Palmyra Atoll the main
areas are the large reef terraces, as well as smaller areas on the northern and southern

reef edges (Maragos, 1987; Williams et al., 2008).

To understand the sediment budget, the production of biogenic sediment over
Palmyra’s 60 km® of reef must be understood. The amount of sediment produced over a
given area of reef is determined by the sum of the growth rates of the carbonate-
producing organisms present, which are dominantly coral, calcareous red algae, and
other frame-building organisms. Coral productivity in turn is dependent on the species

of coral and its morphology, which are controlled by the environment. As a result,
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different areas of the reef have differing growth rates, and therefore variable rates of

carbonate production.

9.1.2. Carbonate growth zonation

The distribution, health and productivity of corals at Palmyra is currently the
subject of a number of studies (e.g. Williams et al., 2008; Williams et al., 2010) and is not
well enough known to allow an precise understanding of sediment production.
Therefore, the carbonate production model for Palmyra devised here is based on the
notional atoll reef described by Hopley (1987) and the associated production rates from
Hopley (1996). The zonation used here is similar to reef zones described by other
authors (e.g. Stern et al., 1977; Chave et al,, 1971), which are the most appropriate
estimates for oceanic reefs. For the purposes of this work, the sandy areas within the
lagoons at Palmyra are not considered a significant source of calcium carbonate (0.8
kgm?yr'; Smith and Kinsey, 1976) as there is very little coral there. Instead, the outer
reef flats and terraces are important as they are the major sources for sediment at
Palmyra Atoll. Bulk density used for the sediment is 1.48 gem”, which is an average of
the density of the coral facies (1.4 gem™) and the coralline algae facies (1.56 gem™;

Harney and Fletcher, 2003; Stern et al., 1977).

These data highlight the importance of the two reef terraces in terms of the
annual carbonate production. Under ideal conditions with 100% coral coverage, corals
can produce over 10 kgm?yr" of CaCO, (Chave et al., 1971) which, assuming a porosity
of 50%, is equal to 7-70 mm/yr of upward growth (Buddemeier and Smith, 1988). The
estimated areas (Fig. 9.1), average production rates and average amounts of annual

biogenic production are given in Table 9.1.

The CaCOj; production zonation map illustrated in Figure 9.1 is an estimation
based upon zones determined for other reefs, productivity relates to the benthic reef
habitat that has also been taken into consideration when procuring this map. Zonation
of the map is in agreement with the benthic habitat map for Palmyra
(http://ccma.nos.noaa.gov/products/biogeography/biomapper/biomapper.html?id=Pa

Imyra), which was released while this thesis was being published.
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Reef Flat

Reef Flat

N

Coral Gardens

Figure 9.1: Map of Palmyra Atoll and the surrounding reef showing the different zones of estimated

calcium carbonate production rates, expressed in kg m? yr. G = growth rate (kg m? yr?). Areas of little

to no calcium carbonate production are represented by white.

Table 9.1: Zones of calcium carbonate growth and their associated growth rates from Hopley (1996), which

have been here applied to Palmyra Atoll due to the lack of direct measurements. Area dimensions were

estimated using Google Earth.

Growth zone Growth rate

Area at Palmyra

Estimated area

(km?) at Palmyra

Outer rim 10 kg m?yr* 65 m rim around atoll 3.57

Submerged terraces 1.5 kg m?yr®  Eastern and Western 28.99
reef terraces

Algal ridge 4 kgm?yrt  Outer edge of northern 0.8
and southern reef flats

Coral-algal zone 5kgm?r®  Middle portion of reef 1.35
flats

Rubble and sand zone 0.5 kg m?yr®  Bordering the outer 0.2

edge of reef islands and

lagoons
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Optimum production of calcium carbonate is restricted to the outer edges of the
reef as a significant amount of material is transported landward during high energy
storm or swells events (Hopley, 1996). This area includes the seaward slope, which rises
steeply to the reef front of living corals near the LTL ( Hopley, 1996), and defines a rim
approximately 65 m wide around the atoll to a depth of 30 m, which produces an of

average 10 kg m™yr .

Furthermore, the most important areas for sediment production at Palmyra are
the eastern and western reef terraces, which are expansive, relatively shallow (<30 m)
areas that are covered with large colonies of various coral species. During a survey in
2007 a total of 84 coral species/morphological groups tepresenting 31 genera were
recorded at Palmyra (Williams et al., 2008). The terraces are assumed to have a
comparatively slow overall growth, aside from the high growth rim, due to recent
stability of sea level and to produce on average 1.5 kg m?yr'. However, the actual
production rates across the terraces are likely to be highly variable and there may be

local areas of very high productivity that are important to the sediment production.

The reef flats are a dominant feature on the northern and southern shores of
Palmyra, and also represent some of the most complicated production zones in atoll
settings (Hopley, 1996). Four zones of varying productivity, including the high
productivity edge, have been identified at Palmyra in the relatively short distance from
reef edge to the shoreline. Shoreward from the high productivity edge is a zone
comprising the thin algal ridge, before the coral-algae zone. Beyond this is the innermost
rubble and sandy reef flat zone, which is normally intertidal and extends to the base of
the beach. This area is dominated by sediment deposition and may occasionally contain
cemented deposits (Hopley, 1996) and, as such, productivity is very low. This zone is

also used to describe the areas at the edge of the lagoons.

These areas of reef production have been estimated for Palmyra from scaled
satellite images and bathymetry. Applying the production rates describe above, the reef
system at Palmyra Atoll produces approximately 91500 tonnes of calcium carbonate
each year, giving an average rate of 2.33 kg m?yr" (Table 9.2). This remains only an
estimate of the CaCOj produced biogenically at Palmyra, not a direct measurement of
the sediment produced each year. The amount of CaCO; sediment produced depends
on the growth of the coral, the amount of bioerosion (especially the dominance of

grazers such as fish), and the physical environment. Furthermore, although corals are
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usually mechanically strong (Madin, 2005), they become susceptible to mechanical

erosion when weakened or diseased.

Published average carbonate production rates for other regions range from 0.91
kg m*yr", for Cane Bay in St Croix (Hubbard et al., 1990) to 8.9 kg m?yr" for protected
leeward settings in Barbados (Stern et al., 1977). However, the value calculated here for
Palmyra Atoll is very similar to rates calculated for the Tiahura reef in French Polynesia
(average 2.5 kg CaCO, m™yr'; Chazottes et al., 1995). The proportion of this which
becomes sediment, as well as the proportion of sediment that remains on the atoll
rather than being transported into deeper waters, remain unquantified for Palmyra.
However, Harney and Fletcher (2003) show that only 5% of carbonate sediment over
5,000 years produced on the reef at Kailau Bay, Oahu is stored on the beach. A further
19% is stored in holes and reef channels in the bay and the majority (51%) accumulates

on the coastal plain.

Table 9.2: Simplified model of calcium carbonate production at Palmyra using the model of reef
productivity of Hopley (1996)

Area (see Fig. 9.1) Size (m?) Average production Annual amount
rate produced
Eastern Terrace 8.77 x 106 2.22 kgm2yr! 19430 tyr!
Western Terrace 2.2x 107 2.19 kgm2yr1 48235 tyr!
Reef Flats 8§x 103 2.76 kgm-2yr-! 22120 tyr!
Coral Gardens 31x103 5 kgm2yr-! 1564 tyr-!
Total 3.9x 107 2.33 kgm-2yr-! 91349 tyr-!

9.2. Clast-orientation and paleo-flow estimation

Paleocurrent direction derived from beachrock deposits provide additional
understanding on the source of the sediment as well as adding to energy parameters at
the time of deposition. Klein (1967, in Selley, 1968) emphasised that paleocurrent
patterns recorded in ancient shoreline sediments are rarely unimodel and may bear no

relation to paleoslope. Under strong wave energy conditions rods of Acrgpora clasts
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tend to roll across the bottom but, in the swash zone on beaches, they align normal to
the direction of the wave action. In shoreline deposits, bi-polar axes coincide with the

axes of alternating currents (Selley, 1968).

As described in Chapter Four, paleocurrent analysis using clast orientation was
undertaken for several beachrock beds at three locations (Cooper, Paradise and
northern East island outcrops) were selected during field work as they appeared to show
orientated clasts on an outcrop scale, as well as the debris platforms found along Barren
Island. The debris platforms on Barren Island (Fig. 9.2) were chosen for similar reasons
but also because they are unconsolidated material that, although not cemented, has
formed solid platforms where little movement of clasts occurs. Therefore, the Barren
Island sediments can be treated as a control that is in equilibrium with the modern
environment and thus highlights the relationship between currents and clast orientation.
The platforms on Barren Island are thought to have formed as the island grew and were
supplied with sediments onto and across it from the Eastern Terrace. As the island
continued to grow, it reached a height where these platforms were cut off from the

effects of the easterly wave energy.

Figure 9.2: A) Debris platform on the leeward side of Barren Island. B) Oblique photograph showing
alignment of unconsolidated clasts on the Barren Island debris platform.

The Cooper Island beachrock site is a complex outcrop (Chapter Six) and two
separate units were surveyed here. The first is the unit of beachrock at the back of the
outcrop, which is comprised of small, well sorted Acropora clasts (Fig. 9.3A). The other
bed is a much coarser bed in the middle of the outcrop, more poorly sorted but still
appearing to demonstrate a preferential orientation of clasts. The Paradise Island site
(Fig. 4.1) also contains numerous beds of which four were analysed to show any change
or difference over time. The first bed is the oldest and was surveyed where it has been

exposed by erosion it on the western side, near the base of the bunker (Fig. 9.3B). The
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other beds overlie it through the outcrop. The northern East Island outcrop is an
extensive area of eroded beachrock beds and a similar approach was taken as for

Cooper Island.

Figure 9.3: A) Orientated Acropora clasts cemented in the beachrock at Cooper Island. B) Beachrock beds

at Paradise Island. The first bed is in the lower half of the photograph.

9.2.1. Results and discussion

Results from the investigation of clast orientations within the beachrock
outcrops at Palmyra are shown as rose diagrams in Figure 9.4, with data given in
Appendix C. Comparison of the beachrock paleo-orientations with nearby recent
sediments cannot be made because the latter are either primarily sand, or contain
insufficient similar clasts to those in the beaches. Patterns of sediment sorting in coarse
grained deposits result from the segregation of particles with differing physical
characteristics during processes of erosion, transport and deposition. The sorting of
gravels is conventionally attributed to size-selective entrainment whereby larger
particles, because of their greater inertia, are intrinsically less mobile than smaller
particles and require higher shear stresses to entrain them (Powell, 1998), as predicted

by Shields criterion.

It is important to note that the majority of beachrock beds at Palmyra Atoll are
assumed to be representative of single wave events. Many beachrock beds show
bimodal orientations that are generally perpendicular to each other. In most of the beds
the primary orientation indicates the main direction of wave action and the other
dominant direction suggests subsequent change of depositional orientation due to long
shore drift, which rotates some of the clasts. This secondary direction may also be a
result of refraction of the wave when it hits the island obliquely. However, by assuming

the refraction is to the west as at present, then the primary direction of the waves can be
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Figure 9.4: Rose diagrams showing the bimodal distribution of clasts at selected beachrock beds at Palmyra Atoll. Barren Island is shown in greater detail in figure 9.5. Blue arrows

represent the main wave direction and the red arrows represent the direction of sediment transport across the reef.
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Figure 9.5: Rose diagrams showing the bimodal distribution of clasts for areas of unconsolidated sediment
on Barren Island. Inset: IKONOS satellite image of Palmyra showing Barren Island in the red box. Blue

arrows represent the main wave direction and the red arrows represent the direction of sediment

transport.
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shown to be normal to the dominant paleocurrent direction, particularly on the
northern coast. This is consistent with present day conditions. Rose diagrams for
beachrock beds on the southern coast show that the primary direction of the wave
energy (here assumed to be normal to the predominant orientation) has not remained
constant over time. Rose diagrams that show little preferential orientation may be

representative of a bed that experienced little to no reworking in the swash zone.

Rose diagrams for the unconsolidated sediment from Barren Island that was
analysed for paleocurrent directions are shown in Figure 9.5. These show the bimodal
orientation seen in the beachrock beds of other islands. Some appear to align parallel to
the main wave direction, while others are dominantly aligned parallel to the direction of
longshore drift. The high variability in the dominant current direction is attributed to

the variety of locations on the island from which clast orientations were analysed.

9.3. Erosional processes

Erosional processes are important to understand at Palmyra because they
significantly influence the short- and long-term stability of reef islands. Such processes
can be divided into three groups: mechanical, biological and chemical. Mechanical
erosion through wave action is a dominant process on Palmyra, particulatly for porous
or weakly cemented rocks, and is important for the distribution of sediment across the
reef. This has largely been addressed through the numerical wave modeling. Chemical
erosion is an important factor in CaCO, environments, such as Palmyra, but has not
been assessed here. Lastly, bioerosion plays an important role in weakening the overall
structure of beachrock and two forms of bioerosion are discussed here; sipunculid
worms and micro-phytokarst erosion. However, this was unable to be quantified in this

thesis.

9.3.1. Sipunculids

Sipunculans are a small phylum of unsegmented, wormlike, marine
invertebrates. They have a cylindrical, sub-cylindrical, muscular and fluid-filled body or
trunk and an anterior extensible “introvert” that can be partly or completely withdrawn

into the trunk. The mouth is at the anterior end of the introvert and usually has a group
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of tentacles associated with it. Most are burrowers or borers and detritus and algal

feeders (Mather and Bennett, 1984).

Sipunculids are difficult to identify, however, the genera present on in the
beachrock of Palmyra Atoll appears to be Phascolosoma spp., which exist in tubes or
burrows in coral and limestone as well as under stones. The trunk of Phascolosoma spp. is
approximately 30 mm long and contains longitudinal muscles in 20-30 bands. The
papillae on trunk are prominent and pigmented. The species are distinguished by size
and shape of introvert hooks (Mather and Bennett, 1984). The boring action of the
sipunculids is believed to be partly by chemical dissolution and partly mechanical, and

contribute to the disintegration of coral reefs.

In certain lithofacies and locations, beachrock is inhabited by sipunculid worms
(Fig. 9.6), which burrow into the rock and then appear to secrete a thin burrow lining.
Sipunculids appear to be the major form of bioerosion on Palmyra Atoll because they

appear in many outcrops and are the only form of bioerosion observed other than the

micro-phytokarst development.

Figure 9.6: Sipunculid worms found in beachrock at Holei Island. Burrows are evident throughout the
rock (see left).

9.3.2. Micro-phytokarst erosion

At some locations, micro-phytokarst architecture has been observed due to mm-
scale dissolution. This occurs when exposed surfaces develop an architecture of tiny
jagged pinnacles and pits (Fig. 9.7), and also some large pores, as a result of colonization
by boring filamentous algae. This also leads to the dark grey colouration of sediments.
This surface phenomenon has been reported elsewhere; Folk et al. (1973), for example,
were the first to report phytokarst as “an unusually grotesque karst, characterised by

jagged, spongy pinnacles of black-surfaced limestone” in the Cayman Islands. The
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process is restricted to the attack of endolithic algal filaments on carbonate rocks, or
other susceptible rocks, such as gypsum. Plant filaments cover the entire surface,
actively boring and dissolving their way into the rock with no particular orientation.
Folk et al. (1973) suggested that the algal coating is darkest where the rock is completely
exposed to sunlight and an olive green in shaded areas; however, this is not observed at
Palmyra. Scoffin and McLean (1978) record observations on coral shingle islands on the
Great Barrier Reef, where severe pitting occurred on gravel clasts. This is similar to that
described by Folk et al. (1973), but on a much smaller scale, and thus the term micro-
phytokarst was applied. Scoffin and McLean (1978) reported that up to 49% of the
original coral skeleton was dissolved through the boring algae. On beachrock outcrops
dominated by sand sized grains, similar to lithofacies 1la, this micro-phytokarst
topography is replaced by smoother shallow pools and pits on the upper surface such as
that described on horizontal beachrock beds by Scoffin and McLean (1978), which are

also indicative of large scale dissolution.

Figure 9.7: (A) Coral rubble on Barren Island exhibiting a dark grey outer surface effected by micro-

phytokarst erosion. (B) Thin section through a coral clast with micro-phytokarst erosion.

9.4. Insights from incipient beachrock and island growth Barren

Island

Barren Island represents a unique geological setting on the atoll because it is an
example of the modern formation of both reef islands and beachrock and is therefore
able to promote significant insights into processes of atoll development. The island is
also unique because parts of its history have been documented through maps and aerial
photographs. Barren Island only appeared in aerial photographs and maps after 1930,

when the island first emerged above the tide level, and it has progressively developed
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over the past 80 years. The conditions under which it has formed are broadly known
and, therefore, it can be used as an analogue for the formation of other islands and their
beachrock deposits. For example, current directions inferred from clast fabric observed

on Barren Island sediments must relate to the modern day currents effective in the area.

Barren Island is also central to the debate over the relationship between
beachrock elevation and sea level, because the outcrop at Barren Island (Chapter Six)
sits within the intertidal zone and has not been subject to sea level change since its
formation. Lithification of beachrock is considered to be an extremely rapid process
(Frankel, 1968) and, therefore, the beachrock exposed here must have formed soon
after the initiation because of the islands young age (104 + 55 C' years B.P.).
Additionally, beachrock is proposed to cement sub-aerially (Vousdoukas et al., 2007),
and therefore, the existence of beachrock in the intertidal zone at Barren Island suggests

that the island has migrated westward at least 5 m since 1935.
9.4.1. History of Barren Island

In 1848, reports by Edmund Lucett describe running aground in shallow water
where Barren Island is now located and had to wade some distance to reach the eastern
islands (Lucett, 1851). This shows that Barren Island was absent 150 years ago and was
still absent from aerial photographs taken in 1921 (Fig. 9.7) when the first aerial
photographs were taken. It firsts appears as a small islet in aerial photographs from 1935
(Fig. 9.8) but does not appear on maps until military surveys of the late 1930’s and
1940’s (Collen et al., 20092). By the 1940s, the island was well established and its clasts

had already been subjected to algal staining, creating a dark surface layer (Fig. 9.9).
9.4.2. Island morphology and sediments

Barren Island has an elongated morphology and is situated at the eastern-most
end of the atoll and aligned north-south on the edge of the eastern flats lagoon (Fig.
1.1), similar to the “rim deposits” on the northern Great Barrier Reef described by
Flood and Scoffin (1978). The island is formed largely of coral fragments,
predominantly Acropora spp., and has developed very limited soil on which small patches
of vegetation, including Scaevola, Tournefolia and Cocos, have grown. The island now
extends for ~1700 m from north to south and is up to ~100 m wide in the middle,
thinning at each end (Collen et al., 2009a). There is a significant westward concavity in

the centre of the island. The ends of the island also curve around to the west (Fig. 9.10).
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Most of the waves that affect Barren Island originate to the east as a result of
the easterly trade winds. Overall there is a relatively high energy environment observed
on the eastern coast of Barren Island. However, due to a sheltering effect cause by the
reef front, the waves are refracted eastward and the centre of Barren Island is subject to
the strongest wave energy (Fig. 9.5). This results in the westward concavity of the island.
Similar curvature is seen in the other north-south structures of the atoll (the reef flats
underlying the eastern islands, Lost Island and the North-South Causeway). These may

have formed from similar processes as observed today.
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Figure 9.7: Oblique view of Palmyra Atoll, looking west, taken in 1921. Barren Island is absent although a
line of surf marks the position it with later occupy.

Figure 9.8: 1935, Barren Island is present as a small islet on the right hand side of the photograph (in the
red circle).

Figure 9.9: In 1942, Barren Island became the target of mortors emplaced by the U.S. Navy. In the
photograph the white dots visible are where the dark, eroded surface of the Barren Island deposits is
disturbed by the explosions of the shells (red arrow).

147



In cross section, Barren Island is asymmetrical (Fig. 9.10), with a steep (35°)
beach on the seaward side, and a gentler slope and a much more irregular coastline on
the western side. On the eastern side of Barren Island, several storm berms are present
at varying levels and sediment are mainly sand-sized particles near the shoreline, much
of which is occupied by the swash zone during high tide. As the island rises sharply
away from the low tide level, sediment size changes noticeably, increasing upwards to
approximately 15 cm in maximum dimension near the top of the island. On the western
(leeward) shoreline, clasts are fairly homogenous in size, averaging about 10 c¢m, and
show variations in the colour of the surface indicating the age of the material. The
youngest, freshest material is pale to white in colour and is found on the eastern slope
and close to the island peak on the western slope. Some of this young material overlaps
older, darker material on the leeward side of the island. The older material also shows
micro-phytokarst topography on its exposed surfaces. The extent of this pitting varies

systematically across the platform with the age of the deposit and the length of time

exposed.

A A
2

o
o HTL
0 20 40m
B B’
2
1

m
O} - --- -, EEERSEESU SRS ___ ... HTL
0 20 40 60 80 100 120  140m
C (@
2
1

m
e Y- HTL
0 20 40 60 80m

Figure 9.10: Map of Barren Island and cross-sectional sketches taken at three points throughout the island.
The outcrops of beachrock in the intertidal zone are not included in the cross-sections, which have vertical

exaggerations of 13, 70, and 40 respectively.
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9.4.3. A budget of sediment production for Barren Island
9.4.3.1. Growth of Barren Island

Barren Island has a volume of approximately 180,000 m®, given an area of 0.1
km?® (Collen et al., 2009a) and an average height of 1.8 m. Assuming an average bulk
density of 1.6 gcm” (the average density of coral; Hughes, 1987) implies the island has a
mass of 288,000 tonnes. However, considering the island is completely constructed
from coral gravel, the sediments have a high inter- and intra-clast porosity resulting in
lower bulk density. Most models of reef systems use an average porosity of 50% (Kinsey
and Hopley, 1991), which is employed here for both the reef system as well as the
island. This porosity accounts for both the inter- and intra-clast porosity of the gravel
(both estimated at about 25%; Kinsey and Hopley, 1991). Thus the final mass of Barren
Island of about 144,000 tonnes, which equates to an average of approximately 1800
tonnes/year for the growth of Barren Island since 1935. This does not account for the
mass accumulated below the low tide mark, which is likely to be minimal because of the

shallow, consolidated reef flat beneath.
9.4.3.2. Source of sediment

The Eastern Terrace is here defined as the elongate, shallow reef plateau that
extends east from Barren Island to maximum depth of 50 m. It has a total area of 8.77
km?®, which is approximately 13.5% of the total reef area at Palmyra (65 km?). The water
depth increases towards the edge of the terrace platform which has extremely steep
sides similar to the rest of the atoll and drops abruptly to the abyssal plain (Fig. 3.2).
Unfortunately, this area is remote and subject to strong currents, onshore winds and
heavy surf (Williams et al., 2008) and, as a result, little study has been made of either the
benthic communities or bottom conditions (G. Williams, pers. comm.). Despite this, a
dominance of the staghorn coral Acrgpora growing in large colonies has been observed
during limited visits. Staghorn coral, despite high growth rates, is also much more
susceptible to mechanical breakage than massive coral types due to its fragile structure
and shallow water occurrence. It therefore has a higher rate of sediment production
under normal conditions than massive and deeper coral species. However, Madin (2005)
showed that pruning of coral colonies resulting from impacts with other loose coral

fragments is unlikely to occur before whole-colony dislodgement.

The predominant easterly trade winds mean that any course sediment produced

on the Hastern Terrace is likely to be moved westward, towards Barren Island and the
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rest of Palmyra. This suggests that the atoll islands may accrete eastward from the
original lagoon system and would account for the lack of natural island development on
the western side of the atoll, despite there being considerable carbonate production on
the Western Terrace. Material produced there is most likely to be moved west or south
into deep water off the atoll due to the dominance of the northeasterly trade winds. As
most sediment produced on the reefs of Palmyra Atoll is moved westward by the
prevailing surface currents, the eastern reef terrace can be the only area supplying

sediment to the eastern end of the atoll,
9.4.3.4. Sediment flux at Barren Island

Barren Island needs on average around 1800 tyr' of calcium carbonate to have
accumulated on the island to achieve its growth since 1935 and the dominant current
requires that this material must come entirely from the Eastern Terrace. Using the
carbonate production values and areas described above, the total productivity for the
Eastern Terrace is estimated at 19,430 tyr”, or 2.22 kg CaCO, m™yr . This is within the
range of average CaCOj; production rates from other reef locations, such as the Tiahura
reef in French Polynesia (Chazottes et al., 1995), and so supports the appropriateness of
this simplified model. This means that only 9% of the carbonate estimated to be
produced each year from the Eastern Terrace is needed to form Barren Island. Any
excess is either lost into deeper water, transported past Barren Island to the rest of the
atoll, removed through dissolution, or accumulate on the terrace. Although the
unknown mass of Barren Island below sea level may increase the carbonate sediment

required, this would still only be a minor proportion of the estimated amount available.

The sediment budget of Barren Island assumes a linear growth rate of the island
and steady accretion. This is an unlikely scenario, as the average clast size is larger than
can be transported by normal swell conditions. Therefore, it is likely that the majority of
the sediment that forms Barren Island was deposited by infrequent storm swells, so the
island grew at a faster rate during winter, when influenced by stronger trade winds and
large swells from distant storms, than in summer. There may also have been large
fluctuations in the rate of growth and island size due to periods where erosion was

greater than deposition. However, this currently remains unquantified.
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9.5. Summary of sediment supply and deposition at Palmyra Atoll

The production of sediment has a large influence on the sediment budget on any
given coastline, and is even more pronounced on oceanic atolls where the only sediment
is produced biogenically on the reef. The simple model of CaCO; production at Palmyra
estimates that there is over 9000 tonnes of biogenic calcium carbonate produced on the
atoll each year. The growth of Barren Island requires an average accumulation 1800 t yr'
of carbonate per year, equal to 9% of the estimated productivity of the Fastern Terrace.
Estimated values of sediment accumulation for the eastern reef islands are within the
range of those calculated for Barren Island over the past 80 years. This suggests that
only around 9 % of the sediment that is produced annually on the atoll is deposited on
the beaches or incorporated into the islands and the remaining sediment is either lost
into deeper water, transported past Barren Island to the rest of the atoll, removed

through dissolution, or accumulate on 7 situ.

The paleocurrent direction at the time of clast deposition is inferred from
examination of the orientation of beachrock clasts. These results have important
implications, firstly, in showing that the direction of deposition along the northern and
southern reef flats are variable and thus there is no single source for sediment due to
varying wave conditions, particularly on the South coast. Secondly, there are two
directions that have significant effect on the sediments during their deposition. These
are highlighted in the rose diagrams (Fig. 9.4) and represent the primary direction of the
waves within the swash zone and the direction of the longshore transport and refraction
of the wave. Data from the rose diagrams largely supports the SWAN modelling results

and the field observations of wave and current regimes.

Lastly, biogenic erosion impacts the degradation of beachrock outcrops at
Palmyra. Sipunculid worms and micro-phytokarst corrosion are the predominant
influences, both of which have distinct impacts on the beachrock and sediments of
Palmyra Atoll. These, along with mechanical and chemical erosion lead to the

degradation of outcrops seen at Palmyra and on tropical coastlines worldwide.
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10. Discussion and conclusions

Overall, Palmyra Atoll is an expression of the relationship between the original
atoll edifice, karstic morphology, sediment production, sea level changes, and other
physical and biological processes. This chapter provides an integrated interpretation of
the results presented in this thesis. Results from the study of sedimentary processes
exemplifies the delicate balance between sea level, sediment production, and sediment
transport, and their influence on reef island development. These influence the atoll’s
sedimentary processes and an interpretation of the latter requires an understanding of
fundamental aspects of the climatic, hydrodynamical and biological processes. Particular
attention is paid to the overriding control of sea level on CaCOj; production and
sedimentation patterns. This study highlights the concept that in the absence of other
proxies, the study of beachrock can prove a useful tool for studying the paleo-

environment, including sea level, and the recent geological development of reef islands.

10.1. Formation of beachrock at Palmyra Atoll

10.1.1. Radiocarbon dating of beachrock outcrops

Dated beachrock clasts have ages ranging from 1249 yrs BP to modern (Table
60.1; Fig. 10.1), and therefore the beachrocks of Palmyra Atoll are considerably younger
than most beachrock elsewhere in the Pacific. For example, beachrock in the Society,
Tuamotus, and Gambier Islands range from 5000 to 1250 yrs BP (Pirazzoli, 1987;
Pirazzolia and Montaggioni, 1988; Pirazzoli et al., 1988). The beachrock at Lost Island
dated at 1249 yrs BP is the older than the oldest date (1100 yrs BP) obtained for Porites
heads from Palmyra Atoll by Cobb et al. (2003b). Despite their youth, this is the oldest
Holocene age reported for Palmyra Atoll. This suggests that the reef islands are simply

very young and did not become stable until the lowering of sea level after the peak of

the mid-Holocene Highstand (MHHS; ~4000 yrs BP).

The radiocarbon ages given for beachrock on Palmyra records the age of the
living animal and thus the oldest possible date for the accumulation of the beachrock in
which it was found. The cement of the same bed containing the 1249 year old Tridacna
at Lost Island dates to 705 yrs BP, a difference of approximately 600 years. This range is
consistent with a range of coral clast ages from a single bed of beachrock on Fongafale,

Funafuti. There, six fragments of coral were dated from a single bed of beachrock,
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Figure 10.1: Map showing the maximum calendar ages for the beachrock outcrops dated, indicated by a red star. The blue dashed lines represent the island chains striking approximately
north-south with a westward concavity. From west to east these are: Barren Island, the East Island chain and the Lost Island chain. Although the north-south causeway is an artificial

feature, it was built on a shallow reef that was elongated similar to the other island chains and may be an older island chain.
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which ranged from 1517 * 41 yrs B.P. to 2299 *41 yrs BP (Collen, ].D., unpublished
data). This range in ages is due to the variations in the time that material has been loose
sediment on the beach prior to incorporation into the beachrock and subsequent

cementation.

The radiocarbon results also aid in understanding the process of atoll
development over the past ~1000 years. The ages of beachrock around the islands on
the atoll rim (Cooper, East, Pelican, and Paradise; Fig. 10.1) are similar (644 to 933 yrs
BP), suggesting approximately simultaneous formation. By comparison, Lost Island in
East Lagoon is significantly older. This, along with the very coarse sediments cemented
within the Lost Island beachrock, in what is presently a very low energy environment,
suggests that it was deposited in the absence of more easterly islands and high energy
events were able to propagate into Fast Lagoon. Therefore, at the time of beachrock

deposition Lost Island was the easternmost island of Palmyra.

Thus, the radiocarbon results suggest eastward growth of the reef islands that
has occurred sequentially by the establishment of at least three concave north-south
island chains (the Lost-Fern island chain, the East island chain and, latterly, Barren
Island; Fig. 10.1). Each succeeding island chain initiated further eastward, with Barren
Island currently the youngest and most eastern island. The limit to this eastward growth

of island chains, before the reef becomes too deep or the waves too strong, is unknown.

It is important to note that the sample from the Barren Island beachrock is
outside the calibration range for conversion from calibrated radiocarbon ages into
calendar years. This shows that the beachrock here has formed simultaneously with the
island itself (within the last 80 years). Additionally, since the beachrock is located well
within the intertidal zone (see Chapter Nine), this is supporting evidence that beachrock
at Palmyra Atoll forms in the intertidal zone since there has been no significant change
in sea level during this period (~20 cm/100 yrs; Church et al., 20006). This obsetvation

supports the use of beachrock as a sea level indicator at Palmyra.

10.1.2. Determination of the beachrock depositional environment by

SWAN wave modelling

The cementation process that forms beachrock “freezes” in situ the clasts in the
intertidal zone during its formation. In this way, examining clast size within beachrock

allows an assessment of changing hydrodynamic conditions. The results of the SWAN
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wave modelling provide insight into the formation of beachrock at Palmyra Atoll
because they illustrate that, under average wave conditions, the gravel sized material that
comprise most of the clasts within the beachrock outcrops on the atoll are not in
hydrodynamic equilibrium in their present locations. Results showing whether or not
the beachrock outcrops can be formed under various conditions are summarised in
Table 10.1. For most beachrock units, the location and the high bed roughness of reefs
restrict the transport of gravel from the reef edge to the coastline under normal wave
conditions. This suggests that, at the time of their formation, either the wave climate at
Palmyra was significantly more energetic or that the beachrock formed in a different
position on the reef than at present. It is unlikely that there has been any significant
horizontal growth of the reef platform and, thus distance of the deposit to the reef edge,
since the time of beachrock cementation. Therefore, the most realistic explanation is
that the beachrock sediments were deposited under significantly higher wave energy

environments than typically occurring today.

During a typical year swells from high latitude winter storms exerts the greatest
wave-induced shear stress on the bed and an additional 289 Nm™”on top of the normal
low energy wave climate. The distribution of this additional energy is shown in Figure
10.2. Despite the vigorous wave climate there is insufficient wave energy to move and
deposit clasts of the size found within much of the beachrock on the atoll at its present
location, although finer grained beachrocks may have been deposited during these larger
wave events, such as those found at Barren and Holei islands. Furthermore, the
direction of these waves cannot explain the accumulation of sediment observed on the
eastern end of the atoll as most of the large wave events originate to the northwest of
south of Palmyra and, therefore, cannot be responsible for the growth of the atoll

eastward.

Even under extremely large wave events, such as the modelled cyclone events,
the wave energy is often dissipated too quickly across the reef flat for the beachrock
clasts to be deposited in the inner locations on the reef (e.g. Lost Island). Under these
large waves (>5 m), the northern and southern coasts were exposed to sufficient energy
to transport large sediment clasts averaging around 15 cm. However, the waves must
come almost directly from the east in order to accumulate deposits such as those that

form the eastern islands.
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Figure 10.2: Plots of the additional wave —induced bed shear stress, compared to summer trade wind
conditions, exerted on the reef during (A) Winter storm swell conditions at high tide, (B) modelled cyclone
conditions at high tide, (C) summer trade wind conditions with a 1 m sea level rise, and (D) winter trade

wind conditions with a 1 m sea level rise.

156



Figure 10.3: (From: Williams et al., 2010) The western terrace of Palmyra Atoll showing (A) high coverage
of branching Acropora in 1987, (B) signs of mass coral bleaching across the western terrace in 1998, and

(C) the western terrace in 2009 with signs of branching Acropora, but dominated by massive species.

Acropora spp. are widespread on the reefs at Palmyra and therefore are a
dominant constituent of the gravel clasts. Maragos (1987) surveyed the Western Terrace
(Fig. 10.3) reef in 1987 and reported large, continuous stands of staghorn (Acropora spp.)
coral over 90% of the bottom. This reef was again surveyed in 1998 and substantial
changes were recorded (Fig. 10.3). Instead of large, branching Acropora stands, there was
a debris field of Acropora clasts and sediment. Maragos et al. (2008a) suggest that a major
event, such as bleaching, disease, predation or storm damage, occurred between these
two surveys that reduced all of the well established colonies of Acrgpora to debris, which
is slowly being re-colonised. This period between 1987 and 1998 includes Cyclone
Ekeka in 1992, the largest known storm to have affected Palmyra Atoll, so storm

damage may have been a cause for the destruction of the reef. However, on the
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opposite side of the atoll, there remain large, well established colonies of fragile .Acrgpora
on the Eastern Terrace that have not been destroyed. SWAN modelling suggests that
during extreme wave events similar energy conditions are observed on both reef terraces
(Fig. 8.2). Thus, if Cyclone Ekeka was responsible for the destruction on the Western
Terrace then the Eastern Terrace would likely also have been destroyed. As there is no
evidence for damage to Acrgpora on the Eastern Terrace, storm damage alone can be
discounted as a cause of the debris field observed by Maragos. This differential damage
suggests some other factor other than storm damage is involved. This may be disease,
bleaching or predation (Lui et al., 2006; Sandin et al., 2008). However, there is still
unknown properties of coral ecology, and other factors involved cannot be pinned

down at this stage.

Sea level has been shown to be an extremely influential control on the wave
climate, and subsequent sediment transport, at Palmyra as it effects the dissipation of
energy through friction of the reef. An increase in sea level without corresponding
growth of the reef is necessary to deposit most beachrock clasts because this allows the
wave energy is able to propagate further inland before it is dissipated. This allows
beachrock at Holei, Papala, Cooper, northern East, and Paradise islands to form under
normal wave energy conditions. In contrast, the presence of beachrock containing
gravel sized clasts at Lost and Pelican islands can most easily be accounted for by a
combination of elevated sea level, large waves, and the absence of younger islands to the
east. This allows significant wave energy to propagate further landwards than present
and more gravel sized debris in areas which currently experience very low wave energy.
The additional distance covered by higher bed shear stress on the reef under a 1 m sea
level rise is shown in Figure 10.2C-D. A higher sea level is also indicated by the position

of beachrock outcrops on average 1 m above the modern high tide level (Chapter Six).

The coarse, pootly sorted beachrock of Lost Island indicates that a high energy
environment was required during deposition. This is supported by the SWAN modelling
results, which prove that even under relatively large storm events, there are extremely
low shear stress values within the lagoons (<5 Nm?). Even under higher sea level
conditions there would be insufficient shear stress to deposit the beachrock sediments.
Consequently, around 1200 yrs BP the islands to the east of Lost Island, which currently
have a considerable sheltering effect on the inner lagoons, must have been absent, and

sea level must have been higher than at present in order to deposit the gravel clasts of
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Lost Island. This reinforces the hypothesis of sequential formation of the atoll reef

islands eastward, where Lost Island formed prior to the East Island chain.

Beachrock deposition, however, does not necessarily require extreme events or a
higher sea level. For instance, lithofacies 1a (Holei Island) and lithofacies 1b (Papala
Island) sediments consist of well sorted sand indicative of low energy reworking. The
SWAN wave model shows that there is regularly sufficient energy during normal yearly
conditions to deposit such sediments at coastal and unsheltered locations. However,
Papala is now relatively sheltered and therefore must have formed when it was on a
more exposed coastline. The reason behind why lithofacies 1a has only formed at Holei

Island on the outer coastline is unclear.

In summary, the beachrock on the eastern end of the atoll requires storms and
extreme wave events that occurred during a higher sea level (either due to relative sea
level change or storm swells). Both extreme waves and higher sea level conditions are
required because it is only during such environments that the bed shear stress is high
enough, and can propagate far enough across the reef, that the critical shear stress for
the beachrock clasts is exceeded. Such extreme wave events are most likely to occur on
at least a decadal timescale as they are not present in the 13 year hindcast model.
Furthermore, the waves that form most of the beachrock on the atoll must have
originated to the east or the northeast because even during extreme wave events high
bed shear stress is easily dissipated before the energy can be refracted around to the

eastern end of the atoll.
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Table 10.1: Conditions under which individual beachrock beds at the various outcrops can be formed at their present location. Ticks indicate that sediment can be transported across the
area, and crosses indicate that the bed shear stress is not sufficient enough to move the average clast size of the beachrock. The varying conditions are indicated by the relative sea level; 0 for
modern day HTL, 1 for a one meter sea level increase. The first letter indicate the seasons (s - boreal summer and w - boreal winter) and the second letter indicates the wave conditions (t -
trade winds and s - storm swells). Additionally, ¢ indicates cyclone conditions from both the northwest (nw) and the northeast (e).

Location Beachrock Average Conditions
bed clast size (cm) | Ost 0ss Owt Ows Ocnw Ocne 1st 1ss lwt  1ws lcnw 1cne
Cooper 1 20 X X X X X X X X X v v X
2 15 X X X X X X X X v v v v
3 10 X X X v v v X X v v v v
Northern East | 1 5 X X X X v v v X v v v v
Barren 1 2 v v v v v v v v v v v v
East 1 5 X X X X X X X X X X X X
2 10 X X X X X X X X X X X X
3 5 X X X X X X X X X X X X
Papala 1 0.1 X X X X v v X X X v v v
2 0.2 X X X X v v X X X v v v
Lost 1 5 X X X X v X X X X X v X
2 10 X X X X X X X X X X X X
3 15 X X X X X X X X X X X X
Pelican 1 15 X X X X X X X X X X X X
2 10 X X X X X X X X X X X X
Holei 1 0.1 v v v v v v v v v v v v
2 1 v v v v v v v v v v v v
3 3 v v v v v v v v v v v v
Paradise 1 5 X v v X X v v v v X X v
2 10 X X X X X v v v X X X v
Total 20 4 5 5 5 9 10 7 6 8 10 11 11
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10.1.3. Barren Island: incipient island growth and beachrock formation

Barren Island is a unique example of the modern formation of both beachrock
and islets at Palmyra. It is presumed to have formed through similar processes as the
other island chains at Palmyra as it has a similar composition and elongate shape with a
westward concavity. Importantly, it strongly supports the formation of beachrock within
the intertidal zone. The beachrock on Barren Island contains mostly fine gravel that is in
equilibrium with modern fair-weather conditions. However, the unconsolidated gravel
clasts comprising the island require larger than normal waves to be deposited. This
gravel, deposited above the modern tidal range under storm conditions, does not show
evidence of cementation and consequently highlights the absence of beachrock

formation in the supratidal position.

The location of Barren Island is unique due to its position on the reef, as to the
east the sea floor quickly drops to around 20-30 m depth. Barren Island does not show
the effects of discrete wave events, but rather it illustrates the result of numerous storm
events over a relatively short period of time (~80 years). In contrast, the eastern islands
were further from the reef edge and normal wave energy would have dissipated before
reaching shore even if the more recent islands weren’t there. Thus, only discrete major
storms are recorded in the beachrock. Furthermore, the sheltering effect caused by the
initiation of the island in the 1930’s may have led to increased sedimentation within the

Eastern Flats area (Maragos et al., 2008a).

Barren Island allows the budget for calcium carbonate sediment to be analysed,
as all of its sediment is produced on the Eastern Terrace. Of the estimated 19,500
tonnes of calcium carbonate produced on the Eastern Terrace each year, only 9 % is
required to be deposited at Barren Island since 1930 to account for its current size since

1930.
10.1.4. Sediment budget and carbonate production

Sediment is continuously transported from the reefs to the islands as fine
sediment or, occasionally, as coarse gravel during large storm events, as shown by the
SWAN wave modelling. The overall analysis of CaCO; production at Palmyra shows
that there is over 9,000 t yr' of biogenic calcium carbonate produced on the atoll’s reefs
(Fig. 9.1). The ability of reef habitats to produce sediment is a function of the

production rate and its position in an area that can exceed the critical shear stress for
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sediment transport. Locations with particularly high amounts of sediment production
include the two reef terraces, and the northern and southern reef edges (Fig. 9.1).
However, only between 2 % and 10 % of the sediment that is produced on atolls
remains on the beaches. The remaining carbonate either remains as framework coral, is

deposited in the reef system below high tide or is transported offshore into deeper water.

Due to the dominance of the north-westerly winter swells a large volume of
sediment produced is lost off the reef onto the slope and abyssal plain. When
considering the current and future distribution of islands on the atoll, the Eastern
Terrace is the most important area of CaCO; production. This is because a higher
proportion of CaCOj; produced is moved onto the islands as a result of the dominant
easterly trade wind conditions, thus leading to the eastward development of reef islands
indicated by the radiocarbon dating. The sediment produced on the Western Terrace,
however, is almost entirely lost to deeper waters because the primary direction of strong
swells, from the north-west, is not in a landward direction. Consequently, there is no
island development on the leeward side of the atoll, and the bottom sediment present is
most likely fine sand that has been moved westward by longshore currents or gravel

washed in from the reef edge during storm swells from the north and the south.

10.1.5. Lithofacies and petrologic implications

Results from the analysis of beachrock lithofacies are in agreement with the
literature description of both normal and storm weather deposits on atoll shores (e.g.
McKee, 1959), which in turn is consistent with the SWAN results discussed above. That
is, most beachrock deposits on Palmyra Atoll are poortly sorted accumulations of pebble
to boulder sized clasts, which require depositional energy that exceeds normal weather
conditions. This is consistent with the results from the SWAN wave model that show
that gravel transport in these positions only occurred under extreme wave events, and
mostly at a higher sea level. The exceptions are lithofacies 1la and 1b, which are
indicative of normal weather conditions and the constant reworking that allows the

separation of the fine gravel and sand portions of the deposit.

A large majority of cements show a meniscus fabric binding the grains and
enclosing the pore spaces (Fig. 5.13). This is evidence of beachrock formation within
the intertidal zone because meniscus fabrics typically form due to the repeated and brief

inundation of CaCOj-saturated water. This is also indicated by the presence of aragonite
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as the primary cementing agent, which suggests cementation within the marine phreatic
zone. The minor high-Mg calcite cement present in some beachrocks may have formed
subsequently in the meteoric vadose zone. The multiple banding in the cement of many

samples shows that there were repeated episodes of cement precipitation.

10.1.6. Orientation of beachrock clasts

Investigations of the direction of past sediment transport through the
measurement of aligned Acrgpoa sp. clasts show a bimodal distribution of orientations at
some, but not all, locations. This is because the deposition of coarse sediments is
affected by both the primary direction of the swash, and the refracted direction, which is
typically influenced by the direction of long shore transport. Furthermore, the major
swash direction has varied through time, particularly on the southern coast. This is most
likely due to variations in the direction of the large storm swell waves originating from
storm systems in the south Pacific Ocean. For instance, Figure 9.4 shows clast
otientations from four beachrock beds that indicate changes in the primary direction of
wave energy through time. This may be because storms in the Southern Hemisphere
were less constant and varied more in locations through time than their northern

counterparts.

10.2. Sea level in the northern Line Islands

Sea level data for the central equatorial Pacific Ocean are scarce and many sea
level curves are an extension of records from adjacent but distant areas such as the
south Pacific. However, Tracey (1972; cited in Grossman et al., 1998) found evidence
for a 1-2 m sea level highstand from studies of emergent coral reef platforms and
lagoonal environments on Jarvis, Starbuck, and Malden islands. A 0.5 to 1 m sea level
highstand between 4,500 and 1,500 yrs BP is reported from Christmas (Kiritimati)
Island, southeast of Palmyra, by Woodroffe and McLean (1998) from dating of shallow
marine biota. These are among the few records of past sea levels in the Line Islands. In
addition to these records, interpolated records through sea level highstand date from
Pacific islands by Dickinson (2009) suggest a sea level highstand of ~1 m in the Line

Islands around 4000 yrs BP. The sea level record in this thesis is based on observations
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of dated beachrock outcrops at Palmyra. However, beachrock is not often the primary

proxy for sea level change, and therefore is discussed in detail here.
10.2.1. Beachrock as a sea level indicator

Determining relative sea level change on tropical coastlines is largely dependent
on the presence of tidal notches and micro-atolls (Dickinson, 2001). However, these
features are often absent on smaller islands, and beachrock may be the only physical
record of paleo-sea level. Yet the varying theories of exactly how and where beachrock
forms (see Chapter Two) lead to differing opinions about how beachrock is related to
sea level change. Many workers (e.g. Hopley, 1986; Kelletat, 2006) suggest that
beachrock is not an ideal indicator and warn against its use as proxy for sea level change,
particularly in areas with large tidal ranges as this leads to large uncertainty for generally
small changes in mean sea level. However, in microtidal environments where other
proxies are absent, such as Palmyra, beachrock can be tentatively used as a proxy for

relative sea level.

Evidence from Palmyra Atoll agrees with the theory of beachrock formation
within the intertidal zone. The beachrock outcrop at Barren Island is presently situated
in the intertidal zone and is less than 105 '*C years old. There is no evidence of
supratidal cementation at Palmyra, which is most likely insufficient supply of CaCO,
saturated sea water to precipitate significant amounts of cement. This may be a
consequence of wave energy dissipation across the reef flat, where waves lack the energy
to create continuous spray into the supratidal zone. Severe or prolonged storm events
are a logical exception, but probably occur too infrequently to adequately cement
material. Therefore, observational evidence suggests beachrock at Palmyra forms within
a narrow (0.6 m) tidal range, and will record any subsequent meter-scale change in mean
sea level. If the relationship between beachrock and sea level holds for older deposits
then older beachrock, such as Lost Island, indicate a relative decline in sea level since its
formation. However, it is possible that the Palmyra beachrocks were cemented in the
subsurface below the beach in a marine — freshwater mixing zone. This would obviously
change the utility of such examples as sea level indicators. further examination of the

details of their cementation was beyond the scope of the present study.

All paleo-shoreline indicators are measured to the nearest 0.1 m because greater
precision is precluded by natural morphological irregularity or emergent paleo-reef flats

(Dickinson, 2001). This precision is considerably worse for paleo-tidal range indicators,
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such as beachrock, because of the inherent limitations due to the extent of the micro-
tidal range (0.6 m at Palmyra, or greater for areas with larger tidal ranges). Furthermore,
the utility of beachrock as a paleo-sea level indicator at Palmyra could be further
investigated by comprehensive radiocarbon dating and accurate measure beachrock
elevations. This was not achieved in 2010 due to aircraft failure; this will hopefully been

achieved in 2011.

10.2.2. Sea level at Palmyra Atoll

In 1924, Wentworth (cited in Keating, 1992) visited Palmyra Atoll, saw no
evidence for a past higher sea level and suggested that either the islands had not grown
to sea level by the mid-Holocene highstand sea level (MHHS), or any features associated
with higher sea level had been removed by wave action. However, this thesis suggests
beachrock are an indicator of a higher sea level during the mid-Holocene based on two
factors. Firstly, evidence from Barren Island shows that beachrock at Palmyra is only
formed in the intertidal zone and many outcrops from other islands are now emergent
by approximately 0.5 to 1 m. Secondly, results from the SWAN wave model show that
an increased sea level is required for wave energy to propagate across the reef flat in
order to deposit sediment at the locations further from the reef edge, which were
formed in the absence of younger islands to the east. Comparable studies of the late
Holocene sea level are often based on emergent reef terraces and microatolls (e.g.
Woodroffe and McLean, 1998; Dickinson, 2001). Such investigations at Palmyra may be
useful in the clarification of the extent of the MHHS but were beyond the scope of this

project.

The maximum age of the beachrock outcrops at Palmyra suggest an
unrealistically young age of the MHHS peak compared to other ages given in the Pacific
(e.g. Dickinson, 2009). Thus, it is suggested here that beachrock at Palmyra probably
corresponds to the falling limb of the sea level curve. This suggestion fits well with the
sudden onset and rapid development of the island chains suggested by the radiocarbon
dating of the beachrock outcrops. Consequently, beachrock development at Palmyra
Atoll may be an indication of the crossover date, the point at which the declining high-
tide level fell below mid-Holocene low-tide level. Typical dates for this range between
1450 and 550 yrs BP (Table 10.2; Dickinson, 2003), which is similar to the range of

radiocarbon ages for Palmyra. A sea level curve (Fig. 10.3) has been determined for
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Palmyra Atoll using the data from the beachrock outcrops and the sea level curves from

other locations in the central and south Pacific. This is compared to a similar curve from

Dickinson (2009)

Table 10.2: Sea level highstand dates, crossover dates and earliest-known human occupation dates for

selected island groups in the Pacific Ocean, including the results of this study (after Dickinson, 2003)

Pacific Island/s Highstand Crossover Earliest human
date date occupation

Cook-Austral groups 0B.CE/0CE. 800C.E. 1000 C.E.

Fiji-Tonga groups 1200 B.C.E 500 C.E. 950 B.C.E

Mariana Islands 1200 B.C.E 100 B.C.E 1800 B.C.E

Society Islands 0B.CE/0CE. 500C.E. 600 C.E.

Tuamotu-Gambier groups 800 C.E. 1400 C.E. 750 C.E.

Tuvalu-Kiribati-Marshall 200 B.C.E 1100 C.E. 100 C.E.

groups

Palmyra Atoll 600 C.E. 1200 CE. Na
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Figure 10.3: (A) (Modified from: Dickinson, 2003) Emergent mid-Holocene paleoreef ages for Caroline
(n=6)-Marshall N=10) Islands and Kiribati (n=7)-Tuvalu (n=1)-Christmas Island (n=6) of the central
Pacific region. Solid symbols are paleoreef coral in growth position; open symbols are cemented subtidal
paleoreef-flat rubble deposits or calcarenite. Vertical scale is elevation in meters (m) above modern spring
low-tide level (LTL); HTL is modern spring high-tide level (tidal range variable by island group. MHHS is
the local peak of hydro-isostatic mid-Holocene sea-level highstand as inferred from remnants of mid-
Holocene paleoreef flats or differential elevations of modern shoreline notches and mid-Holocene
paleoshoreline notches. Horizontal scale is calendar years. Slopes of inferred early Holocene eustatic rises
in sea level and late Holocene hydro-isostatic declines in sea level are hypothetical; CD is resultant
crossover date (see text for discussion). (B) Relative sea level change at Palmyra Atoll as indicated by
beachrock ages and heights (this study) and the durations of the MHHS from Dickinson (2009). Solid
points are position of individual clasts; open points are position of beachrock cement. Tidal range at
MHHS (shaded grey) is estimated to have begun 4000 yrs B.P.; the estimated length of the MHHS peak is
shown by the dotted line.
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Relative sea level change is a complex relationship between eustatic and isostatic
changes and distinguishing between the two is difficult for meter-scale changes over a
few thousand years. Mitrovica and Milne (2002) calculated that, following a eustatic sea
level rise to modern sea level at 5000 yrs BP, the peak of the MHHS would be over 3 m
at Malden Island, over 200 nautical miles south of the equator in the Line Islands (Fig.
10.4A). Thus, if the eustatic contribution reached modern sea level at the peak of the
MHHS, then the isostatic signal is responsible for the 3.4 m change in sea level over this
time. Since Malden Island is relatively close to Palmyra, this situation can reasonably be
extrapolated to Palmyra. Therefore, if Palmyra experienced a 1-2 m relative sea level
highstand, and there was a 3.4 m isostatic contribution, then the eustatic contribution
did not reach the modern sea level until much later (Fig. 10.4B). That is, some of the sea
level fall (due to isostatic processes) has been counteracted by eustatic sea level rise over

the same time.
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Figure 10.4: (A) (From: Mitrovica and Milne, 2002) Predicted relative sea-level history at Malden Island
over the late Holocene and the calculations adopt the test Earth model described by Mitrovica and Milne
(2002). The various lines on the figure refer to the sea-level contributions: Thin solid line-the total
predicted sea-level variation; thick solid line-the eustatic sea-level trend; dotted line-the sea level change
due to ice loading; dashed—dotted line-the sea-level change due to ocean loading; and dashed line-a second
estimate of the sea-level change due to ocean loading derived from the ‘hypothetical’ sea-level variation.
(B) Isostatic and eustatic sea level trends at Palmyra Atoll, assuming there is a 3.4 m isostatic signal based
on results from Mitrovica and Milne (2002). This curve uses a theoretical peak of the MHHS at 5 kyr BP.
The red line is the total relative sea level trend representing the eustatic sea level plus a 3.4 m isostatic sea
level trend and the blue line is the eustatic sea level and the black line is the isostatic sea level due to ice
loading from Mitrovica and Milne (2002). The thin dotted line represents the intersection of the MHHS 5
kyrs B.P.
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10.3. Quaternary history of Palmyra Atoll

The geological history of Palmyra is similar to many other oceanic atolls where
Cretaceous volcanism, which created the edifice upon which coral reefs grew, has
subsequently subsided and eroded to the point where there is no evidence of such
material today. The remaining carbonate platform reflects both the inherited
morphology from the original volcanic edifice with its overlying coral growth, as well as
the subsequent dissolution (karst) morphology developed during periods of low sea
level when reef carbonate is exposed to meteoric weathering. Such karst features are
manifested in the morphology of the modern atoll as deep (~60 m) lagoons. Other
processes have contributed to the atoll, possibly including slumping, edifice failure, and

potential large tsunamis.

10.3.1. Development of beachrock and reef islands

Pinned islands are important to the development and stabilisation of the atoll
and require the presence of an underlying consolidated base (Dickinson, 2004) and are
preferentially formed under falling sea level. Therefore, the carbonate platform of
Palmyra must have been within a certain distance of sea level to allow the formation of
stable islands. The time of origin of stable reef islands at Palmyra is inferred from the
ages of beachrock outcrops, which are assumed to form soon after the initial island

growth and to subsequently provide protection from wave erosion

The modern configuration of the reef islands at Palmyra Atoll is largely the
result of the underlying carbonate platform and its interplay between sea level, sediment
production and transport processes. Results from radiocarbon dating of the beachrock
at Palmyra suggest that the reef islands formed rapidly eastward during the falling limb
of the MHHS. The progressive formation of reef islands occurred in island chains that
subsequently ceased to grow once a younger island chain was formed. Dawson (1959)
recognised the progressive formation of the reef islands eastward and that the central
and eastern lagoons were formed more recently than West Lagoon. However, this was
attributed the raised beachrock outcrops on the eastern side of the atoll to tilting of the
atoll, resulting in the deeper Western Terrace (Keating, 1992). This suggestion ignored
the deeper Eastern Terrace and implied that Palmyra is not an emergent atoll and thus
has seen no sea level change during the late Holocene. This is unlikely due to the extent

of the MHHS reported for the Pacific (Chapter Two). Formation of the beachrock, and
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thus reef islands, on Palmyra during a higher sea level is evidenced by the relative height

of the beachrock outcrops and the results of the SWAN wave modelling.

The absence of stable landmasses during the peak of the MHHS suggests that
the carbonate platform was below the critical depth for which reef islands can be
maintained. Thus, the position of carbonate platform relative to sea level is the primary
control over the growth of reef islands. For instance, Kingman Reef north of Palmyra
has a large reef base but only transient sand cays are able to exist as the sea level is too
high above the carbonate platform. It may have been that during the peak of the MHHS
Kingman was entirely submerged and at Palmyra only transient sand cays existed, such
as those at Kingman today, which agrees with other theories of reef islands formation
after the peak of the MHHS (e.g. Barry et al,, 2007; Dickinson, 2009). Therefore,
although there may have been older beachrock or reef islands on Palmyra, these were
most likely destroyed through wave action at the higher sea level. It is also possible that
older islands and beachrock were lost due to catastrophic edifice failure leading to
slumping of a portion of the atoll. Given the surrounding bathymetry, this is most likely

to have occurred on the western or southern sides of the atoll.

The reef islands of Palmyra have developed rapidly eastward over the past
millennium after the sudden onset of beachrock deposition. Beachrock deposits are
youngest in the east, with the oldest at Lost Island in the centre (Fig. 10.1). This
demonstrates formation of reef islands progressively to the east, in the windward
direction, during a time when sea level was declining from the MHHS (Fig. 10.4). This
has occurred sequentially over approximately 2.5 km in at least 1200 yrs.. This model of
islet formation is supported by the SWAN modelling, which shows that to form the

inner islands a higher sea level with no sheltering from the east is required.

This accretion is dominated by periods of islet growth, initiated by the
accumulation of the storm sediments now cemented in beachrock. These are
represented by the Lost-Fern Island chain, the eastern island chain and modern Barren
Island. Between these chains the sand flats formed through a relative fall in sea level,
which may have been a result of a decrease in the regional sea level, or by a build up of
sand on the reef flats. Consequently, there was greater dissipation of wave energy and
waves were no longer able to propagate as far inward; hence, coarser clasts were

deposited further eastward.
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The periods of island-building events around 1249 yrs BP (Lost Island chain)
and 845 yrs BP (East Island chain) highlight the fact that there has not been a steady
and gradual accretion of the reef islands. Instead, there may have been an hiatus in the
decline of relative sea level, or a period where extreme events were more frequent, to
allow the accumulation of sufficient sediment to create pinned islands. The sea level
hiatus theory is supported by the development of Barren Island over the past 80 years, a
period with a marginal increase in sea level (2.0 mm/yr over the past 20 years; Church et
al., 2000), rather than decline. However, the migration of islands may also depend on
the nature of the local bathymetry. For instance, if there was a pre-existing high point
under Barren Island, this would cause the shore to §ump’ eastward under a falling sea

level.

Furthermore, the development of the atoll is not restricted to the windward
propagation of island chains. Simultaneously with the growth of the reef islands
described above, there was stabilisation of crucial areas on the north and south coast
(particularly Cooper, Holei and Paradise islands) through the cementation of large
outcrops of beachrock. The thickness of the outcrops suggest that these developed over
a longer period of time than their eastern counterparts. Additionally , limited supply of
sediment and surrounding bathymetry would reduce the lateral migration of these
shorelines. The understanding of the permanence of these outcrops, and their effects on

stabilisation of the coastline, is limited by the lack of dates for these area.
10.3.2. Additional shoreline changes

Beachrock can be used as an indication of shoreline change due to its position
on the beachface during deposition and thus will record any subsequent movement of
these positions. The past extent of the original island can be inferred through an
investigation of the strike and dip pattern of the eroded beachrock platforms. For
instance, the beachrock on Barren Island supports westward migration of the eastern

shore of the island of approximately 5 m over the past 80 years (see section 9.4).

The beachrock outcrop on the northern point of East Island (see Fig. 6.2)
contains evidence for significant shoreline shifts in its extensive, eroded beachrock
platform in the form of bedding patterns that differ from the trend of the current
shoreline. Firstly, there are beachrock remnants which extend seaward from the island
and form a point on the north-eastern tip of the island (Fig. 6.2), with the beachrock

dipping away from the centre of the original island. To the west, the beachrock
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continues to dip to the west, which may suggest that the original island was significantly
greater in area and extended further onto the reef flat, compared to the present day.
Beachrock representing the northern edge of this island may have been completely
eroded or may have been present below the tide level at the time of mapping. The
previous inferred shape of the island suggests that it was the northern end of the Lost

Island chain, as mentioned previously (Fig. 6.2).

Subsequently, the second phase of beachrock formation is similar to the other
outcrops on East Island in that it forms ledges close to the vegetated edge of the
modern island. This beachrock ledge also strikes similarly to sediments of the modern
island and dips northward. Therefore, it is assumed that this second phase of beachrock
formed when the island was in a orientation similar to today, suggesting there has not
been significant changes in sedimentary patterns since the beachrock formed. Dating of

these outcrops would further clarify this but no appropriate material was found.
10.3.3. Effects of beachrock on coastline evolution at Palmyra Atoll

Beachrock, once lithified, plays a critical role in the development of reef islands.
In particular, beachrock outcrops anchor the otherwise dynamic islands, which stabilises
the coastline and protects it from erosion (e.g. Dickinson, 2004). This has been
suggested by other authors (e.g. Vousdoukas et al., 2007) and appears to be a common
feature of microtidal shorelines. Although oceanic atolls and their islands are regarded as
very dynamic entities beachrock has a localised effect that limits the erosion and
transport of nearby sediment, particularly on the leeward side of outcrops. Consequently,
this stabilises portions of land over relatively long time periods (thousands of years). In
many locations on Palmyra, the outcrops occur as projecting points on the coastline that
have sandy beaches on their leeward sides. This suggests that beachrock is not only
stabilising the land behind, but also allowing the accumulation of fine sediment by
sheltering it from longshore currents. As a result beachrock may play a critical role in
the transformation of the islands from transient sand cays to more stable reef islands

that can sustain vegetation and soils over long periods.
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10.4. Limitations and potential future studies

10.4.1. Beachrock: an underdeveloped proxy for environmental changes?

The occurrence of beachrock has been documented worldwide and its presence
is known to have significant impacts on the sediment budget of tropical coasts, however,
its potential as an indicator for environmental change is a relatively unrecognised aspect
of paleo-climate studies. Despite this, it is often the only record of the past physical
environments for some of the world’s most vulnerable coastlines. Beachrock can best
used as a paleo-environmental change after the MHHS because beachrock at Palmyra is
relatively young, and yet there is still significant erosion evident in even the most
sheltered of locations. This is in agreement with the typical resilience of beachrock, in
that it is stable only over relatively short time periods (thousands of years; Vousdoukas

et al., 2007).

In this thesis, beachrock is used primarily as an indication of sea level change
and this is discussed throughout this thesis. However, additional information about the
paleo-environment may be gained from beachrock and its constituents. It is commonly
reported in the literature (e.g. Dickinson, 2001) that the beachrock detritus is identical to
the uncemented detritus on the same beaches. However, many outcrops of beachrock at
Palmyra show that this is an oversimplification, and where differences occur they may
prove useful in the determination of depositional conditions and environmental change,

such as those shown on Palmyra through the SWAN wave modelling.

Furthermore, beachrock contains clasts which may prove to be of value for
geochemical studies of paleo-SST or SSS. The fossilised T7dacna valves consist of
extremely dense calcite that proved suitable for radiocarbon dating and may also be
utilised similar to sclerochronology, due to layers of daily growth bands within the shell.
This has been accomplished with other bivalve species (e.g. Klein et al., 1996; Freitas et
al., 2005). Yet, the relationship between climate parameters and the geochemistry of the
Tridacna spp. has not been established and consequently, direct measurements of paleo-
SST or SSS are not as yet possible (Elliot et al., 2009). Despite the restrictions to
geochemical proxies, beachrock outcrops provide a unique opportunity to understand
the physical environment, which has important implications to the sedimentary

processes of many atolls and low-lying islands.
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10.4.2. Comparison to coral records

All of the Palmyra Atoll beachrock dates, with the exception of Barren Island,
fall within a relatively narrow age range (~603 yrs), which ovetlap with the U/Th ages
from the Porites corals obtained by Cobb et al. (2003b), the only other record extending
into the geological past at Palmyra. Comparison with the climate record of Cobb et al.
(2003a; Fig. 10.5) shows that most of the ages of the beachrock clasts overlap with the
Medieval Warm Period (MWP), which extended from around 800 to 1200 C.E. and
produced relatively warm temperatures in the Northern Hemisphere. However, §'°0O
records from Palmyra show cooling in the Pacific during this time and imply a decrease
in latitudinal temperature gradients (Cobb, 2002). This would have caused a weakening
of the Hadley Circulation leading to decreased moisture transport out of the tropics and
a decrease in trade winds strength. However, no clear relationship between the MWP
and the beachrock formation at Palmyra is apparent. Other climatic records, such as
temperature or oxygen isotope trends, do not show a relationship so if beachrock

formation is influenced at all by these processes then the relationship is unclear.
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Figure 10.5: Comparison of monthly resolved 60 coral records from Palmyra (black line), shown with a 10
year running average (yellow line) and other proxy climate records and external forcing during the last
millennium (from Cobb et al. 2003a). The red box indicates the range of beachrock ages from Palmyra

Atoll that overlaps with the Cobb record.
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10.4.3. Comprehensive dating of reef islands

The understanding of the geological history of reef islands may be enhanced by
more thorough radiocarbon dating. The radiocarbon dating used in this study was
restricted to seven samples from six beachrock outcrops. Since most of the beachrock
on Palmyra probably formed during infrequent, extreme wave events, it may be possible
to date the individual events by dating each bed. This gives the potential to understand
the frequency of such large events and to understand the formation period of beachrock

outcrops.

Despite the potential to aid understanding through a more comprehensive
radiocarbon study, appropriate material is scarce within the beachrock. Tridacna valves
were primarily used here, yet these are extremely rare as fossil deposits and are often
absent from beachrock exposures. Turbo spp. shells are more common in exposures but
are also more susceptible to erosion and are often too degraded to allow accurate dating.
Other material in the older beachrock, such as coral fragments, is often too
recrystallised for an accurate age to be determined. Uranium series dating would provide
a more widely applicable dating method but was not employed here because of lack of

funding.
10.4.4. Baseline data collection

The Intergovernmental Panel on Climate Change (IPCC) lists wave climate as
one of six climate drivers for coastal systems. However, there has been no formal
assessment of baseline wave climate conditions, climate change effects on wind waves,
or of the likelihood of future extreme wave events at national or island scales for the
PICTs (Christensen et al., 2007). Therefore, the limiting factor in assessing the effects of
climate change on coastal areas is insufficient information on the variability and trends
in surface ocean wind-waves, rather than a lack of awareness of coastal processes. An
important aspect to arise from the numerical modelling undertaken for this thesis is the
significant lack of long term environmental data for the oceanic Pacific, which produces
difficulties when attempting to manage or monitor environmental aspects. In particular,
the past wave climate in the Pacific is poorly understood. The present study highlights
the importance, and influence, of infrequent, extreme wave events on small, low-lying
islands. The hindcast model used in this study only covers the period 1997-2009, which

is a short enough period to likely exclude any large, infrequent events and to conceal
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long term trends. It is therefore imperative that there is sufficient baseline data to

understand the variability and trends in surface ocean wind-waves.

Furthermore, bathymetry is an important factor for almost all studies of Pacific.
In this thesis, the bathymetry used was measured using SWATH mapping for the deeper
waters. This is an accurate method of mapping bathymetry but it is limited to waters
deeper than ~30 m and those with ship access. In order to map the expansive shallow
waters of Palmyra, satellite altimetry was used. This is relatively inexpensive but is
significantly less accurate that other methods. The preferred method for shallow water
bathymetry is lidar mapping, which is considerably more accurate but also more
expensive. Although lidar bathymetry is beyond the scope of the current project, any
improvement to the baseline data in any study will produce more accurate, and thus

more applicable, results.

10.4.5. Developing the appropriate modelling tools

Currently, global climate models do not provide the necessary resolution needed
to assess impacts on coastal areas at Pacific island scales and, therefore, downscaling is
required to provide an appropriate basis for disaster risk reduction and adaptation to
climate change in coastal areas. SWAN has been useful in this thesis for its ability to
sufficiently model conditions on a local scale (less than 30km in both distance and in
terms of water depth). Although the appropriateness of SWAN for computing wave
setup on steep reef crests has yet to be comprehensively assessed, it appears to be the

most suitable numerical wave model for this work (see Chapter Seven).

Further potential for the use of the SWAN wave model demonstrated in this
study includes investigation of the impact of individual wave parameters, and their effect
on the bed shear stress, which has not yet been completed for Palmyra. For instance,
wave period varies greatly depending on the source and generation of the wave. The
effects of variation in wave period and directional spreading were not fully investigated

here but may have a large effect on the wave energy.
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10.5. Summary: local and global conclusions

This thesis had four main objectives, which were textural, geochemical,
hydrodynamic investigations of the beachrock of Palmyra Atoll, as well as providing a
model of how the reef islands and beachrock outcrops of Palmyra Atoll have developed
as a consequences of physical and biological processes. These in turn established the
relationship between the beachrock characteristics, the paleo-environment and sea level,
which ultimately led to the understanding of the development of Palmyra’s reef islands
throughout the late Holocene. The results from this study assist understanding of the
local sedimentary environment, which may aid the management and conservation of this
unique environment. Conclusions for the sedimentary processes of Palmyra Atoll are

summarised below:

e Six lithofacies identified in the beachrock outcrops on Palmyra Atoll are
diagnostic of formation in a shallow marine coastal environment, mostly due to
high depositional energy.

e Geochemical evidence is also indicative of the depositional environment. The
aragonite cements suggest cementation within the marine phreatic zone and
significant banding and meniscus fabrics also indicate formation within the
intertidal zone.

e Palmyra Atoll reef islands are comparatively young, with the oldest known age
(1249 cal. yrs BP) coming from a fossilised T7idacna shell cemented within the
beachrock on Lost Island.

e Textural investigations and numerical wave modelling show that the majority of
beachrock on Palmyra forms rapidly during infrequent and extreme wave events
during a higher sea level.

e Reef islands have developed windward as the sea level fell from at least a 1 m
high stand in the mid-Holocene over 1250 yrears ago; and subsequent
beachrock cementation provided a degtree of stability.

e The MHHS is suggested to be prolonged, or delayed, in the central equatorial
Pacific.

e Beachrock outcrops anchor the dynamic islets at Palmyra Atoll, helping to
transform transient sand cays to pinned islets and protecting some coastlines on

a millennial timescale.
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The conclusions drawn from this study also impact on the understanding of
tropical coastlines elsewhere, in particular among Pacific islands, which are extremely
vulnerable and lack sufficient environment and climate baseline data. These broad,

global conclusions are summarised below:

e Beachrock is demonstrated to be cemented within the intertidal zone, and as
such can be a useful indication of relative sea level change in locations where
other proxies may be missing.

e Textural characteristics of beachrock show a direct relationship to their
depositional environment, and as such can be used as an indicator of
environmental change.

e The results from the SWAN wave model demonstrate the long term impact of
extreme, infrequent wave events and, if cemented, can have permanent effects
on the stabilisation and protection of atoll shorelines.

e This study shows that the SWAN model can give relatively robust results for
oceanic reef environments, even where long term environmental baseline data is
scarce or absent.

e This study highlights the importance of the need for baseline data in order to
understand atoll processes and, thus, to effectively manage some of the world’s

most vulnerable coastlines.

Overall, this study has significant implications for understanding the geological
development of Palmyra Atoll, as well as contributing to an holistic understanding of
sedimentary processes within complex atoll environments. Although many aspects and
results described here are unique to Palmyra Atoll and its beachrock, the processes
involved can be applied to oceanic atolls worldwide. In particular, the application of the
SWAN wave model to small, low-lying areas of the Pacific is important as it presents an
opportunity to obtain robust results relevant to environmental change in areas where
long term environmental data is often absent. These results affect not only the
understanding of beachrock and reef island development but also atoll sedimentary
processes, which are increasingly important as the world enters an era of climatic

uncertainty and instability in which low-lying coastlines are extremely vulnerable.
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Appendix A — Compositional point counting results

Sample | Island FEasting Northing Material Associated
number facies
KOO002 | Paradise | 822437.62 650005.78 Beachrock 2.b.ii
KO 003 | Paradise | 822451.32 650008.77 Beachrock 2.b.ii
KO 009 | Paradise | 822454.03 650009.60 Beachrock 2.b.ii
KO 010 | Holei 824935.66 649823.11 Beachrock 1.a.
KO 011 | Holet 824938.87 649822.07 Beachrock 1.a.
KO 013 | Holei 824934.69 649823.34 Beachrock 2.b.ii.
KO 016 | Pelican 825805.84 650224.66 Beachrock 2.l
KO 017 | Pelican 825805.84 650224.66 Beachrock 2.a.l
KO 020 | Lost 825453.41 650763.92 Beachrock 2.b.ii.
KO 025 | Barren 827467.82 650800.92 Microphytokarst | Na
KO 026 | Barren 827467.82 650800.92 Beachrock 2.
KO 027 | Barren 827459.31 650796.78 Beachrock 2.4
KO 029 | Cooper 823717.99 652169.21 Beachrock 2.b.ii
KO 030 | Cooper 823703.26 652165.54 Beachrock 2.b.i
KO 031 | Cooper 823706.41 652165.06 Beachrock 2.b.ii
KO 033 | Cooper 823691.02 652153.23 Beachrock 2.a.il.
KO 035 | East 826179.59 651053.95 Beachrock 2.bi
KO 038 | Papala 825637.87 650598.61 Beachrock 1.b.

Table Al: UTM coordiantes (UTM zone 3N ) of samples that were used for petrographic analysis and associated

lithofacies.
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Results from spot counts of the thin section samples, methods for which are described in

Chapter One.

Sample KO 002
Clast Material Frequency Average | Percent of total
Run 1 Run 2 Run 3
Coral 131 125 150 135.33 27.07
Algae 154 159 135 149.33 29.87
Pore space 98 103 83 94.67 18.93
Cement 82 85 63 76.67 15.33
Bivalve 0 2 0 0.67 0.13
Gastropod 0 0 0 0.00 0.00
Foram 1 3 3 2.33 0.47
Intraclast 0 0 0.33 0.07
Echinoid 33 19 65 39.00 7.80
Bryazoa 0 4 1 1.67 0.33
Halimeda 0 0 0 0.00 0.00
Other 0 0 0 0.00 0.00
Total 500 500 500
Sample KO 003
Clast Material Frequency Average | Percent of total
Run 1 Run 2 Run 3
Coral 139 158 133 143.33 28.67
Algae 121 136 112 123.00 24.60
Pore space 111 103 120 111.33 22.27
Cement 107 97 123 109.00 21.80
Bivalve 0 0 0 0.00 0.00
Gastropod 0 0 10 3.33 0.67
Foram 0 0 0 0.00 0.00
Intraclast 6 0 0 2.00 0.40
Echinoid 4 6 2 4.00 0.80
Bryazoa 0 0 0 0.00 0.00
Halimeda 0 0 0 0.00 0.00
Other 12 0 0 4.00 0.80
Total 500 500 500
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Sample KO 009

Clast Material Frequency Average | Percent of total
Run 1 Run 2 Run 3
Coral 136 156 111 134.33 26.87
Algae 124 122 152 132.67 26.53
Pore space 114 95 121 108.00 21.60
Cement 102 109 106 105.67 21.13
Bivalve 19 14 5 12.67 2.53
Gastropod 0 3 0 1.00 0.20
Foram 3 1 0 1.33 0.27
Intraclast 0 0 0 0.00 0.00
Echinoid 0 0 5 1.67 0.33
Bryazoa 2 0 0 0.67 0.13
Halimeda 0 0 0 0.00 0.00
Other 0 0 0 0.00 0.00
Total 500 500 500
Sample KO 010
Clast Material Frequency Average | Percent of total
Run 1 Run 2 Run 3
Coral 44 104 46 64.67 12.93
Algae 205 143 190 179.33 35.87
Pore space 143 124 131 132.67 26.53
Cement 98 112 113 107.67 21.53
Bivalve 0 0 1 0.33 0.07
Gastropod 0 0 0 0.00 0.00
Foram 10 16 16 14.00 2.80
Intraclast 0 0 0 0.00 0.00
Echinoid 0 0 0 0.00 0.00
Bryazoa 0 1 3 1.33 0.27
Halimeda 0 0 0 0.00 0.00
Other 0 0 0 0.00 0.00
Total 500 500 500
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Sample KO 011
Clast Material Frequency Average | Percent of total
Run 1 Run 2 Run 3
Coral 34 31 26 30.33 6.07
Algae 197 223 219 213.00 42.60
Pore space 147 117 147 137.00 27.40
Cement 110 118 95 107.67 21.53
Bivalve 1 0 0 0.33 0.07
Gastropod 0 0 0 0.00 0.00
Foram 11 11 13 11.67 2.33
Intraclast 0 0 0 0.00 0.00
Echinoid 0 0 0 0.00 0.00
Bryazoa 0 0 0 0.00 0.00
Halimeda 0 0 0 0.00 0.00
Other 0 0 0 0.00 0.00
Total 500 500 500
Sample KO 013
Clast Material Frequency Average | Percent of total
Run 1 Run 2 Run 3
Coral 70 80 76 75.33 15.07
Algae 280 221 218 239.67 47.93
Pore space 97 115 71 94.33 18.87
Cement 96 64 117 92.33 18.47
Bivalve 3 1 0 1.33 0.27
Gastropod 0 0 0 0.00 0.00
Foram 11 14 18 14.33 2.87
Intraclast 0 0 0 0.00 0.00
Echinoid 0 0 0 0.00 0.00
Bryazoa 7 5 0 4.00 0.80
Halimeda 0 0 0 0.00 0.00
Other 0 0 0 0.00 0.00
Total 564 500 500
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Sample KO 016

Clast Material Frequency Average | Percent of total
Run 1 Run 2 Run 3
Coral 29 36 36 33.67 6.73
Algae 216 202 246 221.33 44.27
Pore space 68 76 49 64.33 12.87
Cement 182 182 169 177.67 35.53
Bivalve 5 0 0 1.67 0.33
Gastropod 0 0 0 0.00 0.00
Foram 0 4 0 1.33 0.27
Intraclast 0 0 0 0.00 0.00
Echinoid 0 0 0 0.00 0.00
Bryazoa 0 0 0 0.00 0.00
Halimeda 0 0 0 0.00 0.00
Other 0 0 0 0.00 0.00
Total 500 500 500
Sample KO 017
Clast Material Frequency Average | Percent of total
Run 1 Run 2 Run 3
Coral 89 22 53 54.67 10.93
Algae 262 292 294 282.67 56.53
Pore space 81 79 41 67.00 13.40
Cement 56 98 107 87.00 17.40
Bivalve 12 3 4 6.33 1.27
Gastropod 0 0 0 0.00 0.00
Foram 0 6 1 2.33 0.47
Intraclast 0 0 0 0.00 0.00
Echinoid 0 0 0 0.00 0.00
Bryazoa 0 0 0 0.00 0.00
Halimeda 0 0 0 0.00 0.00
Other 0 0 0 0.00 0.00
Total 500 500 500
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Sample KO 020

Clast Material Frequency Average | Percent of total
Run 1 Run 2 Run 3
Coral 115 122 120 119.00 23.80
Algae 142 163 134 146.33 29.27
Pore space 83 76 94 84.33 16.87
Cement 135 124 130 129.67 25.93
Bivalve 2 0 0 0.67 0.13
Gastropod 3 0 4 2.33 0.47
Foram 20 15 18 17.67 3.53
Intraclast 0 0 0 0.00 0.00
Echinoid 0 0 0 0.00 0.00
Bryazoa 0 0 0 0.00 0.00
Halimeda 0 0 0 0.00 0.00
Other 0 0 0 0.00 0.00
Total 500 500 500
Sample KO 024a
Clast Material Frequency Average | Percent of total
Run 1 Run 2 Run 3
Coral 178 172 166 172.00 34.40
Algae 130 136 119 128.33 25.67
Pore space 133 143 135 137.00 27.40
Cement 38 31 49 39.33 7.87
Bivalve 7 3 6 5.33 1.07
Gastropod 0 0 0 0.00 0.00
Foram 14 15 23 17.33 3.47
Intraclast 0 0 0 0.00 0.00
Echinoid 0 0 0 0.00 0.00
Bryazoa 22 0 0 7.33 1.47
Halimeda 0 0 0 0.00 0.00
Other 7 0 2 3.00 0.60
Total 529 500 500
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Sample KO 024b

Clast Material Frequency Average Percent of total
Run 1 Run 2 Run 3
Coral 167 193 167 175.67 35.13
Algae 134 115 123 124.00 24.80
Pore space 71 90 103 88.00 17.60
Cement 102 82 83 89.00 17.80
Bivalve 3 5 0 2.67 0.53
Gastropod 0 0 0 0.00 0.00
Foram 19 15 24 19.33 3.87
Intraclast 0 0 0 0.00 0.00
Echinoid 0 0 0 0.00 0.00
Bryazoa 4 0 0 1.33 0.27
Halimeda 0 0 0 0.00 0.00
Other 0 0 0 0.00 0.00
Total 500 500 500
Sample KO 026
Clast Material | Frequency Average | Percent of total
Run1 Run 2 Run 3
Coral 176 213 182 190.33 38.07
Algae 126 81 118 108.33 21.67
Pore space 99 104 106 103.00 20.60
Cement 68 68 61 65.67 13.13
Bivalve 11 19 9 13.00 2.60
Gastropod 0 0 0 0.00 0.00
Foram 4 9 3 5.33 1.07
Intraclast 2 6 0 2.67 0.53
Echinoid 0 0 0 0.00 0.00
Bryazoa 14 0 21 11.67 2.33
Halimeda 0 0 0 0.00 0.00
Other 0 0 0 0.00 0.00
Total 500 500 500
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Sample KO 027

Clast Material Frequency Average | Percent of total
Run1 Run 2 Run 3
Coral 197 215 184 198.67 39.73
Algae 83 74 84 80.33 16.07
Pore space 136 132 138 135.33 27.07
Cement 46 38 52 45.33 9.07
Bivalve 10 13 9 10.67 2.13
Gastropod 0 0 2 0.67 0.13
Foram 16 13 11 13.33 2.67
Intraclast 9 10 14 11.00 2.20
Echinoid 0 0 0 0.00 0.00
Bryazoa 3 5 6 4.67 0.93
Halimeda 0 0 0 0.00 0.00
Other 0 0 0 0.00 0.00
Total 500 500 500
Sample KO 029
Clast Material Frequency Average Percent of total
Run1 Run 2 Run 3
Coral 94 109 133 112.00 22.40
Algae 185 183 164 177.33 35.47
Pore space 112 112 126 116.67 23.33
Cement 76 85 68 76.33 15.27
Bivalve 6 0 0 2.00 0.40
Gastropod 12 11 9 10.67 2.13
Foram 0 0 0 0.00 0.00
Intraclast 0 0 0 0.00 0.00
Echinoid 0 0 0 0.00 0.00
Bryazoa 6 0 0 2.00 0.40
Halimeda 9 0 0 3.00 0.60
Other 0 0 0 0.00 0.00
Total 500 500 500
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Sample KO 030

Clast Material Frequency Average | Percent of total
Run 1 Run 2 Run 3
Coral 130 77 82 96.33 19.27
Algae 210 235 206 217.00 43.40
Pore space 98 113 135 115.33 23.07
Cement 53 58 73 61.33 12.27
Bivalve 0 0 0 0.00 0.00
Gastropod 0 0 0 0.00 0.00
Foram 3 4 0 2.33 0.47
Intraclast 0 0 0 0.00 0.00
Echinoid 0 0 0 0.00 0.00
Bryazoa 0 0 0 0.00 0.00
Halimeda 6 13 4 7.67 1.53
Other 0 0 0 0.00 0.00
Total 500 500 500
KO 033
Clast Material Frequency Average | Percent of total
Run 1 Run 2 Run 3
Coral 176 193 190 186.33 37.27
Algae 170 127 137 144.67 28.93
Pore space 95 111 107 104.33 20.87
Cement 49 67 64 60.00 12.00
Bivalve 0 0 2 0.67 0.13
Gastropod 0 0 0 0.00 0.00
Foram 4 0 0 1.33 0.27
Intraclast 0 0 0 0.00 0.00
Echinoid 0 0 0 0.00 0.00
Bryazoa 0 2 0 0.67 0.13
Halimeda 6 0 0 2.00 0.40
Other 0 0 0 0.00 0.00
Total 500 500 500
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Sample KO 035

Clast Material Frequency Average | Percent of total
Run 1 Run 2 Run 3
Coral 77 92 90 86.33 17.27
Algae 236 210 228 224.67 44.93
Pore space 122 112 99 111.00 22.20
Cement 49 63 52 54.67 10.93
Bivalve 7 2 5 4.67 0.93
Gastropod 0 0 0 0.00 0.00
Foram 3 7 4 4.67 0.93
Intraclast 0 0 0 0.00 0.00
Echinoid 0 0 0 0.00 0.00
Bryazoa 6 14 22 14.00 2.80
Halimeda 0 0 0 0.00 0.00
Other 0 0 0 0.00 0.00
Total 500 500 500
Sample KO 038
Clast Material Frequency Average | Percent of total
Run 1 Run 2 Run 3
Coral 67 19 69 51.67 10.33
Algae 154 192 164 170.00 34.00
Pore space 105 112 98 105.00 21.00
Cement 45 80 72 65.67 13.13
Bivalve 5 2 4 3.67 0.73
Gastropod 0 0 0 0.00 0.00
Foram 112 95 91 99.33 19.87
Intraclast 0 0 0 0.00 0.00
Echinoid 0 0 0 0.00 0.00
Bryazoa 12 0 2 4.67 0.93
Halimeda 0 0 0 0.00 0.00
Other 0 0 0 0.00 0.00
Total 500 500 500
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Appendix B — SWAN input file and additional
WWI1I plots.

G FHHRAAIIIIIIIHEADINGHA***HHkkn *kkkk
IS;ROJ ‘palcomp2_20' '20m'

iField case: Palmyra atoll, reduced resolution

$ Time of simulation: 8 June 2010

i********************MODEL INPUTH#ikkkkokkkkokkokokkxoxx ok
iET LEVEL 0.6

$
CGRID REG 812600. 648100. 0. 20200. 5300. 1010 265 CIRCLE 36 0.0521 1. 31

$
INPGRID BOTTOM REG 812600. 648100. 0. 1010 265 20 20 EXC -99.

READINP BOTTOM 1. '‘palcomp2_20.asc' 3 0 FREE

$
INPGRID FRIC 812600. 648100. 0. 1010 265 20 20 EXC -99.

READINP FRIC 1. 'fric2_20.asc' 3 0 FREE

$
WIND 0.1 225.

$

BOUNDSPEC SIDE N CONSTANT PAR 2.25 14. 075. 5.
BOUNDSPEC SIDE E CONSTANT PAR 2.25 14. 075. 5.

BOUNDSPEC SIDE S CONSTANT PAR 2.25 14. 075. 5.

BOUNDSPEC SIDE W CONSTANT PAR 2.25 14. 075. 5.

$

GEN3

BREAKING

FRICTION MAD

TRIADS

$
$*************************************************************
$

FRAME 'grid_20' 812600. 648100. 0. 20200. 5300. 1010 265

TABLE 'grid_20' HEAD 'grid_20.tab' XP YP FORCE HSIGN DIR TDIR QB UBOT TPS

$

$ set itest=1 in order to get detailed information
TEST 1,0

COMPUTE

STOP
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Figure B.1 (previous page): An example of the .swn input file to model the summer swell wave events at high tide.

3-hourly WW3 event frequency at Palmyra, 199/7-2009 (n=37908)
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Figure B.2: Wave climatology from the WW3 hindcast for 1997-2009. Directional information are given as rose
diagrams within each box. The colour of the box represents the percentage of the time during which conditions occur
as shown in the key on the right. The number of days is also given as numbers within each box.
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Figure B.3: Monthly wave climatologies for Palmyra Atoll plotted in the two-dimensional space (significant wave height and wave period). The colour of the bin is representative of

the event frequency in any given month.
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Appendix C - Paleo-orientation data and statistics

C.1 Cooper lIsland

Table C1: Orientation measurements (°) and statistics from the eastern section of beachrock at Cooper Island.

0 58 90 127
7 59 91 130
13 60 97 140
15 60 98 141
15 63 99 146
16 65 100 148
20 66 101 162
26 70 106 165
36 75 112 165
40 81 113 169 | M7
49 85 118 172 Mean = 89°
50 85 118 173
50 87 118 176 SD =49
52 89 122
Table C2: Orientation measurements (°) and statistics from the eastern section of beachrock at Cooper Island.
0 17 40 53 86 148
1 20 41 57 87 150
2 21 41 57 89 152
3 26 42 57 89 158
4 29 43 58 90 162
7 32 43 59 100 165
8 34 43 61 103 168
11 35 45 62 107 170
11 35 45 68 112 170
11 35 45 69 115 172
11 37 45 72 123 175
12 38 48 75 127 175 n =94
12 40 49 77 130 176 Mean = 69°
14 40 50 78 133 178
15 40 51 82 144 SD=53
16 40 52 84 147
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C.2 Paradise Island

Table C3: Orientation measurements (°) and statistics from bed 1 at Paradise Island.

NN DN B O

10
12
13
13
15
17
20
27
28

30
30
32
33
40
42
42
45
48
48
50
55
58
60

60
63
64
70
70
72
73
80
81
87
89
90
91
101

104
105
110
115
116
120
121
128
129
130
130
132
133
134

135
136
136
139
140
140
140
141
143
150
151
156
156
157

157
160
160
160
160
161
163
164
165
167

n =80

Mean =90°

SD=54

Table C4: Orientation measurements (°) and statistics from bed 2 at Paradise Island.

5

9

9
12
14
16
18
20
20
24
25
25
28
28

30
30
30
31
35
40
40
42
52
53
58
60
61
64

67
67
69
70
70
73
76
78
80
80
81
89
91
94

95

97

98

99
100
100
101
102
105
106
111
112
114
120

122
122
123
124
129
130
130
131
134
138
143
145
146
150

151
151
152
153
155
155
155
162
164
167
170
178

n =82

Mean = 89°

SD =49

Table 5: Orientation measurements (°) and statistics from bed 3 at Paradise Island.

0

2
12
12
13
13
15
15

23
23
25
26
26
30
30
31

37
40
42
42
43
43
45
46

53
55
56
56
56
56
57
57

75
77
77
79
83
98
98
98
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109
109
109
118
118
122
134
137

155
155
165
165
172
179




15
15
17
17
20
23

33
36
37
37
37
37

47
49
50
51
51
53

60
60
63
71
73
75

105
108
108
108
109
109

137
140
140
147
150
150

Table C6: Orientation measurements (°) and statistics from bed 4 at Paradise Island.

n =90

Mean = 69°

SD =47

0

7

9
10
12
13
15
16
18
20
20
20
25
25

26
28
28
30
32
35
36
36
36
38
39
39
40
42

43
44
45
50
50
51
52
57
62
63
64
69
70
72

77
79
82
89
89
89
92
93
94
94
96
96
97
99

103
104
105
106
109
120
121
122
126
127
129
129
130
132

133
133
134
134
134
135
135
137
137
138
139
143
143
144

145
145
148
148
152
152
153
154
156
159
159
160
160
160

164
164
166
168
170
170
170

n =105

Mean =92°

SD =52

C.3 Northern East Island

Table C7: Orientation measurements (°) and statistics from bed 1 at Northern East Island.

27
39
40
42
45
47
48
52
53
53
55
55
57
57

57
64
65
66
71
80
95
98
98
100
100
105
107
109

112
113
116
130
131
134
136
142
143
150
155
168

n =40

Mean = 88°

SD =39
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Table C8: Orientation measurements (°) and statistics from bed 2 at Northern East Island.

7

9
11
22
23
24
28
31
34
38
41
41
43
43

45
47
48
49
52
60
63
64
66
71
76
85
90
91

96
100
101
105
113
114
122
125
130
130
130
133
134
134

135
136
140
143
143
144
148
149
149
149
153
154
157
158

159
160
161
165
168
170
171
176
176

186

n =66

Mean = 102°

SD =53

Table C9: Orientation measurements (°) and statistics from bed 3 at Northern East Island.

0 29 43 63 105 132 148 170
4 30 47 67 106 133 149 171
5 31 47 69 109 134 151 171
7 34 49 72 110 135 154 173
11 35 49 72 111 135 154 174
12 35 50 74 111 138 155 176
14 37 50 79 112 139 157
17 38 54 80 112 140 158
19 39 55 80 115 141 161
20 40 55 82 117 142 161
21 40 58 85 117 143 161
24 41 59 88 127 144 162
27 42 59 95 131 144 164
27 42 60 105 131 147 165
n =104
Mean = 90°

SD =53

Table C10: Orientation measurements (°) and statistics from bed 4 at Northern East Island.

0
3
14
18

47
56
60
64

110
111
114
114

137
138
140
146

157
160
162
162




19 73 115 148 163
20 74 119 149 165

20 84 119 150 165

28 85 123 150 168

30 86 126 150 169 66

31 88 127 152 171

32 89 129 152 Mean = 104°
42 90 131 153

43 98 132 153 Sh =52

43 98 132 155

C.4 Barren Island

Table C11: Orientation measurements (°) and statistics from platform 1 at Barren Island.

0 33 57 76 94 103 121 137 144 162
1 35 60 80 96 103 124 138 146 165
2 35 64 81 96 106 125 139 146 166
6 36 67 81 98 106 125 140 146 167
6 37 68 82 98 107 125 141 147 168
7 37 69 84 98 109 126 141 147 168
10 39 71 84 99 109 126 141 149 169
15 40 72 84 100 110 129 142 149 170
17 41 72 88 101 110 130 142 151 170
18 45 73 88 101 112 131 142 151 170
19 50 73 91 101 112 132 143 152 171
20 50 73 92 103 117 134 143 153
20 54 74 92 103 119 135 143 154
29 55 75 94 103 121 137 144 159

n =137

Mean = 99°

SD =47

Table C12: Orientation measurements (°) and statistics from platform 2 at Barren Island.

0 21 42 64 72 88 101 136 147 164
6 22 48 66 72 88 102 138 147 164
6 22 52 66 73 88 103 139 147 164
8 23 52 68 74 88 104 139 147 168
12 23 53 68 74 89 104 139 149 169
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13 26 53 68 75 89 109 139 150
14 26 55 70 76 91 109 140 153
14 27 56 70 80 92 111 140 156
16 27 60 70 81 92 111 141 157
16 28 61 70 83 94 112 144 158
17 39 61 70 83 98 116 145 160
19 40 62 71 85 99 127 145 161
20 42 62 71 87 100 128 146 161
20 42 63 71 87 101 135 147 162

n =131

Mean = 86°

SD =47

Table C13: Orientation measurements (°) and statistics from platform 3 at Barren Island.

5 31 49 72 84 103 118 134 163
7 31 49 73 84 103 120 134 164
10 32 51 74 85 104 120 135 167
12 32 52 75 86 111 120 136 168
13 38 53 75 88 112 121 136 168
18 39 54 75 90 112 123 139 169
21 41 55 76 90 112 125 140 175
22 42 57 76 92 114 125 143 176
24 42 57 79 93 115 126 143
24 43 57 80 94 116 128 147
25 46 60 80 95 116 129 150
25 47 63 80 98 116 130 158
27 47 67 82 99 117 131 160
30 47 69 84 100 117 134 160

n =120

Mean = 89°

SD =45

Table C14: Orientation measurements (°) and statistics from platform 4 at Barren Island.

11
12
13
13
14
15
15
16

20
20
21
21
22
23
24
24

30
30
32
34
34
38
39
40

49
50
50
51
51
53
57
62

70
70
70
70
72
72
74
76

84
87
92
93
94
94
95
95

cé6

98
100
100
102
105
110
111
112

124
126
128
129
130
131
132
133

138
139
140
145
149
151
154
157

163
163
164
164
164
164
165
167




17 24 42 62 76 96 113 133 157 169
17 25 43 63 80 96 117 134 157 170
18 26 43 66 80 96 121 135 158 170
19 26 47 66 82 97 122 135 160 171
19 26 47 66 83 97 123 136 160 172
20 27 49 69 84 98 124 137 162 176
n =140
Mean = 87°
SD=51
Table C15: Orientation measurements (°) and statistics from platform 5 at Barren Island.
0 28 42 55 78 107 126 134 140 148 157
0 28 44 56 79 110 127 134 140 149 157
1 29 45 58 80 113 127 134 143 149 158
2 30 45 65 87 115 128 134 143 150 159
2 31 45 65 89 116 128 135 144 150 160
7 34 45 66 91 118 129 135 144 153 161
13 35 46 67 92 119 130 135 144 155 161
18 35 47 69 92 120 130 135 145 155 166
22 35 48 71 94 120 130 137 145 155 168
23 38 50 74 96 121 130 137 145 156 170
25 38 50 75 97 123 131 137 146 156
25 39 50 76 101 123 131 137 146 157
25 39 52 77 106 124 133 137 147 157
28 40 52 77 107 126 134 138 147 157
n =150
Mean = 98°
SD =49
Table C16: Orientation measurements (°) and statistics from platform 6 at Barren Island.
0 25 37 46 63 81 94 118 135 143 157
10 25 38 46 64 84 95 121 136 146 158
13 26 38 47 65 85 95 122 136 147 161
14 27 40 49 68 86 95 123 136 147 161
14 27 41 49 73 87 97 124 137 148 163
15 29 41 50 74 87 103 124 138 148 163
16 30 42 50 75 88 107 127 138 150 164
19 32 42 52 76 90 109 130 139 152 168
19 34 43 55 76 90 109 131 139 152 169
21 36 43 55 76 90 113 132 140 152 171
21 36 43 55 78 91 114 133 140 154 172
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23 37 45 57 78 92 115 133 140 155 172
24 37 45 61 78 93 116 134 141 156 173
24 37 46 62 80 93 117 135 142 157

n =153
Mean = 89°
SD =49

Table C17: Orientation measurements (°) and statistics from platform 7 at Barren Island.

0 20 40 52 71 87 108 120 133 147 162
0 21 40 53 73 88 108 121 134 147 166
6 23 40 55 75 90 109 122 135 149 170
9 23 40 55 75 90 110 123 139 153 173
10 27 40 55 76 94 110 124 139 153
14 27 42 60 76 97 110 124 140 154
14 32 44 61 76 98 112 124 141 157
14 32 45 61 83 105 112 125 142 157
17 33 47 62 83 105 113 127 142 158
17 35 48 67 85 106 113 127 143 159
18 35 48 67 85 106 114 128 146 160
19 37 48 68 86 106 115 128 146 160
20 38 49 68 87 106 115 131 146 160
20 39 50 71 87 107 117 131 146 161
n =144
Mean = 88°
SD =48

Table C18: Orientation measurements (°) and statistics of gravel from the first set of photographs on the eastern
bank on the south end of Barren Island.

0 64 93 123 156

0 64 97 126 158

1 65 100 127 160

1 65 102 127 161
10 66 105 129 162
21 66 109 133 165
23 67 110 136 167
31 79 111 138 173
36 81 112 139 173 | n =67
38 82 113 146 178
51 84 114 149 179 | Mean=100°
54 85 117 154 <D < 50
57 90 117 155
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59

92

121

156

Table C19: Orientation measurements (° ) and statistics of gravel from the second set of photographs on the eastern
bank on the south end of Barren Island.

5

5

5
11
12
15
20
24
27
27
28
29
31
31

32
33
33
34
35
39
40
41
42
47
48
48
49
50

57
57
60
60
61
63
66
66
67
69
70
71
71
72

78
80
81
84
85
85
87
90
90
96
100
101
101
102

102
104
112
120
121
129
131
133
143
150
157
158
159
159

163
175
176

n=73

Mean = 74°

SD =45

Table C20: Orientation measurements (°) and statistics of gravel from the third set of photographs on the eastern
bank on the south end of Barren Island.

4
13
14
17
20
23
42
48
50
50
58
58
59
59

60
64
65
65
65
66
68
69
72
73
78
81
85
90

90

98
101
103
107
110
110
111
115
117
121
123
133
134

136
140
140
142
142
145
149
150
152
152
153
154
156
156

158
160
167
167
168

n =61

Mean = 98°

SD =46

Table C20: Orientation measurements (°) and statistics of gravel from the fourth set of photographs on the eastern
bank on the south end of Barren Island.

1

10
11
12
14

35
36
38
42
43
45

93
94
103
103
107
117

135
142
145
145
145
152
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21 52 118 154
22 55 118 165
24 65 124 173
25 75 126 173 nh =52
28 76 126
31 78 127 Mean = 81°
34 80 130
SD =52
35 90 130

Table C22: Orientation measurements (°) and statistics of gravel from the fifth set of photographs on the eastern
bank on the south end of Barren Island.

11 96 145
46 97 146

52 101 148

54 103 148

58 104 149

62 105 151

78 111 152

79 115 153

79 116 158

81 122 160 | n =40

84 123 166

88 130 168 | Mean=110°
95 135 <D< 38

96 139

Table C23: Orientation measurements (°) and statistics of gravel from the sixth set of photographs on the eastern
bank on the south end of Barren Island.

0 59 84 147
0 60 87 149

4 61 90 151

11 61 91 152

11 61 98 154

13 66 100 157

14 70 101 159

17 71 102 160

30 74 104 160

39 74 111 162 h =53

39 76 131 170

40 79 137 Mean = 85°
54 82 137 D= 50

55 83 142
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Table C24: Orientation measurements (°) and statistics of gravel from the seventh set of photographs on the eastern
bank on the south end of Barren Island.

0 50 111

13 65 111

14 75 114

15 88 117

16 92 120

27 92 127

28 9 137

29 99 140

34 99 143

38 99 148 n =41
42 104 150

42 105 154 Mean = 83°
47 110 168

48 110 SD =46

Table C25: Orientation measurements (°) and statistics of gravel from the eighth set of photographs on the eastern
bank on the south end of Barren Island.

7 40 79 133
8 43 84 143

18 45 84 147

21 47 84 154

30 48 85 158

31 52 88 160

32 52 90 161

32 55 93 164

35 56 114 167

35 59 114 168| n =52

37 64 115

39 70 119 Mean =79°
39 75 122 S

39 76 127
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