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Abstract

Palmyra Atoll is an isolated carbonate reef systarated approximately 1600 km south of
Hawaii in the northern Line Islands, central Pacicean. Sediment samples from the
lagoons and tidal zones were analyzed for grairesecomposition, and the results used
to compile detailed maps and interpret the enviremis and lithofacies present. A distinct
grainsize distribution was observed forming congertiands ranging from coarse gravel
rubble on the outer reef through to finer matemathe interior of the atoll in the deep
lagoons, where peloidal muds prevail. Five lithatogacies have been identified and
typical sediments are poorly sorted and near-symcaéin their grainsize distribution. On
average, sediments are medium sand. A distinctatdan assemblage was observed with
coral and calcareous red algal fragments forminlj ofthe sediment, with varying
amounts of molluscsHalimeda and foraminifera being the lesser major constisien
Lagoonal and tidal sediments showed little variaiio composition between locations and
lacked clear compositional zonation, characterisficother larger atolls of the Pacific.
Palmyra Atoll is unique in that it has had littlarhan intervention for the last sixty years
and as a result uninhibited natural processes ecarang. It is also unique in that it
displays relatively deep for its size (<55 m), pte@led compartmentalized lagoons that
have abundant fine material (upward of 70% siliroer), a feature not commonly observed
at other Pacific atolls. This fine material hasrbekentified as a peloidal mud and its mode
and rate of deposition may be partly controlledhsabundant zooplankton in the lagoons.
Recent sediments of Palmyra Atoll are almost egticarbonate, originating from reef
organisms inhabiting the atoll. The only other miates small amounts of siliceous sponge

skeletons.
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Chapter One: Introduction

1.1 Introduction

This thesis is a study of the recent carbonatenssus of Palmyra Atoll in the northern
Line Islands, central Pacific Ocean. The objectivas to map, sample, analyse and
describe for the first time the sediments of thgotans and reef flats, and to discuss their

origin and distribution, together with the sedinagtcontrols.

A variety of sedimentary techniques have beenzetiliand integrated with the present
day environmental parameters, including the resulfs historical anthropogenic
modifications to the atoll. The research complemerher studies at Palmyra looking at
shoreline change, coral health and settlementstiiteis of tridacnid clams, and related
studies including the development of island managemptions as outlined by Gardner
et al. 2007 (see section 1.7 VUW research at Palroll).

Palmyra Atoll is a highly isolated location and ssch there are many obstacles
associated with visiting. The only transport to thland is by chartered private flights
from Hawai'i. The atoll is one of only a handful pfivately owned U.S territories and
there are very specific guidelines and conditiarsehtering and working on the island.
The geology and sediments of Palmyra present their difficulties due to a lack of

previous study and long term data, and often irestbke environments.
1.2 Location of study area: Palmyra Atoll topograplic setting

Palmyra Atoll (Fig 1.1, 1.2, 1.3) is a remote catill island system in the northern Line
Islands archipelago in the west-central Pacificab¢@pproximately 1,930 km (U.S. Dep
of Interior 2006) to the southwest of Honolulu &wD km north of the equator at 05°52’
North and 162°06 West. Palmyra is the northernratdt of the 12 Line Islands, and

only Kingman Reef lies further north. The atolklien the complex northwest — southeast



trending Line Islands Submarine Ridge (Davis et28l02, Maragos et alA 2008).
Palmyra atoll consists of an elliptical reef 20 kimength in an east to west direction and
3.5k m wide with elongated fore reef terraces editen 3 — 5 km off the eastern and
western ends of the atoll from depths of 7 to 2%Fig 1.2). The reef flat of Palmyra
appears tilted from west to east, with the westamion submerged. The submergence
has apparently resulted from a long period of smhubn the western side as growth has
proceeded actively eastward (Dawson 1959). Thealesatea of the atoll is encircled by
shallow perimeter reefs that supported some 5isled three sub-lagoons separated by
shallow north — south linear reefs before the Sédaforld War. The atoll underwent a
brief but substantial period of military modificati to form a naval airbase between 1940
and 1945. This resulted in the islets of the dielhg connected, except for Sand Island in
the west and Barren Island in the east. The laigksid is Cooper-Meng Island in the
north, followed by Kaula Island in the south. Tharthern rim of islets is formed by
Strawn Island, Cooper-Meng Island, Aviation Islaf@iail Island and Whippoorwill
Island, followed along the east by Eastern Isl&ahala Island, and Pelican Island, and to
the south by Bird Island, Holei Island, Enginedarsl, Tananger Island, Marine Island,
Kaula Island, Paradise Island and Home Island kelese Fig 1.2). Palmyra Atoll has a
combined total land area of 2.5 square km (Colkeal.e2009) and has an average land

elevation of approximately 2 metres above sea level

Palmyra atoll, its lagoons and accompanying carels are a large structure and provide
challenges in undertaking a detailed scientific lggical study. The primary area of

concern for this project was to investigate the¢hmajor lagoon sections, reef flats and
shorelines located within the encompassing isted that makes up Palmyra atoll. These

are known as West, Center and East lagoons (Fjg 1.2



Fig 1.1 Map of central Pacific Ocean showing lamatof the Line Islands and Palmyra

atoll.
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Fig 1.2 Geographical Map of Palmyra Atoll showiadpélled islands, lagoons and reefs
(from Collen et al. 2009)
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Fig 1.3 Ikonos satellite image (2000) of PalmyrallAttourtesy of the U.S. Fish and

Wildlife Service and Space Imaging, Inc.

1.3 Geological setting

Palmyra Atoll is a remote atoll composed of thiekimnate deposits overlying a volcanic
base, on the northwest — southeast trending Lilaads chain, a complex bathymetric
chain of atolls, submarine ridges and seamourttseircentral Pacific Ocean, southwest of
Hawai'i. The >4000 km long chain extends from thé&¥Racific Mountains, at 20°N,
170°W, southeast to the north end of the Tuamdtmds Submarine Ridge (Davis et al.
2002). In the vicinity of the Line Islands chairetbentral Pacific seafloor is a complex
area and not well understood from a geologicalpestive (Maragos et ah 2008). The
Line Island chain lies within the Darwin Rise. Thgsan area of the Pacific Ocean that is
between 200 — 700 m shallower than the surroundicganic lithosphere, and is
magnetically “quiet” seafloor formed during the @@eous Normal Superchron (120 to
83 ma) (Atwater et al. 1993). The underlying seaflalong the Line Islands chain ranges
from mid-Cretaceous (119 Ma) at the northern enthéolate Cretaceous (83Ma) at the

southern end (Davis et al. 2002)



The volcanic structures of the Line Islands areedie in shape, size, composition and
morphology (Davis et al. 2002). The Line islandsidg& (Fig 1.4) has numerous parallel
and NW-SE trending features and is intersectedhitsetfracture zones: Molokai, Clarion
and Clipperton (Maragos et al. A 2008). The Linkrds chain is divided into three
geomorphic provinces, the Northern, Central andti8ya provinces. Palmyra Atoll is
located at the southern end of the Northern Pravimcich extends from the mid Pacific
mountains to a gap in the chain at 12°N latitudeaiding with a westwards extension of
the Clarion Fracture Zone (Fig 1.4) (Davis et 802).

“Owing to the remote location, complexity, and vhsigth of the Line Islands chain, it
has not been thoroughly studied and only limitedlagical drilling and dredging has

been done along the Line Islands submarine ridgklg§8ger et al. 1976; Schlanger et al.
1984; Garcia et al. 1993; Haggerty et al. 1982;i®a&¢ al. 2002)” (Maragos et al. A

2008).

Figure 1.4: Major geological features of Centraktiffa Ocean. Map modified from
CRED/PIFSC with seafloor topography from Smith arSandwell (1997).
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1.3.1 Geochronological evidence for the origin ofdfmyra Atoll

Davis et al. (2002) presented né&%®r/>°Ar ages of 68 mineral separates and whole rock
samples collected by dredging from nine volcaniifies in the northern Line Islands
region, between lat 20'N and 6'N depicting the fation of the Line Islands submarine
ridge. Their results and other previously publistaggs suggest that the northern Line
Islands are incompatible with single or multiple Bpot models; instead they suggest that
there were two major episodes of volcanism. “Eggisagle of volcanism lasted ~5 Ma
and was separated by ~8 Ma that occurred synchsbnower long distances, not just
along the main chain but also at non-aligned eefifid/olcanism during the older episode
(81 — 86 Ma) extended over a distance of at €280 km along the eastern part of the
complex seamount chain. Volcanism during the yourgmsode (68 — 73 Ma) was
concentrated in the western part of the chain aag Inave extended over a distance of >
4000 km” (Davis et al.2002).

Davis et al. (2002) have analyzed three alkalicaltasrom the Kingman Reef area,
located 65 km northwest of Palmyra. The resultswstiat the best age for Kingman Reef
from the weighted means of the three ages detednim&0.0 £ 0.5 Ma. This suggests
that the Kingman structure initially formed durittge younger of the two episodes of
volcanism. No radiometric age determinations hawver ebeen conducted for the
formation of Palmyra Atoll. The Kingman Reef agem de used as an estimate for
Palmyra Atoll due to its proximity (65 km north) évagos et al. A 2008). Thus, Palmyra

was probably also formed during the younger episdd®Icanism between 68 — 73 Ma.

1.4 History of reef development, growth and subsidee

Reef growth, emergence, and subsidence on Palmipth gince the Plio-Pleistocene
have not been documented, and only a few studiess$ fx any of the Central Pacific
reefs, reef islands, and atolls (Maragos et al088). Furthermore, the intensive dredging

of the lagoon and the construction between 1940 Hitb has modified the natural



bathymetry and removed much evidence for the Holedgstory of the atoll (Woodbury
1946, Dawson 1959, Maragos et al. A 2008, Colleal.€2009).

Reef development in the area began when the valdanndations were still emergent
islands in the late Cretaceous (Schlanger 1984lpwed by volcanic subsidence and
upward reef growth maintaining proximity to the smaface during prolonged time
periods. From studies of other Pacific atolls itkisown that during glacio-eustatic
drawdowns in global sea level by 120 - 125m, caa®mlatforms of modern atoll
provinces rose abruptly from the sea as clustessiloderial limestone plateaus flanked by
steep cliffs (Dickinson 2004). Slow subsidence dedpwith karstic erosion of the
emergent Palmyra Atoll during the last glaciatioowd have lowered the surfaces of the
last-interglacial reef edifices and provided theebfor later Holocene reef growth during

postglacial eustatic sea level rise.

In comparison to work on other Holocene coral sastems (Dickinson 2004, Purdy and
Winterer 2001, Braithwaite et al. 2000) at the lsicial maximum, from 23 to about 19
ka BP, reefs only developed along what were to imecthe foreslopes of the present
reefs, forming accumulations a few metres thickeatical rates of up to 1 mm per year
(Montaggioni 2005). The rapid postglacial rise @adevel, from about 19 to 6.5 ka, was
accompanied by the formation of three successieé generations within the periods
17.5 - 14.7 ka, 13.8 - 11.5 ka and 10 ka to thegme(Braithwaite et al. 2000). Since the
current stillstand which started around 4000 yesgs, vertical reef development has
slowed and in some cases ceased altogether, aerhllaather than vertical reef
development has occurred causing a widening of giegraphic extent of the reef
structure. This is believed to be seen in the dgnositboth the eastern and western reef
shelves. Multibeam mapping of Palmyra Atoll (Vro@tal. 2006, Ferguson et al. 2006)
provides details of the morphology of the surrongdocean and of the deeper parts of
the lagoons (Fig 1.5). The multibeam data are éichidue to operational and time
constraints but results reveal that Palmyra A®lvéry low lying with little remaining

subaerial evidence of previous sea stands (Maretgals A 2008).



The depth below current sea level to the base ofodéne reef limestone that

disconformably overlies Pleistocene limestone amel ages of the oldest Holocene
limestones present are not known at present. Dekipgland sample collection from the

fore-reef for age determination would be requiregtovide a accurate reconstruction of
the sea level records and reef growth the atolcdmparison, other modern atoll reefs
perched atop carbonate platforms which cap buridchwic edifices in the Pacific Ocean
are generally underlain by an average of 8 - 28frhlolocene limestone overlying a

substratum of last-Interglacial or older limest¢Béckinson 2004).
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Figure 1.5: Slope map from CRED/PIFSC with 50-mhiatetric contours for Palmyra
Atoll (NOAA, Vroom 2006, Ferguson 2006)



1.4.1 Controlling factors of reef development

Tropical reef growth is dependent on several factaith the two major environmental
factors being sea water temperature and salifityrals need to be within a fairly specific
and narrow range for growth to occur, with watenperature in the range of 16 - 36°C
with an optimum of 25-29°C. Salinity tolerancesgea from 27-40%. with an optimum of
36%o (Tucker and Wright 1990). Nutrient levels ah@ amount of light that the coral
receives are also important to reef developmend)gal symbiots within coral need light
for photosynthesis (Stoddart 1969, Tucker and Wri@90, Guilcher 1988). Reef
structure and development is also influenced byerotbiteanographic factors such as
currents and wave energy, which in turn affectitlityh and circulation. Low turbidity
and good circulation are optimum for reef growtba3evel is a factor in reef growth as
reefs are only able to grow as high as the cugkital sea level (accommodation space).
It is also important to note that vertical accmati@tes of reef frameworks are highly
variable and are not directly dictated by corakgtohabits (Montaggioni 2005).

1.5 Previous work

Early scientific research on Palmyra Atoll was feed on ecological studies of which
botanical and seabird surveys were the most comimNenprevious geological work
regarding the recent sediments of Palmyra Atoll besn produced, and in fact very
limited geological studies of the Line Islands éxiBhis is partly due to the extreme
isolation and great distances needed to traveldmtwhe locations and the time and cost

that this entails.

In July, 1913, a scientific party from the Bishopuséum and College of Hawai'i,
Honolulu, visited the atoll under the leadershipofanist Joseph Rock for the purpose of
making a botanical survey of the area (Rock 191®)the report on this work later
prepared by Rock in 1916 it was said that the aaginally consisted of approximately
52 islets, the largest of 46 acres and the smalfedf7 acres (19 and 0.2 Ha respectively).



Rock prepared a chart of the island that has beed in the reconstruction of past
sediment distribution and movements (Collen e2@D9).

A popular book by David Woodbury entitled “Buildeier battle, how the Pacific naval
air bases were constructed” (Woodbury 1946) giveletailed account of the activities
involved in constructing the naval air facility Balmyra Atoll in World War Two. His

account also provides some insight into coral eg&f human activity and how humans

utilized the natural environment for their needs.

Yale Dawson in 1959 reported the changes in Palwvggatation due to human activities
from 1913 to 1958 (Dawson 1959). The study was gotatl as part of a long-term field
exploratory program on poisonous fishes, and weanéinuation and extension of earlier

studies of the marine algae of Palmyra Atoll.

There was much early work done on the causes dactebf the outbreak of ciguatera
fish poisoning on Palmyra by Dawson (1955), Randa858) and others due to its

adverse affect on humans.

A preliminary environmental survey and assessmeat wprepared for the U.S.
Departments of Sate and Energy, U.S. Army Corgsngfineers, Pacific Ocean division,
Honolulu by J. E. Maragos in 1979 (Maragos 1979%isToutlined the environmental
impacts of naval construction and the state ofdle¢ ecosystem.

The volcanic origins of the Line Islands chain haeen examined usirfdAr/*°Ar dating
techniques from deep ocean basaltic sediments s[4 al. (2002) and others. The
results of this provide new geochronological evimefor two episodes of volcanism due
to lithospheric extension during the Cretaceous.

A review of the regional geology and history offreailding in the Central Pacific has
been compiled by Miller in Maragos et al. (2008).
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Information regarding the evolution of the shoretirof Palmyra Atoll post World War

Two has been compiled by Collen et al. (2009).

Other key references (Emery et al. 1954, Emery 128Kinson 1999, Kennedy and
Woodroffe 2004, Hart and Kench 2007) come from carigon of similar studies of other
carbonate reef systems from the Mediterranean, r@leAtmerica and greater Pacific

Ocean.

1.6 Research at Palmyra Atoll

Palmyra Atoll, its coral reefs, islands and lagagepresent one of the smallest natural
laboratories in the oceans in which to study caa®rsediment production, movement,
deposition and interaction with the ecophysicalmalets that make up a coral atoll.
Palmyra is an ideal testing ground for sedimenickdgheory and currently serves as a
laboratory for paleoclimatic and oceanographic mstwmictions. For example, stable
isotopes and geochemical tracers in coral skeldtame been used to identify previous El
Nino- Southern Oscillation events by Cobb et a00).

The island has never been permanently inhabited layge population, although it was
under military control for a brief period and wagtly modified during this time. For the
last 60 years of private ownership it had no lamgtresident human population or major
exploitation of marine resources. In 2000 PalmytallAvas purchased by The Nature
Conservancy (TNC) and the surrounding waters weresferred to the U.S. Fish and
Wildlife Service and since 2001 it has been theriyed Atoll National Fish and Wildlife
Refuge. The islands and their environs (out to d2tinal miles) are thus now completely
protected and there is no coastal preservationrgnon place. This offers an opportunity
to study changes in the configuration of atoll riséinds and the movement of sediment
along atoll reef rims without human restraint (€allet al. 2009). Since 2005 there has
been a small TNC base staff with parties of up tipzen scientific researchers visiting
the island as members of the Palmyra Atoll Rese&wchsortium (PARC). PARC at

present consists of nine research institutions; Aimerican Museum of Natural History,
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California Academy of Sciences, Scripps InstitutidrOceanography of the University of
California (UC) at San Diego, Stanford UniversityC at Irvine, UC at Santa Barbara,
UC at Santa Cruz, University of Hawai'i, and Videotniversity of Wellington.

1.7 VUW research at Palmyra Atoll

The aims of Victoria University of Wellington's rearch are to establish a long term
research program at Palmyra to investigate theceswof carbonate production (inorganic
versus organic), the movement of sediment into tanough the lagoon, across the reef
flat and off the atoll, and the likely impact ofighon the ecophysiology of corals and
tridacinid clams as part of Victoria University'soromitments to PARC. Ongoing
research will allow a better understanding of hoatex column properties (temperature,
salinity, chlorophyll, turbidity) also change withme, and what these may mean to the
structure and functioning of marine benthic comrtiasiin different areas of the atoll.
Part of this is to determine how this may haveeddtl in the past both before and after
military construction. The slow, ongoing naturabgion of the North — South Causeway
across the central lagoon will provide an oppotiurib apply this knowledge to
management of the atoll. This work at Palmyra Wwél complementary to the research
group’s ongoing projects of a similar nature ateoteouth Pacific locations and will
increase understanding of the geological and bicdbgole that is played by carbonate
production (Gardner et al. 2007.)
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Chapter Two: Environmental Setting

2.1 Geomorphology, atoll and lagoon bathymetry

Palmyra Atoll has a maximum relief of 3 m above le¥@l, and is surrounded by 61 km

of submerged reefs. The atoll has a steep slopmarit, with depths increasing from sea
level to more than 1000 m over the short horizodistiance of approximately 2 km, from
1000 to 2000 m depth over of the next 10 km anchfa®00 to 4000 m by a distance of
approximately 45 km from the atoll. 4000 m is thpital depth of the submarine ridge

between the Line Islands (Hamann et al. 2004).

The interior of the atoll has not been well studieldwever, a bathymetric chart of the
seafloor and surround was produced by NOAA in 1@¥zpendix E) as well as a partial
swath map by NOAA, the results of which have beehliphed by Vroon et al. (2006),
and these show that the lagoons are deep, up tm,5&eep sided in places and are

compartmentalized (Fig 1.2).
2.2 Oceanography
2.2.1 Winds, waves, tides and currents

The tropical area of ocean encompassing the Lilaads is dominated by the easterly
trade winds and the doldrums, and by a complexerysif four major surface and near-
surface ocean currents. These are the North anth &muatorial currents, which flow
westward, and the Counter-current and Equatorialédeurrent, which flow to the east
(Barkley 1962). Oceanographic conditions in theagouial Pacific display a prominent

seasonal cycle.

During easterly trade-wind conditions and the pmeseof the North Equatorial Current

(NEC), north of 5°N, Palmyra’s eastern reefs regaiwnd and ocean swells from the east
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and northeast that refract around both the elodgateth and south sides of the atoll,
generating alongshore currents that move westwRalinyra is also affected by the
eastward-flowing North Equatorial Counter CurredECC) and possibly the westward-
flowing South Equatorial Current (SEC), dependimgtiee position of the Intertropical
Convergence Zone (ITCZ) (Maragos et al. A 2008, liCebal. 2003). No detailed and
long term information is yet available for conditiospecifically at the atoll (Collen et al.
2009).

A steep drop off from the reef crest means thatpdeater swells and waves are
uninterrupted until they are within a few metrestod outer reef crest. This causes them
to quickly steepen, curl and then break very suljdeith large amounts of force onto

the outer reef rim (Fig 1.5, Appendix E).

Lagoons are affected by a semi-diurnal tidal patténe size and period of which still

require quantifying. Strong currents were obseraédhoke points in causeways and
natural channels between lagoons and between opesncand lagoons (Table 6.1).
Under normal conditions wave setup across the lag@ocontrolled by the limited fetch

of the lagoons and the strength of the prevailiigde and ocean swell plays only a very
minor role of wave forcing in the lagoons in plaeésere there are gaps in the encircling
perimeter reef. Under storm condition waves hawnhleported to flow strongly across
the outer reef flat and in some cases over thadsl@J. Collen pers. comm. 2008). It was
observed that the lagoons can quickly become vieoppmy in times of frequent passing

squalls.

2.2.2 Salinity, dissolved oxygen, sea and lagoomieerature.

Measurements made by the NOAA vesBalvnsend Cromwell between 22 August and
17 September 1990 and between 18 February to 9hMES62 showed that the ocean

waters around Palmyra Atoll were characterized bthiak surface mixed layer of
approximately 75 — 100m depth with almost constentperatures of 29° and 28° C
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during the two trips respectfully and surface saéia of 34.0 %o in 1990, and average
surface salinity of 34.79 %o in 1992 (Hamann 2004).

The following is a summary of work regarding watetumn profiles of Palmyra Atoll's
lagoon system made during daylight hours and uwaligting tidal and weather conditions
at the same time as this study in June 2007, wsiognductivity, temperature and depth
data logger (CTD) by RBR sensors custom-fitted wligsolved oxygen probes (Gardner
et al. in prep). The results (Fig 2.1) of the 12ttieal casts showed temperature and
salinity remained constant with increasing depthdépths of >30 m profound changes
were observed in percent dissolved oxygen (DO)hWictreasing depths, DO decreased
dramatically until it reached ~ 10%, at which pdtirthen typically decreased further, but
at a slower rate, until it approached ~ 0% satomatit was noted that turbidity remained
constant with increasing depth until the depth htctv DO started to approach anoxic
values. This critical oxygen depth varied among skkected sites. All casts that went
deeper than 30 m were characterized by the absd#rgtetification for temperature and
salinity (and therefore density), and by reversatidication for turbidity and pronounced

DO stratification.

The uniformity of temperature and salinity with tlesuggests a well mixed system;
however, DO stratification is consistent with thsence of significant mixing of oxygen-

saturated surface water below 30 m, and many amasharacterized by anoxia below
this depth. The inverse stratification of turbidisyconsistent with a long term increase in
concentration of very fine suspended material 30 »n depth. The hydrographical results
of this study were interpreted in terms of surfloes through the lagoon system. Despite
observed strong east to west wind-driven surfaaileition and significant rainfall there

is only shallow mixing and a stable water columiobethis.

In summary, the lagoon system at Palmyra atoll banrepresented by a shallow,
westward moving surface layer of water charactdriag high DO and low turbidity
values, and below that by a deep relatively statid temporally stable layer which is

characterized by low to zero DO concentrations, apnelevated turbidity. This layering
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has been proven to be stable over at least a weidéner et al. in prep). Temperature
data collected by Maragos in late 2003 suggest thgbon water temperatures
consistently increase from east to west and thasethdata are consistent with

observations of current and tidal patterns opegdtitaragos et al. A 2008).

Data from the CTD casts were used to produce maplscaoss sections based on
saturated (>80%), normal (50-80%), limited (10-50&6)d anoxic (<10%) dissolved
oxygen (DO) levels (Fig 2.2). In the three mainodag compartments anoxia was
recorded at depths of >30 m in numerous locatitwi$, was not found at all depths
greater than 30 m. It appeared to be found in aofathe lagoon basins that were
compartmentalized and protected by underwater dyarriThe anoxic condition was in
almost all cases accompanied by high organic matiacentrations and a strong3H

odour emitted from the sediment samples dredgethfethesis.

Salinity varies according to the amount of preaif)din and evaporation occurring. Under
normal conditions the salinity of sea water is agpnately 35 %o, but this can be

significantly higher in areas where evaporatioragyeexceeds precipitation (Rao 1996).
The average salinities recorded from the threedagdy Gardner et al. (in prep) show
the lagoons salinities to be between 36 and 37tHis, reflects higher evaporation

occurring within the lagoons compared to the surding ocean waters where Hamann
(2004) found average surface salinities of 34.0rP%.990 and of 34.79 %o in 1992. The

average water temperature for the lagoons was &8°%line 2007.
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Fig 2.1 Examples of typical deeper water CTD pesfifrom (A) West Lagoon, (B)
Central Lagoon, and (C) East Lagoon. Green symbtsbidity (FTU), red symbols =
temperature (°C), yellow symbols = salinity (%o)adk symbols = dissolved oxygen (%).
The difference in the ascending and descending Dfigs reflects the delay in the

equilibration of the oxygen sensor (from Gardnealein prep)
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Fig 2.2 Map of Palmyra Atoll lagoon system showing samjiless cross section lines,
bathymetry and the distribution of anoxic and dys@ones for (A) West Lagoon, (B)

Central Lagoon, (C) East Lagoon, and (D) crossiaextfor West Lagoon (W1, W2,

W3), for Central Lagoon (C1, C2), and East Lagdeh, (E2) showing dissolved oxygen
zones. Locations of CTD profiles shown in Figureai2 represented by 173 (West
Lagoon), J16 (Center Lagoon) and 156 (East Lagffmn Gardner et al. in prep)
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2.2.3 Light penetration

Light is important to the growth of corals and otliiota on Palmyra because of their
reliance of it for the process of photosyntheticgbroducing food, whether this be
primary production or a symbiotic relationship teoposynthetic algae within the cells of
the corals. Light penetration decreases with irsingawater depth, meaning that the
photic zone is limited to about 40 m (Hopley 19&iilcher 1988). Light penetration is
also limited by water clarity, with high turbiditglating to the amount of sediment that is
held in suspension. As wind waves and currenteas® in strength so does the potential

for increased turbidity.

Light penetration data are not available for Pabmgs yet. However, turbidity and
amounts of suspended sediments were observed &mal in the deep lagoons of
Palmyra. In contrast, the outer reef waters wesaygs clear and the substrate was clearly
visible. Visibility of upward of 30 m was observedhile diving on the Western Reef

Terraces, outside the interior of the atoll.

2.3 Climate regime

The climate is wet and humid. The pattern of prigatifpn is governed largely by the
location and strength of the doldrums low-presstmagh (Barkley 1962). At Palmyra,
trade winds from the northern and southern hemigshmeet, about 350 miles north of
the equator. As the winds meet, they create thérdals, with light winds and abundant
rain. As a result, Palmyra receives an average46f @m of rain a year (The Nature

Conservancy 2008).

2.3.1 El Nino Southern Oscillation (ENSO)

Sea surface temperature (SST), ocean currentsjpipaéion, winds and biological
production are highly variable in the vicinity oflfhyra Atoll on inter-annual time scales
due to the El Nino Southern Oscillation (ENSO) (Badt al 2003, Maragos et al. A
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2008). Millennial-scale oscillation of ENSO has hgwesent throughout the Holocene.
The Holocene has been characterized by increasM§CE frequency, reaching peak
intensity 1200 years ago and declining until présiery (Moy et al. 2002). ENSO has two
distinct signatures, El Nifio and La Nifia, which dedined by sustained SST anomalies
of magnitude greater than 0.5°C across the eqahtaicific (Trenberth 1997).

During El Nifio conditions, trade winds weaken arutasionally reverse, resulting in
anomalously warm SSTs and wetter climate in thetrakrfPacific, eastward surface
transport occurs and a deepening of the thermo¢¥meand McPhaden, 1999, Cobb et
al. 2003). Conversely, La Nifia conditions are ctigrgzed by anomalously strong trade
winds, cool SSTs, drier climate, enhanced westalyface transport, a shallow
thermocline, and a strong Equatorial Under-Curég8dC (Cobb et al. 2003, Maragos et
al. A 2008).

Cobb et al. (2003) using long-lived coraRofites) from Palmyra atoll have generated
multi-century, monthly resolved records of tropi¢cific climate variability over the
last millennium by splicing together the overlagpifossil-coral records and modern
coral records (multiple 30-150 year windows). ResitSST and rainfall anomalies that
occur at Palmyra during an El Nifio event resulloivered (more negative) coral®®,
while the converse is true during a La Nifia evdtus Palmyra corals are sensitive
recorders of regional-scale ENSO activity when daising high precision U/Th dates
(generally a +- 5-10 year error). The records @R) indicate mean climate conditions in
the central tropical Pacific ranging from relatiwelool and dry during the tenth century
to increasingly warmer and wetter climate duringhie twentieth century and document a
broad range of ENSO behaviour. It was noted thaS@MNactivity in the seventeenth
century sequence was not only stronger (in termgadfince), but more frequent than
ENSO activity in the late twentieth century. StrdBSO variance such as the El Nifio
event recorded in 1997 can have a major impactooal growth and is associated with

mass bleaching (die-off) events.
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It is theorized that strong El Nifio events may eaassudden surge of sediments to be
supplied to Palmyra’s sediment budget for thosesyeasubsequent years affected. More
detailed coring will be necessary to investigatstdrical sedimentation rates and the

affects of ENSO on Palmyra Atoll.
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Fig 2.3 Comparison of monthly resolvef@ coral records from Palmyra (black line),
shown with a 10 year running average (yellow limedl other proxy climate records and
external forcing during the last millennium (Figrém Cobb et al. 2003)

2.3.2 Extreme events; tropical storms

In general Palmyra receives very few tropical stewrents. The atoll is located between
the major eastern and western Pacific tropicahstoentres, which are most active in late
summer and early fall. Most storms that developtloé coast of Mexico and head west
undergo cyclolysis (storm death) or spin off nordinds before reaching the longitude of
Palmyra. Cyclogenesis (storm formation) to the vaest northwest of the Palmyra region
produces tropical depressions and storms that le@ad/ from Palmyra toward the

western Pacific. Additionally, due to Palmyra’s ximity to the equator, the atoll is

located out of the path of almost all tropical oyas of any intensity. This is due to the
insufficient coriolis effect for storm vortex torfm at equatorial latitudes. Only three
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cyclones have been observed in the Kingman/Palanga. However, only one of these

P { Comment [J1]: At the island?

Maragos et al. A 2008).

2.4 Biology and ecology of Palmyra atoll

2.4.1 Dry land biota

Because of the warm wet climate, Palmyra, deststemall size, supports on almost all
islets very dense tropical forests. This includes tarePisonia whose fibre is soft like
balsa wood and which can grow up to 30 metres wath buttress trunks and tangled
branches. On many Pacific islands people have ak¢kle Pisonia for fire or shelter, or
cleared it away for farming (National Geographi®20The Nature Conservancy 2008).
The dense forests on Palmyra support tens ofstrals of nesting seabirds and their
young every spring. Palmyra is home to the worg#isond largest colony of Red-footed
Boobies &ula sula); other common species include around 750,000ySbetns &erna
fuscata) and large numbers of Masked Boobi&ald dactylatra), Greater Frigate Birds
(Fregata minor), Red Tailed Tropic BirdsRhaethon rubicauda), Brown Noddies Anous
stolidus), Black Noddies Anous minutus), White Terns and highly endangered Bristle—
Thighed CurlewgNumenius tahitiensis). Large numbers of hermit crabs and other land
crustaceans occur on all islets, including the @erargest land invertebrate, the coconut
crab Birgus latro). The coconut crab is considered a delicacy onrd®aeific islands,
and human consumption has decreased the numbtits ofabs dramatically through the
rest of the Pacific. On Palmyra, where they are alasted, they can live up to 50 years
and grow to more than half a metre in size (U.Sheind Wildlife 2008)

2.4.2 Marine Biota

Palmyra Atoll has a diverse range of marine bidtas includes hundreds of tropical fish
species, including mantra rays, mullets, fusiliesnappers, humphead parrotfish,

humphead wrasses, sharks, other rays, jacks, gbattina, butterfly fish, damselfish,
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surgeonfish and world-class sportfishing populatiohbonefish that occupy the shallow
lagoon flats (Ault 2007). The atoll has numeroua &#&tles, crustaceans and the giant
clamTridacna maxima (U.S Fish and Wildlife 2008).

The living reef framework consists of calcareougael and both hard and soft corals;
these exist in a variety of size, shape and cold@astmyra’s reefs support at least 130
species of hard stony coral, which is three tinfes niumber of coral species found in
Hawai'i and the Caribbean, and five times the nuntdfespecies found in the Florida
Keys (The Nature Conservancy 2008, National Geduca8007).

2.5 History of human settlement

Archaeological evidence at neighbouring islands atwlls in the Line and Phoenix

Islands indicate that early Polynesians and Mics@res were likely the first visitors to

Palmyra during the previous millennium, althougtebarchaeological surveys to date at
Palmyra have not revealed any supporting evideStedkin Maragos et al. A 2008

in 1800 but inhabited at the time of
some of the later visits

. . . . . T _1 G J2]: Thi d
Palmyra waés uninhabited at the time of its discpvend visitation by Europea{rl and- ]sgnﬂzn:r?:utg%t—]it-l\;\/a{z Eﬁiermsabite
American explorers, whalers and potential guanoemsirduring the past two centuries

(Maragos et al. A 2008).

The atoll was believed to be first sighted, but lamided on, on the night of June™3
1798 by the American shiBetsy, under the command of Capt. Edmund Fanning. The
atoll itself received its name from the AmericanpsRalmyra, under the command of
Captain Sawle who sought shelter and made lantfeie on November"71802 (Rock
1916). The atoll was also known for a time as “Samg Island” after the visit from the
ship Samarang, commanded by Captain Scott, on September 15 T®4@errit P. Judd

of the vesselosephine landed and laid claim to Palmyra on October tH& 11859, for the
American Guano Co., for which he was an agent, wttte Guano Islands Act of 1856
(U.S. Fish and wildlife 2008).
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His Majesty Kamehameha IV (1834 — 1863) the folgiihg of Hawai'i (1854 — 1863),
on April the 18' 1862 issued a commission to Captain Zenas Bentvandohnson B.
Wilkinson, both Hawaiian citizens, to sail to Pahaynd to take possession of the atoll
in the king’s name (U.S. Fish and Wildlife 2008,eTihature conservancy 2008). Captain
Bent and Mr. Wilkinson landed on Palmyra on Aptiet1%' 1862 and took formal
possession for the Hawai'ian government in accareamith the royal commission (U.S.
Dep of Interior 2008). The rights to the island geas through a number of hands and
eventual was claimed by Judge Henry Cooper on Apel3d' 1912 after considerable
legal proceedings (U.S. Dep of Interior 2008)

Commander Nichols of H.M.&Eormorant formally annexed Palmyra to Great Britain on
July the ¥ 1898. Palmyra was specified as one of the islandsided in the Joint
Resolution of the 85U.S. Congress which annexed the archipelago RiepobHawai'i

to the United States and formal possession ofdtamd was confirmed on February the
20" — 211912 (U.S. Dep of Interior 2008 )

Judge Cooper sold 50 of the 52 original Palmyrdl siands to Leslie and Ellen Fullard-
Leo, of Honolulu on August the £91922 (Woodbury 1946). After the death of Judge
Cooper on May the 141929 the title of the other two, known as the Hdslets was

passed on to his heirs (The Nature conservancy)2008

In preparation for possible war Palmyra was recontded strongly by the Hepburn
Board as a scouting base to protect U.S. intenesk® central Pacific and a reconnoitring
expedition was sent there in 1938 (Woodbury 1946¢ U.S. Navy attempted to lease or
buy Palmyra from the Fullard-Leo family in 1938.€rbistrict Public Works office in
Hawai'i discovered that only the fishing and copights had been granted to Judge
Cooper by the Territorial Government, whereuponlt®. Attorney in Honolulu brought
the Fullard-Leos to court. The U.S. Government vaoid in 1939 the U.S. Congress
authorized the immediate transferral of jurisdictio the U.S. Navy and the construction
of a naval base to be developed on Palmyra (Wogdi246, Maragos et al. A 2008).
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The U.S. Navy developed Palmyra into a four-millawilar naval air base and up to
6000 servicemen occupied Palmyra atoll naval atiast during the World War Two era
(Dawson 1959). The islands were extensively madiifauring construction of the
military facilities from 1940 — 1945 (Woodbury 194Bawson 1959, U.S. Dep of Interior
2008)

In 1947 the U.S. Supreme Court ruled in favour hed Fullard-Leo family, returning
ownership of the atoll to the family. When in 1988wai'i became the 3Dstate of the
United States of America, the statehood act spedlifi excluded Palmyra from the state
of Hawali'i, thus making Palmyra the only privatelwned territory in the U.§Nature
Conservancy 2008). By this time all military occtipa had ceased and all other federal
presence at the atoll ended. Subsequently, thé @wlained abandoned except for
resident caretakers supported by the Fullard-Ledlyaand the occasional ocean-going

visitors and minor occupation by U.S. governmefitias.

In 2000, the Nature Conservancy (TNC) purchasednf®al, and later the U.S.
Department of the Interior bought all reefs andrisls from TNC except for the main
island (Cooper), its airfield and dock. On JanukBy 2001, the atoll was established as a
National Wildlife Reserve (NWR) under the admirasion of the United States Fish and
Wildlife Service (USFWS). In 2005, TNC establishéte Palmyra Atoll Research
Consortium (PARC) and built a field research statmapable of housing up to 20
scientists and staff on Cooper Island which is moaintained by several caretakers. The
PARC is operated by TNC and primarily funded by therdon and Betty Moore
Foundation and the nine member research instititinantioned previously (See section
1.6). From the initiation of PARC in 2005 until pent Palmyra has been the staging
ground for numerous scientific parties to undertedsgearch on Palmyra, including the
present project. Other studies included examinorglchealth (Williams et al. 2007, and
others in prep), the biology and ecology of thedland fauna both on land and on the
reef, exploring climate shifts through the recerdlddene and the effects of climate
change on these ecophysical systems to be usatktpriet future anthropogenic changes
(Knowlton et al. 2008, Sandin et al. 2008 and «loergoing).
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2.5.1 History of human modification

For much of this known history Palmyra Atoll hasbdargely uninhabited with little or
no human connection. The first modification of thland by man was by the planting of
200 coconut trees on one of the islets by an eregl@yf the Pacific Navigation Company
in 1885 (Dawson 1959). One intense brief episodeuofian modification occurred when
the U.S. Navy took control of Palmyra between 18@ 1945 and built the Palmyra
Naval Air Base (PNAB) as part of their Pacific defe network during World War Two.
Before this time earliest charts and reports shwat their were originally some 52 islets
(Rock 1916) on extensive reef flats surroundindprad-part lagoon system up to 50 m
deep (Collen et al. 2009). Although the positiohthe reef islands varied from survey to
survey, their areas remained similar until 1940erghupon the islands and lagoons were
extensively modified during the construction of thditary facilities until 1945. During
this time a 60 metre wide ship channel was cututjnothe reef (Dawson 1959), new
islands constructed, the areas of pre-existing am@eased by dredging and filling for
the purpose of creating runways. Bunkers, gun aogphents, many pill boxes, seaplane
ramps, hospitals, barracks, communications fagdlitand many other buildings were
established on the extensive islands. The most atrarmodification of the atoll came
was when all the major islands of the atoll ringept outlying Sand Island, Barren Island
and Bird Island were joined by network of causeways roads (Dawson 1959, Collen et
al. 2009). These actions had considerable affectagoon circulation and ecosystem
health (Dawson 1959, Maragos et al. b 2008, Codieral. 2009) Fig 2.4 shows the
modification to Palmyra through time, reconstrucfeain various historical charts and

maps of the island.
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Fig 2.4 Outline of Palmyra Atoll reef islands froh®74 to 2000. The area including

Barren Island to the east is not shown on the X9wift. Black areas represent islands,
grey areas are shallow reef flats, and white asgadagoons or the surrounding ocean.
Scale bars represent 1 km and are taken from shakVioriginal maps (from Collen et al.

2009).

2.5.2 Effects of modification

Mechanical excavation and dredging during the cansbn of the Palmyra air base
physically disturbed and removed the bottom sutestrdeposited sediment on the
substrate, suspended sediment in the water coluedngced light penetration, increased
turbidity, changed circulation and was also thoughhave reduced dissolved oxygen,
and increased nutrient levels in the water coluMarégos et al. A 2008. The physical
effects of the 1940-45 construction were to inceeidie area and volume of the islands,

lower the water level in the lagoons, and restwetter and sediment flow into and
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through the lagoons (Dawson 1959, Maragos et 20@8, Collen et al. 2009). The effect

of construction had a catastrophic effect on thesgstems of Palmyra.

Dawson (1959) reported that the facilities couldesemodate 6,000 military personal at
its peak, with the consequent problem of sewagberovarious toxic wastes and
hazardous chemicals. After occupation of the islanded fuels, solvents, and numerous
contaminants were abandoned. Barbed wire entangtsmere strung out across all the
reef flats and vegetation levelled to provide crdsig ranges. These years of crowding
the atoll with human beings greatly reduced thdimgsird population. The movement
of personnel especially in and out of Hawai'i brbugabout the introduction and

establishment of many weeds and also the delibptatding of ornamental plants.

Woodbury (1946) reported for the year followingeditly after military occupation that
the enormous modifications to the atoll by closithg natural circulation channels
between the lagoons and between the lagoons andgheastern living patch reef zone
and outer reef flats have left their mark on tHe &nd conditions within the lagoons;
which now remain murky throughout and essentiatgdl Woodbury also reported that
he observed no living coral of any consequence roioguon the inshore portions of the
reef flat and that the only life present was quaestiof Lyngbya majuscule a species of
seaweed; a cyanobacterium that thrives in polluted,oxygen environments and is one
of the causes of the human skin irritation seawdsdhatitis. Furthermore he noted that
the waters in general were filled with fine suspensf calcareous sediment and were in
many areas so stagnant as to yield strong odoutsydrfogen sulphide (H2S) in the
shallow flats (Woodbury 1946). A slow return of ablife to the lagoons for the past 30
years has been reported by Maragos (2008), andwaltiems from this present study
report there is abundant marine life within theolaigs, shallow water areas appear free of

high amounts of fine suspended sediment and nodd28rs can be smelt.

It has been postulated by Maragos et al. (B 20@&) hefore military construction, wave
forcing created currents over windward reefs wHikbly pushed cool oceanic waters

between the islets from northeast to southwest th# lagoons; that the lagoons

28



originally acted as a storage tanks with a one vedye, large waves from the east would
pour millions of tons of water over the reef to thest. This kept the normal lagoon water
level at least 30 cm (a foot) higher then the opegan side. Woodbury (1946) notes that
the opening by explosives and dredging of the lmba@nnel gave rise to very strong
currents flowing out of the lagoon. Measuremenketiaby J. Collen and D. Garton of
exposedPorities microatoll patchreef heads in the Center Lagoonpfo 28 cm above
the current water mark may provide evidence fahsa theory, however precise dating
of the coral heads is first needed. Under normatitmns coral heads grow to within a

few centimetres of the low tide water mark.

Furthermore, Maragos et al. (B 2008) believed thraginally the cooler oceanic waters
flowing in would have likely descended into thetdagoon and displaced warmer waters
upward that would have moved towards the Centevdagthis process would then be
repeated between the central and western lagoadsfirmally with the warmest waters
eventually spilling over the shallow southern arestern perimeter reefs. Fig 2.5 shows
this hypothetical original current regime, the féag regime due to military modification

and then its progress over the past 60 years ajecped in to the future.
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e, L% Copsl Bosls in the Ling

Fig 2.5 (Fig 16.2 from Maragos et al. B 2008) “Timequence diagrams showing
hypothetical changes in water circulation pattexnBalmyra since 1939 and projected to
2039. Solid black areas are islands and dashed &ine edges of shallow reefs. Blue
arrows approximate net direction of cooler waterd ¢he red arrows approximate net
direction of warmer waters with suspended sediméZusstructed with the assistance of
Phyllis Ha and John Collen from Woodbury (1946)wBan (1959), Maragos (1993,

unpublished observation), lkonos 2000 image (AppeRy and predictions for the 2039

_ -1 Comment [J3]: Again, suggest you delete thi
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, _ — not necessary for your thesis and a big chunk o
someone else’s work

scenario”.

Wave set-up currents no longer entered the lagetwden windward islets after being
blocked by the causeways. Instead ocean-side ¢srsgengthened and moved westward

and along the ocean shores of both the north anddhth sides of the atoll (Maragos et
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al. B 2008). Collen et al. (2009) document the loksslets and several WW2 concrete

fortifications now well seaward of the shorelindsorviving islets.

Randall (1958) states that dredging, filling anHeotphysical changes to habitats in the
tropics have been implicated as causes for thee@sed incidence and outbreaks of
ciguatera fish poisoning. The poisoning is causeg @ toxic dinoflagellate,

Gambierdiscus toxicus, which grows on microscopic algae that are evdiytgansumed

by fish. The herbivores are eaten by carnivorosis fiith the toxin passed up the food
chain. Although mildly toxic to fish, ciguaterarsuch more toxic to mammals, including
man. There is some circumstantial evidence forlatiomship between ciguatera and

construction at Palmyra (Dawson 1955, Randall 18&8agos 1993)

. . L . -1 Comment [J4]: Suggest that

2.6 Shoreline changes and sediment redistribution -~ | you reduce It:his]sectig% to the bare
minimum — refer back to it later i
your discussion where appropria
— and reference it to Collen et al.

The following summarizes work by Collen et al. (20presenting research looking at | 2009. I can'tsee the relevance of a
lot of it, especially the figures

shoreline changes and sediment redistribution dmy?a atoll from pre-military
modification to present (Fig 2.3, 2.4, 2.5, 2.6jteA the departure of the military forces,
natural physical processes began to modify theethes and causeways and this has
since been continuing. Much evidence for erosi@umad the coast is seen on a variety of
scales and shown by features such as coastalwstadtespecially gun emplacements)
that are now below the high tide mark, undermined eollapsed structures, cliffing and
erosion along the high tide level and exposed raotd fallen trees. Evidence for
accretion around the coast is shown mainly by besetiiment accumulation and
concentric zones of young vegetation. Shorelineammnt was quantified by comparing
the distance of old structures to the high tide iimthe 1940’s maps to their present day

positions.

Overall sediment movement is from east to wesand$ were occasionally built up and
united so as to increase their size. Sedimentsis alossing the reef flats to infill the
lagoons and areas such as the dredged boat chemhedince 1945 there has been an

overall smoothing of the coast lines (Fig 2.6, 2.8, 2.9).
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Fig 2.6 Schematic diagram showing wave and cum@sttion and sediment movement
under north-easterly trade wind conditions. Areamajor post-1945 terrestrial accretion
and erosion are indicated. Water flow through thipging channel is tidal. Flow inside
the lagoons is after Maragos (Friedlander) etBal2Q08). Diagram courtesy of Collen et
al. (2009)

1947 land area & reef edge

——- 2000 land area & reef edge

Observed sediment transport direction

Measured net accretion (+)/regression (-) in m/yr

Major erosion

Areas of beachrock

West Lagoon

Fig 2.7 Shoreline changes around Strawn PeninsulaCaoper-Meng Island 1945-2000.

The single useable runway is now much narrower titeen built and the second runway
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that ran northwest-southeast is completely overgr@amd not shown here. Diagram
courtesy of Collen et al. (2009)

1947 land area & reef edge

/"~———. 2000 land area & reef edge

Observed sediment transport direction
Major erosion

Areas of beachrock

Fig 2.8 Shoreline changes around the eastern cb&stimyra atoll 1945 -2000. Diagram
courtesy of Collen et al. (2009)
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Fig 2.9 Shoreline changes around the southern aséaBalmyra atoll 1945-2000.
Diagram courtesy of Collen et al. (2009)
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Chapter 3: Sampling and methods

3.1 Sampling

Sampling was undertaken during an 18-day visitabrira Atoll between the i0and
28" of June, 2007. Sub-aerial environments were exatnand a total of 124 sediment
samples collected from shoreline, reef flat anadegbottom settings (Appendix B). Of
these, 116 samples were collected by boat alorggiessof transects across the 3 main
lagoons using a small hand operated dredge desitihesdmple the top lcm of the
sediment (Fig. 3.1). Further samples onshore afsthafe were collected by hand, using
scuba equipment in deeper water, and by coringgu8®0 cm PVC tubes. Visual
descriptions and photos of outcrops and substrate \wmade where sampling was not
applicable. Sample positions were recorded usintprdheld Garmin Etrex personal
navigator GPS unit. For the purposes of this sau@PS error of +- 8 m was considered
acceptable and GPS points matched well with griitipms on the Ikonos satellite image
used as a basemap (Appendix F) without any furtiatification. Sample locations were
plotted onto bathymetric basemaps (Fig 3.2, 348, Gompiled from the lkonos imagery
and various previous bathymetric maps of Palmyod @OAA 1944), by Collen pers
comm. (2008).

Sediment samples were taken at selected locatiogis¢ an even spread of data points in
order to show sedimentological, environmental aatthyymetric changes. Typically, 50 to
200 grams of surficial sediments were collectedli®dging; however, in some locations
this was much reduced especially where bottom t@mity was irregular or consisted of
a hard surface. Samples were preserved in ethamsaltisfy the importation requirements

of the New Zealand Ministry of Agriculture and Féstes and then air dried for transport.

34



Fig 3.1 Photo of dredge used to retrieve sedimemh fthe lagoon substrate. The 1 cm

deep openings at the front collect only the suafitayer of sediment.

3.2 Grain size analytical procedures and processing

Fifty one samples were processed for grain sizéysisausing four different processes

depending on sediment type, as follows:

3.2.1 Process method 1 — Dominantly sand-sized sde®

Samples that were mainly of sand-sized sedimene wieied in 1 litre stainless steel
bowls in an oven at 60°C for 24 hours. Fourteen@esnwvere then split to approximately
30 g using a combination of Carver's (1980) spogmmethod and a micro splitter to
obtain a valid representation of the original papioh. Samples were then dry sieved for

15 minutes into the following seven size fractioosarser then -4 phi, -3.5, -3, -2.5, -2.0,
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-1.5, -1.0, -0.5, 0.0, 0.5, 1.0, 1.5, 2.0, 2.5, 3, 4.0, 4.5, 5.0 and finer than 5.0 phi
(pan) (Table 3.1).

Size rangHzSize ranguﬁggregate namge
o scale ] ) Other names
(metric) (approx. inches) (Wentworth Class)
<-8 > 256 mm >10.1in Boulder
-6to -8 64—-256 mm 25-10.11in Cobble
|—5 to -6 ” 32-64 mm ” 1.26-2.5in ” Very coarse gravel ” bbie |
|—4 to -5 ” 16-32 mm ” 0.63-1.26 in ” Coarse gravel ” Pebble |
|—3 to -4 ” 8-16 mm ” 0.31-0.63 in ” Medium gravel ” Pebble |
|—2 to -3 ” 4-8 mm ” 0.157-0.31in ” Fine gravel ” Pebble |
|—1 to -2 ” 2-4 mm ” 0.079-0.157 in ” Very fine gravel ” Gria |
Oto-1 1-2 mm 0.039-0.079in Very coarse sand
1to0 0.5-1 mm 0.020-0.039 in Coarse sand
2to1 0.25-0.5 mm 0.010-0.020 in Medium sand
3to2 125-250 um 0.0049-0.010 in Fine sand
410 3 62.5-125 um 0.0025-0.0049 in Very fine sand
|8 to 4 ” 3.90625-62.5 prrn 0.00015-0.0025 in ” Silt ” Mud |
|> 8 ||< 3.90625 um ” <0.00015 in ” Clay ” Mud |
|>1o ||< 1pm ” <0.000039 in || Colloid ” Mud |

Table 3.1 Grain size scale for sediments, showigxgessize in millimetres and equivalent
phi (@) units and Wentworth size class (Boggs 2001).

Material finer than 62m (4.0 phi) was collected as the pan, 5 and 4 &ifnas. These
fractions had 40 mlis of 0.1% Calgon solution addedre disaggregated and then
analyzed on a Micrometrics sedigraph 3 particlee senalyser using the program
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Sedigraph 3 V1.01 by Micrometric Instrument Corpiora The following settings were
used; Material / liquid: calcium carbonate / watdfeasurement principle: X-Ray
monitored gravity sedimentation. Calculation methBtbkes sedimentation and Beer's

law of extinction.

The weight of each fraction was compiled, recorded expressed as a percentage of the
initial weight to show the overall grain size distition for each analyzed sample. The

results of this are recorded in Appendix B (Graire®ata Overview).

3.2.2 Process method 2 — Dominantly sand-sized sde® with removal of organic

material

Twenty five samples were put through the same gas above but before sieving were
washed with 20 mls of hydrogen peroxide and déstilwater and left in a 60°C water-
bath to remove organic matter. The sample was flashed with fresh distilled water to
remove excess hydrogen peroxide, dried for 24 hamd then re-weighed to allow

calculation of the weight of organic material reradv

3.2.3 Process method 3 — Silt and clay samples

Five mud samples were oven-dried in 1 litre staimlsteel beakers at 60°C for 24 hours,
weighed and then disaggregated using ultrasoun@ifenin in a solution of 0.1% Calgon

before being passed through a 62 pm nylon meshtihe support in a funnel above a
second beaker. The nylon mesh was first wettedréefediment passed through, and all
material finer than 62 pm was washed into the s#domaker. The second beaker
containing the finer material was then removed #red coarse material collected back

into the original beaker by removing the tube suppod turning it over.

Both the separated fine and coarse sediments welded and re-weighed. The coarse
material was then dry sieved using the same pracess for sands without the hydrogen

peroxide treatment above (process 1) and the fawtién was re-disaggregated in 40 mls
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of 0.1% Calgon before having Sedigraph analysiertallen as for the finer fraction in
method 1.

3.2.4 Process method 4 — Silt and clay samples

Seven samples were split using the same methodoa® §method 3), but instead of re-
drying, re-weighing and re-disaggregating the fifraction, the freshly washed fine
fraction was run through the Sedigraph immediately.

3.3 Problems encountered with grain size analysisid solutions utilized

Several difficulties were encountered during thecpssing of the collected calcareous
lagoon sediments. Especially problematic was thgamic-rich finer grained material
because of its ability to form hard aggregates, thiate dried, resisted disaggregation in
water. As a result multiple processing techniques wereriparated in an effort to find

the best way of overcoming these.

3.3.1 Removal of organic material

Method 2 was originally selected as the primaryhuodtfor grain size analysis of the
dominantly sand fraction samples. However, a prablas encountered with the
removal of organic material with hydrogen peroxidbe finer samples with abundant
organic material would effervesce, cause aggregaieform on the sides of sample
beakers and spill unless carefully watched andtetilwith distilled water to slow the
reaction. For this reason, method 1 was adoptepréference to method 2 half way
through grain size processing. For the same redisertollected coarse material from silt

and clay methods 3 and 4 was not chemically waahddnstead was sieved untreated.

The chemical removal of organic matter with hydmogeeroxide also led to colour

bleaching which hindered subsequent compositiamallyaes.
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3.3.2 Disaggregation

Difficulties were encountered with the fine sedintsensing method 3, of re-drying, re-
weighing and then re-disaggregating the finer foacmaterial. The sample would not
completely disaggregate again and formed aggredmtgsr then 62 um which blocked
the sedigraph instrument and resulted in the aisah@ving to be aborted in order to
unblock it.

The solution to this problem (Method 4) was to thia freshly split finer material without
re-drying, weighing and re-disaggregating. No bbkg#s of the sedigraph were
encountered using this method and the weight offither samples was calculated by
weighing the coarse material and subtracting the & weight from the original weighed
material. An error in measurement of weight for firee fraction could have been

introduced with this method, but is believed todaeen minimized as far as possible.

Problems with finer material not disaggregatingevaiso encountered when dry sieving,
as the finer material would cement into lumps aotdsieve down to the correct grain size
but when removed from sieve to be weighed would tleger breakdown under the

clearing of the sieve face with a brush, leading tkewing of the grainsize data.

3.4 Composition counts

Two methods of obtaining the composition were édala thin section and a binocular
point counting method. The binocular method wasébto be greatly superior to thin
section examination as the large quantities of fimaterial within the sediment made

visual recognition of these grain types very difftc

3.4.1 Binocular point counting

Twenty two of the sediment samples processed faingize analysis were selected for

compositional analysis. Twelve of these were preegsusing method 1 and had not
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undergone organic removal, and the other 10 sarmhplédeen hydrogen peroxide treated
to remove organics. The following combined weightere used in the analysis of
composition: greater than 2 mm @}, 1 mm (0®), 0.50 mm (@), and 0.25 mm @).

All smaller fractions where omitted due to the idiffty of identifying such small grains
using a binocular microscope. Selected fractionsevpmint counted using a binocular
microscope and, where possible; counts were mad®®fgrains per size fraction. This
was considered adequate because of the reasomini ¢hparticular grain is not present
in the first 100 counted then that grain type repngs less than 1% of the total. Grains

were identified to one of 7 main categories and@® categories (Table 3.2).
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Table 3.2 Categories used for compositional counts

Composition

Foraminifera

Amphistegina | essonii

Amphistegina lobifera

Textularia conica

Heterostegina depressa

Marginopora vertebralis

Other larger foraminifera

Other miliolids

Other textulariids

Other rotaliines

Calcareous Algae Halimeda spp.

Coral and red algae Fragments
Sclerites

Crustacean Fragments
Ostracods

Echinoids Spines
Plates

Molluscs Bivalves
Gastropods
Gastropod operculae
Indeterminate

Other Rock fragments

Sponge spicules

Bryozoans

Wood

Worm tubes

Human Debris

Unidentifiable grains
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3.4.2 Errors associated with compositional analysis

Composition analysis relies on the visual integieh of a grain type, and this is not
always clear. Difficulties were especially encouwate when trying to distinguish red
algae and coral, as the two may be very similar amedoften intergrown; therefore the
two were grouped together. The removal of orgaratenial during preparation for grain
size analysis can also make identification hard asmoves all pigmentation from the
grains. This bleaching of the grains was clearlgaagnt when visually comparing raw

unwashed samples to hydrogen peroxide treated ones.

3.5 Photography

Various individual components were separated dudoampositional analyses for the

purpose of photographing and correctly identifyitig various foraminifera present.

Other non-foraminiferal components of significanterest were also selected to be
photographed. The separated clasts were mountstides and then photographed (See
section 5.1.4, Plate 5.1, 5.2).

3.6 Maps

Maps of lagoon and coastal sediments were complatednjunction with bathymetric
maps and high-resolution satellite imagery of thefrplatform. The applicability of
satellite imagery for studying shallow marine carét® environments was tested by
comparing sedimentary facies zones with recognizablvironmental zones on the
images.

3.7 Conductivity, temperature and depth (CTD) casts

Conductivity, temperature and depth (CTD) castsneasure water properties such as

temperature, dissolved oxygen content, salinity tambidity were made at the same time
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as this study. Selected data are used here wh@repmate (Section 2.2.2) and full

results will be presented elsewhere (see also @asrtral. in prep).

3.8 Total organic carbon

An estimate of total organic carbon content was erfad 25sandsamples. Results were
obtained by using process method 2 (Section 3far2dlominantly sand-sized samples
with removal of organic material using a hydrogeeroxide wash. Results were
calculated by subtracting the weight of hydrogeropiele treated and re-dried samples

from the initial dry weight of the same samplesdoefprocessing began.

3.9 Errors and limitations

Some of the field observations, especially thosthéncentres of islands and along some
shorelines, were limited by dense vegetation, accestrictions for wildlife and native

plant protection and the presence of unexplodediasrce and hazardous chemicals.
Errors may be associated with drifting away frora @PS location point while dredging

for sediment, and also from dredging itself asdrege only samples the top 1 cm of the
sediment and any material coarser than this isreotvered. Retrieval of the dredge
through the water column has the potential to cdélnedoss of finer material and some

errors may also been introduced during the weighimgjanalysis processes.
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Fig 3.2 Bathymetric basemap of West Lagoon seafmwing sample locations
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Fig 3.3 bathymetric basemap of Center Lagoon sestiowing sample locations
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Fig 3.4 Bathymetric basemap of East Lagoon sestimwing sample locations
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Chapter four: Physical environments and

lithofacies on Palmyra Atoll

Tropical atolls show a complex mix of carbonate iemments and associated
sedimentary facies. These environments and faceetberently linked as the sediment
is entirely biologically derived, and hence sinili@s and controls exist between them.
This chapter describes the identified observed arate environmental zones and

sedimentary facies associated on Palmyra Atoll.
4.1 Environmental zones found on Palmyra Atoll

A number of distinctive carbonate environmental emrhave been recognized for
Palmyra Atoll. The following 6 zones and 8 sub-zomere identified and mapped (Fig
4,12, 4.13, 4.14, Appendix G) from distinctive tgpaphic, lithologic and biological

characteristics (Fig 4.1).

1. Fore reef and crest
2. Eastern and western reef terraces
3. Ocean outer reef flat:
3a. Pavement
3b. Ocean-facing Beach
4. Lagoon inner reef flat:
4a. Intertidal sand aprons and sheets
4b. lagoon beach
5. Lagoons:
5a. Shallow lagoons
5b. Deep lagoons
5c. Patch reefs / Sand Banks
5d. Blue holes / Ponds

6. Reef islands
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30m

Fig 4.1 Cross section showing a generalized vied association of reef environments

and their respective boundaries to each other.

Outer reef flat Inner reef flat

island
Sand aprons and
Sheets

Shallow Deep lagoon
lagoon

Forereef and crest Outer reef pavement Lagoon

beach

Spur and
groves Compatmentalized

karstic topography

4.1.1 Fore reef and crest

o

The fore reef zone extends from the reef crestdipsl seaward at between 10° and 20
into the deep (70 — 100 m) offshore area, belowcklhittle or no skeletal frame-building

occurs (Tucker and Wright 1990). The reef cresezsrthe highest, most exposed part of
the reef and is a high energy regime. Here, ocestissmeet and break upon the reef
crest and wash over the outer reef pavement zomkresistant encrusting organisms
dominate. The fore reef front and crest zones heracterized by a spur and groove
system. The spurs and grooves are between 5 anett8s wide and spurs have several
metres relief above the adjacent groove floor am rorthern and southern limits of

Palmyra (Fig 4.2). These zones were not studiedetail due to the strong surf, but

appear to have little loose sediment accumulafifige spur and groves are thought to
play a vital function of the outer reef rim as addtwater (Wiens 1959). This breakwater
is thought to have implications on the control eflimentation observed on Palmyra on

the ocean outer reef flat pavement.
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Fig 4.2 Aerial view to the south across Strawn Reula and West lagoon to Paradise and
Home islands in the background, taken in 1979. $mgr groves appear as white veins
just below the surf zone in the foreground. Abohe surf zone is the outer reef
pavement; the lighter areas here are lenses ofngotidated material that approximately
align with and are extensions of the spur and gsysatem operating on the fore reef and

crest. Photograph courtesy of J. Maragos.

4.1.2 Eastern and Western reef terraces

Palmyra has elongated fore reef terraces exteridimgetween 3 and 5km off the western
and eastern ends of the atoll at depths of 7-29hm. reef terraces are areas of gently
dipping, extensive abundant living coral and algsdf that supports a highly diverse
range of aquatic biota. The reef terraces are ctaiaed by low relief massive coral
heads growing in the order of several metres te tdrmetres high and wide with sparse
pockets of thin, coarse grained sandy sediment oeeth of fragmented coral and

Halimeda with lesser amounts of molluscan and crustacessis|
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4.1.3 Ocean outer reef flat

Palmyra has an almost continuous, surface-breakiefjcrest rim enclosing the atoll on
all sides. The outer reef flat area is behind aadiagdly protected by this rim, and two

sub-environments can be recognized here: the eagfrpent and the ocean-facing beach.

4.1.3 a. Pavement

The reef pavement is immediately behind the ree$tcrim zone and is partly protected
by it. The outer reef flat is characterized by adeaed pavement cemented by crustose
coralline algae and submarine cement that incotesnaarious detrital elements derived
from the coral community, such as fragments of lcbtalimeda and molluscs, as well as
entire foraminifera (Fig 4.3). The pavement is able in width, from tens of metres to
over a hundred metres. The water depth is typiaallly a few metres at high tide and
much of the pavement is exposed at low tide. Tlaeeemany pools of various sizes,
often tens of centimetres deep, which provide b#bitfor soft algae, gastropods,
echinoderms, starfish, eels, and small coloniekviofg coral. Unconsolidated sand and
gravel formed from the branches of angular broReropora and algal debris derived
from the reef crest and front occur in these poblach of the debris is encrusted by
crustose coralline algae. The debris also formgelathin mobile lenses of sand and
gravel rubble that are strewn across the pavenidm.lenses approximately represent
extensions of the spurs and grooves of the forkeamee clearly show as light patches on
aerial photographs (Fig 4.2). This implies that, véith the grooves, the lenses are
controlled by wave dynamics. It is thought thatréhis a net balance over time in the total
area covered by this unconsolidated material; wherew material created balances the
loss of material by cementation or transport off gavement. Typical sediment deposits
found here are bindstones and rudstones with l€saarestones. Channels and tidal
passes occur as break through channels (hoas)irslét supporting perimeter reef.
Large, infrequent, storm-derived coral blocks ocowr the pavement and outermost

ocean-facing beaches; these are typically lesgdiee than material of the same type

50



submerged in water. These blocks have been usaetisely date and record variability
in ENSO over the last 1100 years by Cobb et aD320

Fig 4.3 Typical reef pavement surface devoid ofamsolidated material.

4.1.3 b. Ocean-facing beach

Outer reef beaches bound the islands of Palmyrachiss vary in width but are typically
several metres wide. In some areas this width ésttyr reduced by strong longshore
currents operating at high tide eroding and movimgterial along the island edges to
areas of deposition and expansion. This is espgaaident on the northern side of
Cooper-Meng Island where material is being erodéd 4.4) and transported westward
along the coast, infilling embayment’'s (Fig 4.5dasventually losing material off into
the western terrace and lagoons (Collen et al. X009 places, hard beach-rock
embankments occur that are relics of past highlesed-cemented reef pavement. In

many places beaches appear to blanket and extendveu the hard reef pavement
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surface. Beaches are mainly medium to coarse sametsnes with chunks of larger
coral debris found lying on top. In high energyamesuch as Barren Island where the
wave energy is strong, coarse rubble composedagfrfented branching corals derived

from the fore reef and reef crests occurs.

PP

Fig 4.4 Looking west along the winnowing ocean rigcbeach on the northern side of

Strawn peninsular. Larger coral debris is foundtteoed atop of the beach as finer
sediment is being removed to the west. A channeglftianed between the peninsula to
the left and a World War Two gun emplacement tortgbt since 1979 (compare with

Fig 4.2).
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Fig 4.5 Looking west along accreting North Beaairtimern side of Cooper-Meng Island.
4.1.4 Lagoon inner reef flat

The lagoon-side reef flat is an extensive are@ef pavement located on the inner side of
Palmyra’s islands. This zone is dominantly covdrgdand, and mud aprons and sheets.
These are probably no more then one or two metiethickness, as earlier aerial

photographs show much of these areas to be cogeratiheads (Fig 4.8). A steep beach

often grades directly into the aprons and bankaraopnd the islands.
4.1.4 a. Intertidal sand aprons and sheets

Located behind and protected by Palmyra’s islardscammon, well developed sand
aprons and sheets. These vary in width up to 3@dda between inner islands and have
areas of both muddier and sandier sediment depgratinthe local wave and current
energy levels. Typically grainstones and rudstogesde to muddier packstone and
wackestone sediment towards the lagoons from tleds. In areas of the inner reef
where storm surge has pushed coarser materialtloweaslands or through hoas (shallow

passages) from the outer reef platform, gravelueagccur spilling out over the reef flat.
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Water depths do not exceed 2 m at high tide, antyro&the sand aprons and sheets are
exposed at low tide. The sand apron is heavilydwed with muddy sand hummocks and
mounds (crab volcanoes) up to 12 cm high (Figu®.4The aprons and sheets are
thought to be relatively thin deposits (up to salveretres at maximum) that overlie older

hardened cemented pavement and patch reefs.

Fig 4.6 Inner reef flat intertidal sand aprons ahdets, looking west from Paradise Island
towards Home Island. The sand aprons and sheetweardly bioturbated by crustaceans

and other organisms that form sediment mounds.
4.1.4 b. Inner beach

Inner lagoon beaches are mainly composed of medarine sands with patches of
gravel, and are between one and five metres inhwiBléaches appear in many places to
grade from the islands directly into the extensieed and mud aprons especially in the
well protected leeward bays where it is difficudt distinguish the two. In some areas
coarse sand and gravel rubble material can be ee®mding out over the aprons or
directly into the shallow lagoon. This material derived from the islands and cays
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themselves, with many of the artificial islands sisting of material dredged from patch

reefs once located in the inner atoll area as ageffom the lagoon bottom.

4.1.5 Lagoons

Palmyra’s lagoon zone is an area of comparativielyiewv brackish water protected and
separated from the deeper sea by the shallow asexpislands and enclosing coralgal

barrier reef rim. A number of environments existhivi this protected enclosure.

4.1.5 a. Shallow lagoons

Palmyra Atoll has large areas of shallow lagoorhwihconsolidated substrate material
varying from muddy sands to gravel depending upenenergy acting upon that area.

Generally, the material found within this zonelighgly gravely, muddy sand packstone

grading into wackestone closer to the deep lagbba.shallow lagoon zone encompasses
the area from the low tide mark down to a depttb ahetres. The substrate is heavily
bioturbated by such organisms as crustaceans, wamds holothurians. Patches of

coarser material were felt when dredging and ircgdaclumps of livingHalimeda were

retrieved stuck to the outside of the dredge.

4.1.5 b. Deep lagoons

Palmyra exhibits an abnormally high proportion ekd lagoon zones for such a small
atoll by area when compared with larger atolls fithva tropical Pacific region. The deep
lagoons are still largely surrounded by land andscsi of a number of steep sided deep
basins. Preliminary observations suggest that masér movement is to the west and
restricted to the surface few metres. Consequémdse is restricted circulation with low

energy levels in the deeper water areas that aet tagp for fine sediment. The deep
lagoon zone is defined here as that from 5 m wdgpth down to a depth of more than 40
m in the inner atoll. The deep lagoons generallyeha mud or slightly sandy mud

substrate. The seafloor was occasionally foundetadeky and the dredge sometimes
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became stuck. This could be either from old expgs@eement, the result of wartime
dredging or dumping, or limestone exposed durirgldlst low-stand and now covered by
a very thin veneer of fine sediments. Investigatiosing CTD casts recording dissolved
oxygen (Gardner et al. in prep) and from smelliagovered dredge material from these
zones has shown that the deep lagoon areas of Ralamg anoxic and producing

hydrogen sulphide.

4.1.5 c. Patch reefs / raised sand banks

Patch reefs are common around the perimeters afyPals lagoons but are not seen in
the centres. They stand several metres above theusding seafloor, which is usually
coralalgal sand. Massiveorites coral is the dominant species of patch reef-fogharal
found. Their alignment is predominantly north-sohth some patch reefs align east-west
in East Lagoon extending out into the centre ofltigwon from its western limits. The
patch reefs located in the lagoons occur as drowRwdes heads and can be seen
exposed aerially up to 28 cm above the low tidekmahis exposure is thought to have
been caused by the lowering of lagoon water levetrwa channel was blasted through
the south—-western reef flat in 1940 (Woodbury 19463ny of the interior patch reefs
have been infilled by coralagal sand aprons andtshé large area of living patch reef
exists outside the lagoon interiors between Batstand and East Island where a new
fourth lagoon is being surrounded by islets (Fig)4The interior patch reefs have been
heavily utilized for the construction of causewdéigking the main islands to one another.
This can be especially seen in the North-South €sag separating the central and
eastern lagoons where the construction activityorad much patch reef material and

piled it up upon the natural shallow reef flat.g(Hi.8)
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Fig 4.7 Living patch reef in the area between Baitstand and East Island known as the

Coral Gardens at low tide.

Fig 4.8 Aerial view of northern part of the Nortlot8h Causeway between Center and
East lagoons looking north, taken in 1979. Patel meaterial has been removed from a
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strip along the right side of the causeway as thiding material. A break in the
causeway now exists where the vegetation is lgastabottom right of the causeway in
this photo. The extensive patch reef heads to afteof the causeway have now been

largely infilled and covered with coralalgal samests. Photo courtesy of J. Maragos.

4.1.5 d. Blue holes

Palmyra has several blue holes, most notably T@del (Fig 4.9) and the two small
lagoons located at the north-west of West LagoormapgM\ppendix F). They are a
submarine caves or sinkholes and are roughly @rdalshape, steep-walled depressions
and named for their dramatic contrast between #nk blue, deep waters of their depths
and the lighter blue of the surrounding shallowolay areas around them (Guilcher
1988). Palmyra’s blue holes are small in comparigothose found on other carbonate
platforms, such as the Great Blue Hole on the coa®elize dropping down to 150
metres. Palmyra’s blue holes are muddy bottometjeran depth from 30 to 40 metres,
have poor water circulation and were shown to lxigrat depth (Gaedner et al. in prep).

o s

Fig 4.9 Aerial photograph taken in 1979 looking thoest of Turtle Pool, a blue hole

located east of East Island. A channel now existsugh the narrowest section of
vegetated land in this photo. Photo courtesy daragos.
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4.1.6 Reef islands

Several types of islands are present on Palmyrl. Ateey account for a combined area
of 2.5 sq km of land (Fig 1.2) (Collen et al. 200&0d have an average elevation of only
2 metres above sea level. Most islands are hesetjetated by thick tropical rainforest
species and are home to a number of large landaceens and to vast tropical seabird
colonies (Flint 1992, USFWS 2001). Because thd ata$ highly modified during World
War two by airbase construction, the islands ofr&h are both natural and artificial,
and it is hard to distinguish the two in some psadee to the dense vegetation cover. The
artificial islands are the result of dredging thgdon floor, patch reefs and reef pavement,
and are therefore a mixture of many types and sifesediments. This is especially
evident in some places of active erosion such asrthern side of the North Fighter
Strip in Centre Lagoon where different layers adisgents are being eroded at different
rates due to the nature of sediment available $erduring reclamation and construction
(Fig 4.10). The islands are littered with the remsaof wartime buildings and defence
emplacements; the largest island now called Cobfmrg also has a sizable freshwater
pond that is home to freshwater eels (Handler .e2@06). The pre-1940 barrier islands
and those that have developed since 1945 by break of the artificial land form
crescentic segments separated by hoas (shallowgesysthat allow coarser sediment to

be washed in and form deltas on the inner ree{figt4.11)

Palmyra has heavy rain fall (445 cm per year) aneeh developed ground water lens
rising to about 1 metre below the ground surfacahenreef islands. This lens has not
been studied, although fresh water has been olikésieg from the sea floor after heavy
rain several km west of the land on the Westerrrater (J.P.A. Gardner pers comm.

2006). This may possibly indicate a fresh watewfind pathway to outer atoll zones.
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Fig 4.10 North Fighter Strip (Fig 1.2) is erodirgpsving layering of different grain sizes,

undercutting and cliffing, and a coarse rubble heac
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Fig 4.11 View north at low tide through the passeae between Quail and Aviation
islands towards the ocean. A delta of coarser mubimdterial is being washed into and
across the inner reef pavement and can be seba lawer right hand corner.

Note: environments are a complex mixture and a®saltr the following maps are

generalized. Larger copies of environment mapsbeafound in Appendix G
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Fig 4.12 Environment zone map of West Lagoon
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Fig 4.13 Environment zone map of Center Lagoon
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Fig 4.14 Environment zone map of East Lagoon
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4.2 Lithofacies descriptions: composition, textureand distribution

Facies were defined, mapped (Fig 4.20, 4.21, 4A2pendix H) and interpreted on a

purely qualitative basis, based usually on theqires of one or more significant features.
Interpretation is a subjective exercise, involvihg selection of important features and
giving lesser weight to unimportant ones. The folltg properties were taken into

consideration: texture, composition, sedimentarnycstires and digenetic features where
possible.

The depth and turbidity of the water precludedaiabservation of the deep lagoon floor
by diving, and hence descriptions of lithofaciesehare based on the analysis of material
collected by dredging. However where possible acfpiaysical descriptions and
observations of the substrate were incorporatedstlyndor the adjacent shallow tidal
areas and beaches. Bathymetric maps and an IKORQ@W®Y satellite image were used

to extrapolate the identified lithofacies to giwvdl imaps of the sediment distribution.

Distinctive compositions diagnostic for any partimuenvironment were not identified.
Compositions appeared to be very similar from oneirenment to another (Fig 5.2,
Section 5.) and so this parameter bore the leasghivavhen distinguishing the
sedimentary facies of Palmyra. Textural classificatand depositional texture from
sampled sediments showed the clearest variatiomelet environments and therefore the
lithofacies distinguished are identified primarndy these.
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Sediment lithofacies were categorized on the bafstdmposition, textural classification
(Folk 1974, modified by Blair et al. 1999) and dsjional texture (Dunham 1962
modified by Embry et al. 1972). The following siedimentary facies have been
identified:

Peloidal mud lithofacies

Muddy sand lithofacies

Coralagal sand lithofacies

Rubble facies

Cemented pavement and beachrock lithofacies

Living reef facies

Table 4.1 Classification of limestone accordingdepositional textures (Dunham 1962
modified by Embry et al. 1972)

Allochthonous limestone
Original components not organically bound duringaktion

Autochthonous limestone
Original components organically bou

]

during deposition
Less than 10% >2mm components Greater  than 1B By By
>2mm components organisms | organisms| organisms
that build a| that that act as
ridged encrust baffles
Contains lime mud (0.03mm) No limeMatrix >2mm framework | and bind
mud supported | component
supported
Mud-supported Grain-supported
Less than Greater thar
10% 10% grains
grains
(>0.03mm
<2mm) Boundstone
Mudstone | Wackeston¢ Packstone Grainstopne  Floatstéhedstone Framestone Bindstome Bafflestg
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KEY

Gravel (Cenglomarate)
Slightly muddy Gravel
Slightly sandy Gravel
muddy Grave!

sandy muddy Graval

muddy sandy Gravel

sandy Grave.

gravelly Mud (Mudsione]
gravely sandy Mud

gravely muddy Sand (or Sandstone)
oravelly Sand

slightly gravelly Mud

slightly gravelly sandy Mud
slightly gravelly muddy Sand
slightly gravelly Sand

oM gshd gms as
5
L ‘sf — [ {ums }g .
MUuD Mud-Sand Rato SAND
(100%) (100%)

Fig 4.15 Folk’s (1974) textural classification wittodifications by Blair and Mc Pherson
(1999).

4.2.1 Peloidal mud lithofacies

The peloidal mud facies is found in areas of lovergy predominantly in the deep

lagoons of Palmyra Atoll. This facies encompaskesrange of sediment textures from
mud, slightly gravely mud, sandy mud, slightly ggbvsandy mud and gravely sand mud
(Folk’s textural classification). The mean graimesis silt (Appendix B) and on average
70% or more of the sediment is silt or finer. Thasies type is characterized by the
abundance of peloids, the majority of which aréechl and pseudofecal origin. The most
common are ellipsoidal, hardened fecal pellets wlittmeters of approximately 250 —
400 pm (medium sand). Recognizable skeletal fraggnencur within these, but the

abundance of these recognizable skeletal fragmemtoderate to low and much of the

material is too small to identify (See section 6.1)

The material coarser than 0.25 mm is composed afirdmntly coral and red algae,
followed by molluscan fragments ardblimeda plates, with lesser components from
crustaceans and foraminifera. The highest pergentd foraminifera and of “Other”

material (in particular organic wastes and woodyemial) contributing to the sediment is
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found in this facies. The lowest percentage of maldi remains contributing to the

sediment is found in this facies. The percentag¢hefmud fraction was observed to
increase with water depth within the deeper paftlagoons (see Chapter 5, Fig 5.11,
5.17). Mudstones are the most common depositiexaiites with lesser wackestone, and
sediments are either poorly sorted or very poariyes!.

4.2.2 Muddy sand lithofacies

This facies represents the transition zone betwhemrtoarser sand lithofacies of the reef
flats and the muddy lithofacies of the deep lageomironments and forms an almost
continuous rim separating the two. It corresporm@ximately with the shallow lagoon
zone between 0 and 7.5 m water depth and reprettentoarser material that is washed
into the lagoons and settles rapidly due to itsafgre mass. The boundaries of this
lithofacies are gradational and considerable opsrlexist between the sand and mud
lithofacies, especially in areas of steep bathyimetianges where debris tongues of this
material reach down into deeper water. This fatsesharacterized by muddy sand,
slightly gravely muddy sand and gravely muddy s@Rdlk’s textural classification).
Wackestones are the most common depositional txwith lesser amounts of
packstones. Sediment composition differs from dfahe mud lithofacies in that it does

not show as high organic content or the presenpelofds.

4.2.3 Coralalgal sand lithofacies

The coralalgal sand facies is found in areas of eraté energy and composition is
dominated by coral and red algae, then molluscahHalimeda fragments with fewer

components of crustaceans and echinoids along skigtetal debris from many other
organisms. This facies is characterised by poaslyed sand to gravely sand. It is the
most abundant facies seen on the atoll (coveringertttan 45 %) and is found on the
interior platform sand aprons (Fig 4.16), sheets lagaches, in the shallow lagoon and in

lesser amounts in the sand lenses that blankeiutes reef pavement. The depositional
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texture is usually a grainstone with some packstare floatstones depending on the
energy regime.

Fig 4.16 Coralalgal sand facies from interior riégf sand sheets
4.2.4 Rubble lithofacies

The rubble facies is characterized by generallwejraip to cobble sized, moderately
sorted, randomly-aligned, angular sub-rounded caral algal clasts (Fig 4.17). The
depositional texture is a rudstone or floatstonee predominant clasts are branching
Acropora sourced from the fore reef slope and reef cresichivbf the material is algal-
encrusted, heavily bioeroded and bleached white. riibble facies is the result of high
energy wave action and is found on the ocean fam@aghes and as moving sheets on the
outer reef pavement. This facies usually forms ensurface veneer overlying sand-sized
sediments. A well developed rubble facies beachbeaseen on the eastern side of Barren

Island where strong easterly waves reach shorer&d\wtive deposition is not occurring,
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such as behind the beach crest on Barren Islaediutbble facies beaches are grey in
colour and often show clast dissolution. Here, tslaappear smooth underneath and

jagged on the exposed side, due to the weathecimnaof rain (Fig 4.18).

Fig 4.17 Typical rubble facies material forming dsits on Barren Island. Ruler is 30 cm
long
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Fig 4.18 Weathered rubble facies on western sideBafren Island showing clast
dissolution and darkening. Ruler is 30 cm long.

4.2.5 Cemented pavement and beachrock lithofacies

Exposed beachrock occurs on beaches as a seneardedipping strata (Fig 4.19) these
extend out across to form the tidal outer reef pam. It is a hard consolidated rock
comprised of rounded cemented corals, molluscsaégak. Composition was observed to
be highly variable: 1 — 7 cm branching fragment#&afpora are dominant components
in beachrocks found on southern side of Paradismds(Fig 4.20) and in other areas
giant clams Tridacna) dominate. Visual grain components range betweandl170 cm

in size and appear cemented together. The beaclwrbaavily weathered at the rock-sea
interface, where dissolution of binding grains amginent is occurring. Aragonite has
been found to be the primary cement on other Raaifolls (Guilcher 1988), but the
beach rocks have not been studied at Palmyra. iigi@ of beach rock remains largely a

matter of discussion (Wiens 1959, Guilcher 1988) #mere have been many papers
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published on the theory of its origins. It is ntéar whether the stratification existed as
beach layering prior to the consolidation, or wieeth develops during the hardening
(Wiens 1959, Guilcher 1988). The beachrock maydmnants of either Pleistocene or
early Holocene structure from a period when thallsea level was somewhat higher. It
is most likely the remnants of reef growth 2000rgessgo when sea level was estimated to
be 1 — 1.5m higher then present, as suggested darby Tarawa Atoll, Kiribati
(Schofield 1971n Marshall et al. 1984). Precise dating is needetktermine the correct

ages and history of formation of these deposits.

- == === -
Fig 4.19 Stratified seaward sloping beachrock, st coast of Paradise Island
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Fig 4.20 Typical beachrock showing stratificatisouthern coast of Paradise Island

Indicator denotes 10 cm.

4.2.6 Living reef lithofacies

This facies is characterized by active reef grovidland on the fore reef, reef crest, reef
terrace and patch reefs (Fig 4.6). Coral, algaeraady other species are present here.
Unconsolidated sediment is normally very sparse anly found in thin patches in
depressions between the living heads of coral.sEdéiment is coarse grained, moderately
sorted sand, comprised of coral fragments Hatimeda plates with lesser amounts of
other skeletal debris with little or no mud fractisized components. The depositional

texture of the sediment is a rudstone.
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Fig 4.21 Facies distribution map of West Lagoon
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Fig 4.22 Facies distribution map of Center Lagoon
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Fig 4.23 Facies distribution map of East Lagoon
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Note: larger copies all presented maps are located in Appendix G, H and | at the end of

thesis and are available upon request from the author.
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Chapter 5: Sedimentology, processes and products

5.1 Sediment composition

Compositional analysis was performed on 22 processediment samples collected from
the interior of Palmyra Atoll (Table 5.1, AppendD). All sediments sampled are
composed of carbonate components derived from omear the atoll. Sediments
accumulating are either clearly of skeletal origmainly particles of sand-size and

larger), or are fine sediments derived from thakdewn of the skeletal material.

Fig 5.1 shows the average percentage of contribyder component for 22 samples
analysed, Table 5.1 displays the percentage edttcategory contributed on average.
Seven main categories of clasts were identifiethengranule and finer fractions, these
are;

Coral and red algae fragments

Molluscs

Calcareous algae

Foraminifera

Crustacea

Echinoids

Other

= Foraminifera

m Ccral and Red algae
uCzlcareod s Algae
malluscs

= Other

= Echinoids

Crustacea

Fig 5.1 Proportion of the major sediment componéatgatified in 22 samples from
Palmyra Atoll
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Table 5.1 Compositional categories identified dgroounting of the gravel and sand-
sized fractions for 22 sediment samples from thgodas and interior tidal areas of
Palmyra Atoll (Appendix D). The percentages showm the averages for all analysed
samples (22 in total)

Group
Component % Totals
Amphistegina lessonii | 0.47
Amphistegina lobifera | 0.76
Textularia conica 1.23
Heterostegina
depressa. 0.27
Marginopora
Foraminifera vertebralis 0.24 2.97
Calcareous green
Calcareous algae, mainly|
green algae Halimeda spp. 11.54 11.54
Coral and red algae 49.72
coral Coral sclerites 0.65 50.37
Crustacean fragments  2.29
Crustacea Ostracods 0.78 3.077
Spines 2.42
Echinoid Plates 0.53 2.95
Bivalves 16.20
Gastropods 6.93
Operculae 0.043
Molluscs Indeterminate 0.047 23.21
Sponge spicules 0.14
Bryozoans 0.59
Wood 2.56
Worm tubes 0.45
Other Unidentifiable grains | 2.03 5.78
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5.1.1 Coral and red algae fragments

Coral-algal fragments are the dominant componeatldamples from Palmyra Atoll and
contributed on average about 50% of each samplgsati(Fig 5.1, 5.2, Table 5.1). Most
of the coral is probably sourced from the fore reeéf crest and outer reef flat, patch
reefs within the lagoons and by reworking of dratiggand sediments. Coral fragments
vary in size from boulder-sized microatolls to maide fragments. Sand-sized coral clasts
are angular to sub-angular and usually sphericahape. Coral and calcareous red algae
were considered together due to the optical diffies of differentiating algae and coral,
and because of the encrusting nature of algaetbgerxterior and penetrating the interior
of coral fragments. Geochemical studies by Morti898) and Atkinson (1999) of the
usually Mg-rich calcite contents of various clastsowed that, from this technique,
calcareous red algae content of Fijian reef flatgas ranged from 20-40% and Mg-poor
coral ranged from 25-45%, compared to the domigaedkal with negligible red algal

composition initially determined by purely opticakans.

5.1.2 Molluscs

Molluscs were the second largest constituent aedlywith an average contribution of
23.2% per sample (Fig 5.1, 5.2, Table 5.1). Marffedint species of molluscs exist on
Palmyra Atoll, ranging in size from microscopictte giant clamJridacna maxima that

grows to more than 50 cm. Bivalves were observedcenfrequently than gastropods in
the fractions analysed (Fig 5.2). Molluscs werdadglly abraded and broken, especially
the bivalves, but small gastropods appeared to bee mesistant and showed less

breakage.
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Fig 5.2 Molluscan composition percentage for 22 glam analysed. Water depth for

samples increases from left to right.

5.1.3 Calcareous green algae

These fragments are derived from the green caloarelgaeHalimeda spp. and are the
third largest constituent to the sediment with eerage contribution of 11.5% per sample
(Fig 5.1, 5.2, Table 5.1). The plaHalimeda has many small oval, platy and irregular
green segments with aragonite skeletons that attaebhch other by uncalcified nodes in
decreasing sizédalimeda grows prolifically and the segments are continlypbseaking

off from the tips. The organic part of each segnagrades after death while the platy
calcareous skeleton is left, initially as gravelesi sediment. The skeletal plates are low
density and porous, and disintegrate easily toctlireform a fine silt. Plates were
observed to vary in size from more than 2 cm toyoal few mm in width, and
observations of them in the smaller fractions wdifficult because of their optical

similarity to both coral and red algae.

5.1.4 Foraminifera

Foraminifera had an average contribution of 3%3gaenple. Several large species of each
of the suborders Rotaliina, Miliolina and Textuiaai are present (Fig 5.3, 5.4, Table 5.1)

and are illustrated in Plates 5.1 and 5.2. Forderimiwere observed throughout the atoll
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sediments with minor variation in abundances betwma&ample sites (Fig 5.4, Appendix
D). Shallow and deep lagoons show approximately shme total abundances of
foraminifera across the three main lagoons. Thedsgabundance of foraminifera at 12.0
% was observed in sample D3 — 02, from a blue lumlated at the northwest of West
Lagoon (Fig 5.4). Here, sediment is being washedirad the western end of Strawn
Peninsula and across the reef pavement that sulsotie blue hole. This outer reef
material may be the reason the abundance is hagghfaraminifera may be being washed
in from the ocean reef flat or possibly open watather than sourced from the lagoon
itself. The lowest abundance of 0.19% was recomexdample D4-02, a sample from the
edge of the inner reef flat and the shallow lagdocated at the southern extent of East
Lagoon, immediately west of East Island. This tmeais well protected from the outer
reef and offshore waterddarginopora vertebralis is the most abundant of the larger
foraminifera found on Palmyra Atoll (Fig 5.3, 5.4)he two Amphistegina species A.
lessonii and A.lobifera combined are the second most abundant constitueribifera
was observed throughout all environments and logaton Palmyra, whilé\. lessonii
was restricted to samples from East and Centeotmy@Fig 5.4). Other species of large

foraminifera were rare (about 0.01%).

O Amphistegina lessonii

11% B Amphisteaina lobifera
20%

O Textularia conica
56%
O .

o 6% Heterostegina depressa sp

0

W Marginopora vertebralis

Fig 5.3 Percentage of species of total foraminif@yanted from 22 samples on Palmyra
Atoll
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Fig 5.4 Foraminiferal composition for 22 sampleslgsed. Samples are arranged from

east to west and in decreasing water depth for kegcion.
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Plate 5.1
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Plate 5.2
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5.1.5 Crustacea

The crustacean category consists of both shelirfeads, including plates and claws, and
also ostracods. The average combined total cotiibyper sample was 3.1% (Fig 5.1,
5.5, Table 5.1); of which crustacean fragmentstia@emost dominant constituent except
for sample D3- 02. The latter is from a blue halethe northwest of West Lagoon, a
sample that also exhibits abnormally high amouhfer@aminifera believed to be washed
in from offshore and the outer reef (Fig 5.4). Gaosans were found in all samples. The
lowest contribution to sediment was observed fram@e D2 — 03 recovered from the
Coral Gardens, a living patch reef area located ea&ast Lagoon (Fig. 5.5). Only
ostracod shells, with their calcite mineralizatioompared to the protein of other

crustacean shells, are likely to be preserveddimsnt over the longer term.

percentage
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Fig 5.5 Crustacean composition of 22 samples aedly®Vater depth of samples

increases from left to right.

5.1.6 Echinoids

The echinoid category consists of both fragmentplafes and of the movable outer
spines. Echinoids had an average contribution opg¥sample (Fig 5.1, 5.6, Table 5.1);

of which spine fragments are the most dominant titolesit throughout (Fig 5.6). Spines
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and plates were observed in every size fractioniaradvariety of colours. Most spines
were fragmented; they occur in all samples excepthe very deepest and finest mud
sample D6 — 25 from a deep anoxic compartmentalgagatession in Center Lagoon.
These results suggest that echinoid growth isicestr to shallow water depths, most
likely on the reef flats and shallow lagoon ared®re@ amount of suspended sediment in

the water column is lower and dissolved oxygenlkaee higher.

Percentage

m Plates
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Fig 5.6 Contribution of echinoid clasts to the 2#mples analysed. Water depth of

samples increases from left to right.

5.1.7 Other

This category contains the sponge spicules, orgaaierial and wood, bryozoans, worm
tubes and unidentifiable grains. These were induie the counting but were not
sufficiently abundant to be considered here asviddal categories. The “Other” total
had an average contribution of 4.1% per sample &g 5.2, Table 5.1). Organic
material and unidentifiable grains increased gydatthe finer muddy samples analysed.
Sponge spicules were the rarest component andfauand only in the 0.125 mm fraction

of 3 samples (Fig 5.7).
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Fig 5.7 Composition of the “Other” component foeth2 samples analysed. The water
depth for samples increases towards the right thithmud samples showing an increase

in organic material and unidentifiable grains.

5.1.8 Discussion of sediment composition

Distinctive compositions diagnostic for any partisuenvironment were not identified,
and compositions appeared to be very similar frox® environment to another (Fig 5.8)
with the exception of the blue holes north-wesiMist Lagoon. This probably indicates a
homogenization of all sediments related to the ksiaé of the atoll, whereby all the
source areas contain similar material and the weafiable is grain size. Although there is

a possibility that clear variations may not be appadue to the array of sampling.
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Fig 5.8 Summary representation of the average ceitipos of six major sediment
components for 22 samples from the lagoons andionteédal areas of Palmyra Atoll.

Water depths for samples increase from left totrighlarger version of this figure is in
Appendix D.

5.1.9 Total organic carbon content

An estimation of the total organic carbon conteaswnade for 28andsamples. Results
were obtained by using process method 2 (Secti@?)3for dominantly sand-sized
samples with removal of organic material using drbgen peroxide wash. Results were
calculated by subtracting the weight of chemicalpshed and re-dried samples from the
initial dry weight of the same samples before pssiogy began. Table 5.2 shows the loss
of weight recorded during this process. Almostsalinples were weighed initially to 30
grams and the average loss was about .05 of a@ram average of 2.09 % loss. Fig 5.9
shows a comparison of the percentage of weightviten compared with water depth.
No clear correlation of organic carbon content tatex depth can be distinguished but
these data are only for sand samples as mud samphesdifficult to test (See section
3.3.1). However, similar values have been recoidetiud samples from Palmyra (J.P.

Gardner pers comm. 2008); however, it is likelyt tihee type of organic material varies
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from location to location. More investigation isenled to quantify the percentage of

organic material being associated with carbonalersmts from Palmyra atoll.

Table 5.2 Loss of weight recorded for organic reai@rocess

Loss from
organic Depth in m
Dry weight| removal Percentage of of sample

Sample number | before g process g loss recovery
D2-01 30.91 0.7 2.26 2
D2 - 02 30.61 0.42 1.37 15
D2 - 03 CHEM 31.35 0.09 0.29
D2 -05 30.13 0.36 1.19
D2 - 07 30.24 0.56 1.86
D3 - 05 30.40 0.41 1.35
D3-10 30.02 1.44 4.80 7.5
D3 -13 30.76 0.12 0.39 17
D3-14 30.38 0.40 1.32 8
D4 -01 30.64 0.22 0.72 4.4
D4 - 19 30.15 0.32 1.06 2
D4 - 21 30.48 1.24 4.07 0.5
D4 - 22 30.43 1.01 3.31 16
D5 - 05 30.96 0.56 1.81 12
D5 - 08 30.85 0.05 0.17 19
D5-13 30.76 0.03 0.09 25
D6 - 01 30.08 0.98 3.26 6
D6 - 05 31.12 0.1 0.32 11
D6 - 10 30.59 0.08 0.27 6.2
D6 -20 30.76 0.21 0.68 8.3
D6 - 29 30.57 0.05 0.16 3.5
D12 - 01 30.80 1.24 4.06 19.5
D12 - 02 30.8 0.76 2.47 0.5
GPS - 23 30.68 0.4 1.30 6
GPS 119 OC 30.55 3.55 11.62 0
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organic removal process

5.2 Sediment source and erosion processes

Palmyra Atoll is an organo-sedimentary structureer@hsediments accumulating are of
skeletal origin, either clearly sand-sized or lar(feection 5.1 sediment composition) or
are a fine sediment derived from the breakdownhef skeletal material. There is a
continual source of material by normal mechanicaki®en and by biological processes
both direct and indirect and this material is tle@her settling in situ or being transported
across the atoll by currents or biota. The accutingssediments are derived from the
reworking of dredged material used to artificiatlynstruct some islands or by the growth
and decay of biota living on or near the atolllitslost of this accumulating material is

probably sourced from the fore reef, reef crest #red reef flats with other amounts

sourced from reworking of previous sediment degoaitd from patch reefs within the

lagoons.

The amount of sediment produced by growth and decagnstrained by the biological

potential of the reef organisms (Tucker and WrigB®0) and, as outlined in section
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1.4.1, reef organism growth is dependant on a nunofbefactors such as sunlight,
temperature, salinity, turbidity, water circulati@amd level of nutrients among others.
There are currently no data available on the groeaid calcification rates of the
calcareous biota of Palmyra Atoll, nor are theng daita on the amount of material being
supplied by reworking and erosion of material destigluring the modification of the
atoll in World War Two.

The major atoll reef growth and sediment productisnby primary frame building
scleractinian corals and crustose coralline algsection 5.1.1). The hermatypic (reef-
building) scleratinians contain symbiotic algaecaoathellae), and thus are limited by
plant photosynthesis to well-lit, shallow waterssd¢han 100 m deep and mainly under 20
m (Tucker and Wright 1990). On Palmyra scleratingmowth is dominant on the fore
reef, reef crest and patch reef areas (living faeles). Other calcareous forms encrust
these frame units and bind them together. Thessistonf crustose coralline algae,
serpulids, bryozoans, soft corals, boring foraneirsifand vermetid gastropods. These also
occur in cavities within the reef. The skeletonsotifer calcareous organisms are direct
sediment contributors, such as bivalves, gastrgpedsinoids, crustacean, planktonic
foraminifera and sessile epibenthic organisms sasththe calcareous alddalimeda.
Almost all of the reef biota contributing to thedgaent budget have calcareous skeletons,

although some such as sponges contribute smallrasiofisiliceous material.

Many organisms indirectly contribute to the sedimaacumulation by bioeroding.
Bioerosion may be as important as mechanical amoai works with it to produce
unconsolidated sediment on Palmyra Atoll. Thereraamy different types of bioeroders
present on Palmyra. These have not been studiedisaky for Palmyra Atoll, but have
been studied in detail on other tropical reefs.eBision can occur on many different
scales and involve numerous species from microsdogcteria to macroscopic mollusc
and fish. The term “bioerosion” includes endolithied epilithic borings, scrapings, and
raspings and the ingestion of sediments that ameunany different scales (Warme 1975,

Guilcher 1988). These produce different clast stdegending on the type of erosion and
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the size of the organism eroding. Bioerosion hankessigned to four different groups
according to their primary mode of erosion (Tahl®) 5each of which is discussed below:
Table 5.3 Different types of bioeroders that aftegpical carbonates, categorised by their
primary modes of erosion. Assembled and adapted flliman (1974) and Hopley
(1982) by Atkinson (1999). A tick indicates thagattkind of biota performs that type of

bioerosion, a cross indicates that it does not

Biota Borers Predators Grazers Browsers
Algae N X X X
Asteroids X N X X
Bacteria N X X X
Bryozoans N X X X
Crustacean v v X N
Echinoids N X N X
Fish X N N X
Fungi N X X \
Holothurians X v X X
Mollusc N v N N
Polychaetes N N X N
Sponges N X X X
5.2.1 Borers

The boring activity of both macroborers and mici@ithic organisms represent a major
destructive process affecting sediment preservatiithin reef environments (Perry
1998). Macroborers include the destructive bivahvalusc Lithophaga and Magilopsis,
the barnacld.ithotrya, sipunculid and polychaete worms such as Christimeges worms
and feather duster worms who bore into coral s&eket Microendolithic organisms
include cyanobacteria, chlorophytes, rhodophytes, doring spong€liona and fungi.
Some species of foraminifera are also known to liaie sediment. Most borings are
made to primarily provide a protective living eronment rather than to directly provide
nutrition; for example, some endolithic algae amcéd to penetrate deeper into the rock
as they are rasped by chitons and other browsinguses (Guilcher 1988). In places
coarse sediments consist entirely of unbroken amiainies such as the boulders formed
close to the outermost beaches during storm ev@@tbb et al. 2003). Massive
framework-building organisms such as the scleratincorals, calcareous algae and
mollusc shells, have a dense durable internal tathire. The breakdown of these
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massive skeletons is less by mechanical abrasian tiy biogenic erosion, or by
breakdown following biological weakening of the kten (Stoddart 1969). Borings can
affect both living and dead material. Borings beeomore prevalent and much greatly
progressed after the death of the organism beitackatd. Microboring has been
implicated as the main cause of micritization tloaturs to grains (Scoffin 1987,
Kennedy A 2004).

5.2.2 Predators

Predators are primarily carnivores that activelgkseut a food source. Many carnivorous
fish feed on other fish, but certain specializedn® such as butterfly fishes and parrot
fish use chisel-like teeth to feed directly on tigs of predominantly branching corals
(Stoddart 1969). The fish grind the exoskeletorthef coral to get the algae within its
cells, and excrete sand and silt-sized. A singleotfish can produce about five tons of
sand per year (Glynn 1972). In addition to fishystaceans, gastropods, and asteroids are
known predators of living corals (Stoddart 1969yrl 1972).Acanthaster planci (the
crown-of-thorns sea star) is a well-known predatocoral polyps in other Indo-Pacific
reef systems. Large numbers of these sea stardesastate reefs, leaving behind only

the calcium carbonate skeletons which are then eas#y attacked by boring organisms.

5.2.3 Grazers

Grazers feed by scraping or rasping food from tivéase of the substrate usually with
the purpose of ingesting algae. There is conside@bdence of the geological effects of
grazing by surgeonfish (Acanthuridae) and parrotfiScaridae) in shallow near shore
areas, where the rock surface is often covered maisip-marks (Stoddart 1969, Glynn
1972. The material they defecate is sand and silt-sizedingent. Other grazing

bioeroders such as echinoids are also importarimeed producers, both directly by
providing their own skeletal parts and indirectly froducing material while feeding on
algae (Bak et al. 1975). A study DBiadema antillarum on a fringing reef in Barbados

found that they were capable of producing 97 tonpes hectare per year of
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unconsolidated, mainly silt-sized sediment (Hurd@r7). A similar study in on the coral
reefs of Curapao and Bonaire (Netherlands Antilge)wedDiadema antillarum to be a
major coral predator and, in areas with high caler, up to 8.2% of th®iadema
population (with a density of 8.5 animal€jrwas feeding on living coral surfaces at night
(Bak et al. 1975). Grazers may play an importarné io reef dynamics and coral
colonization, as the removal of grazing herbivosesh asDiadema antillarum by a
hurricane from a fringing reef in Jamaica resuitethe failure of the reef to recover as
non-calcareous algae and alien species were tHert@lflourish at the expense of the
coral (Perry 1996)

5.2.4 Browsers

Browsers are biota that ingests sediment in oml@xtract nutrients from the associated
algae and detritus. Holothurians (sea cucumbeesdrae browsing that has been observed
in large concentrations on the reef flats of Pamwspecially on the extensive tidal sand
sheets and shallow lagoon zones located behinthetmeeen the short fighter strips in the
Central Lagoon area (Fig 5.10). These bottom feeigyest large quantities of sediment,
and they have been implicated as potentially majodifiers of sediment elsewhere
(Bonham and Held 1963). ObservationsHuflothuria atra at Rongelap Atoll, Marshall
Islands showed an ingestion rate of 1 g dry weifhsediment in 5-10 minutes, and
Bonham and Held (1963) calculated a total sedirmiegestion by two species at
Rongelap of 2.4 x 1078 kg./year. Whether the sedinis affected by passage through
the gut of holothurians is debatable (Stoddart 198&8e pH values of less then 7.0
(acidic) that have been found in their stomachsl@areenough to cause dissolution of
calcium carbonate (e.g. Bonham and Held 1963),0a8ih even delicate skeletal
materials are apparently not affected (Trefz 185&toddart 1969). Holothurians may

also organically bind sediment into faecal pellets.
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Fig 5.10 Photo of abundant holothuriaHslothuria sp. living in shallow water near
South Fighter Strip on Palmyra Atoll (Fig 1.2)

5.2.5 Further effects of organisms on sediments; Erustation and bioturbation

Once skeletal material is contributed to the sedimmudget it is still affected by the
ongoing activities of benthic organisms and thecpsses that have been discussed above
still operate. The activities of organisms can béediment, modify sediment deposition
rate (See chapter 6), and encrust grains and thetrate. Blue and green coralline algae
and bryozoans are among the more important encgustiota. Continued attack and
boring of grains helps to assist in the continuabkdown to finer sediments. Reworking
and the destruction of depositional structures ikgastcurs, and this is particularly
evident on the tidal interior reef flat zones whbieturbation by crustaceans and worms
leaves the substrate covered in large mounds amesions (Fig 4.6). Organisms can

also assist in the transport of sediment acrosg@h(Emery 1956).
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5.3 Grain size and sorting

The following descriptions relate to the grainséelyses and statistical calculations for
51 samples that were selected as representativéheoflagoon, tidal and beach

environments (Appendices A, B, C). Sediments froan®ra Atoll range in size from

boulder to silt, with most of those analysed beilogninated by sand-sized particles and
the reminder being mainly finer sediment. Visudiineates of the fraction of coarser
clasts were made in the field. The results of thalyses show that the grainsize of
sediments from Palmyra grades from the coarse$ilgubaterial located at the reef crest

towards finer material within the interior of thkin its lagoons where silt prevails.

5.3.1 Measurement of average grain size

Folk's (1974) graphic mean (MZ) was considered ¢otlie best determinant of overall

size and is calculated using the formula:

M, = (816 + 450 + ¢ 84)/3

The graphic means for all analysed samples are rsliovppendix B. These were used
as a parameter in classifying the sediments fronmy?a. The overall mean of the

graphic means of the samples was 2.58 mm (fine)s@ed samples were silt, 3 very fine
sand, 14 fine sand, 17 medium sand, 6 coarse sahd gample was very coarse sand.
When graphic mean grain size is compared to themaepth for the sample, a clear

trend of grain size fining with increasing wateptteis apparent (Fig 5.11).
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Fig 5.11 Graphic mean grain size of samples platginst water depth (n = 51)
5.3.3 Sorting

Folk's (1974) inclusive graphic standard deviatiwas used as a measure of sorting and

is given by the formula:

GBA-pl6 + $I5-$5

i

This formula includes 90% of the distribution andswvconsidered the best overall
approximation measure of sorting from the threadsdied deviations calculated. The other
standard deviations calculated were the moment unesisnethod and Inman’s methods
(Appendix B, C). The following classification paratars for sorting were used (Folk
1974):

d, under 354, very well sorted 1.0-2.04, poorly sorted

.35-.50¢, well sorted 2.0-4.04, very poorly sorted
L50-.7 1 ¢, moderately well sorted over &4.04, extremely poorly sorted
J1=-1.0¢, moderate |y sorted
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Results showed that, overall, the sediment samghadyzed were poorly sorted. One
sample was extremely poorly sorted, 5 samples wengpoorly sorted, 39 samples were
poorly sorted, 5 samples were moderately sorted Jarshmple was well sorted. No

samples were recorded as being moderately wetgortvery well sorted (Fig 5.12).

2% 2%
0% 0%

M Extremely poorly sorted
W Very poorly sorted
W Poorly sorted

W Moderatly sorted
m Moderately well sorted
m Well sorted

Very well sorted

Fig 5.12 Percentage diagram of sorting of 51 sasnipten the Palmyra Atoll interior

Results show that the sampled sediments of thetegand interior tidal flats of Palmyra
Atoll are predominantly poorly sorted. This patterhsorting was thought to reflect a
similarity in the hydrodynamic energy regime op@gand influencing sediments within
the interior of the atoll. However, hydrodynamiceegy regimes have been observed to
differ considerably from one location to anotheor Fexample, the breaks in the
causeways have very strong tidal current forcingrwhompared to the sheltered tidal
sand sheets on the interior reef flats. This infleat hydrodynamic energy is not the only

factor influencing sorting distributions.

5.3.4 Measures of skewness

Skewness measures the degree of asymmetry assaték dsign” that indicates whether
a curve has an asymmetrical tail on the left (@rfipositive (+) value) or the right (a

coarser negative (-) value) of the grain size fesmy distribution curve. Both Inman’s
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and Folk’s methods for calculating skewness wekestigated, and Folk's Inclusive
Graphic Skewness method was selected as the bastimeof skewness to use because it
determines the skewness of the “tails” of the cuna just the central portion, and the
“tails” are where the most critical differencesveén these samples lie. Furthermore it is
geometrically independent of the sorting of the glamas in the skewness formula a
measure of phi spread occurs both in numerator demminator (Folk 1974). The

formula used to calculate inclusive graphic skewrggFolk 1974):

16 + 384 - 2450 + 5+ 025 - 2¢50
Hq;aq-qa 12&5-&] :
The following parameters of skewness were usedatssify the processed sample (Folk
1974):
+1.00 to +.30, strongly fine-skewed; +.30 to +.10, fine-skewed; +.10 to —.ID,'neor—-
symmetrical, -.10 to -.30, coarse-skewed; and -.30 to -1.00, strongly coarse-skewed.
The absolute mathematical limits of the measure are +1.00 to -1.00, and few curves
have Skl values beyond +.80 and -.80.
Folk's method showed more variation in the degreskewness of the Palmyra atoll
samples (Appendix A, B), but the degree of skewapgeared to visually compare better
with the obtained histograms (Appendix C). 5 samplere strongly coarse-skewed, 16
were coarse-skewed, 15 samples were nearly synualettil samples were fine-skewed

and 4 samples were strongly fine skewed. Fig Shbdvs these results as a percentage.

m strongly coarse skewed
W coarse skewed

nearly symmetrical
M fine skewed

m strongly fine skewed

Fig 5.13 Percentage diagram of skewness of 51 ssnfigim the Palmyra Atoll interior
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5.3.5 Textural classification

Blair et al.’'s (1999) modification of Folk's (1974nethod for determining textural

classification (Fig 4.15) was applied to the cadtedl grain size data for the processed
samples from Palmyra'’s lagoons (Appendix B). Theaiming unprocessed samples were
given a textural classification by visual companiseith each other. The mapped results
of this are in Appendix I. Folk's (1974) classifica was used in the determination of the

lithofacies boundaries shown in section 4.8.

5.3.6 Depositional texture

Embry et al.’'s (1972) modified method for determipni depositional texture from
Dunham’s (1962) original method (Table 4.1) wa applied to the calculated grain
size data (Appendix B). The mapped results of dinésin Appendix J. This classification

was also used in the determination of the lithafadoundaries shown in section 4.8.

5.3.7 Roundness

The roundness of grains in these sediments is@ifumof grain composition, grain size,
type of transport process and distance of trangpotk 1962, Boggs 2001). For example,
hard resistant grains such as fragment&oobpora branches are abraded less readily than
are weaker grains such atlimeda plates. Further, fecal and pseudofecal pellets are
already rounded when formed, and some grains ssidome foraminifera may already
be rounded when alive (Folk 1962). These factorkeniadifficult to relate the observed

roundness to any specific process in a shalloworente depositional setting.
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Fig 5.14 Generalized transect of Palmyra from deesigoon comparing gravel, sand, silt

and finer sized sediments. Environmental zonedacids are also shown.

5.3.8 Discussion of grainsize characteristics

Most of the sampled sediments are poorly sortedaadahearly symmetrical in their grain
size distribution (Appendix B, C). Grainsize vaidat indicates a trend of decreasing
grainsize from the shallow crest and outer reefatols the interior of the atoll and into
the deep lagoons (Fig 5.11, 5.14). The variatiorgrainsize seen are generally consistent

and form concentric zones of sedimentary faciegs(Bi21, 4.22, 4.23).

The grainsize and textural classification are thug be determined by the distance of
transport to the point of deposition from the seghitnsource, and this distance travelled
directly reflects the hydrodynamic conditions amergy levels operating (Boggs 2001).

In the case of Palmyra, this would reflect the dasing energy levels towards its interior.

However, there are other factors to consider asecand school of thought (Wien 1959,
Folk 1974, Hopley 1982, Stodart 1988, Tucker anigW{r1990) believes that in general

on reefs, because of irregular topography and rifleeince of benthic organisms, size,
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shape and sorting in sediments depend more orkéhetal characteristics or architecture
of constituent organisms than on the hydrodynamergy of waves and currents. This is
because different grains disintegrate in diffeneals and have different hydrodynamic
behaviours and different threshold velocities foovement. For exampldialimeda
plates decay at a faster rate than the more resiB@gments of the corakcropora
(Tucker and Wright 1990). Similarly, a smooth andrrdedAmphistegina test is likely to
be transported more readily than a blocky fragneéigbral. Furthermore, if the sediment
is deposited close to its source with little tras$ccurring it will be texturally immature
and hence sorting will be more dependant on théetstecharacteristics than on the
hydrodynamic conditions (Hopley 1982). Poor sortingy in fact reflect high biological
activity in addition to hydrodynamic forces. Theesjfic grain bulk densities determined
by the specific gravity of the particular carbonatimeral used by an organism combined
with its skeletal micro-architecture were not seatbut could be another important factor
controlling the type of transport and end membetutel characteristics. Furthermore,
grains are subject to the ongoing processes ofrdsa from source through to
deposition and this will be in part affecting theaig size distribution observed (Section
5.2). Highly detailed and specific investigation®uld be required to quantify the

importance of each process.

5.4 Sediment movement

Sediment movement studies for Palmyra Atoll ardéary much in their infancy and the
necessary data are not yet available. The primaghanism of sediment movement
across Palmyra Atoll is thought to be by wave andally-induced currents
(hydrodynamic forcing). The wave transport processe episodic and are determined by
the strength of the prevailing winds and/or swetections, with larger material or
material from greater depths only being able tenoeed during storms rather than under
normal background conditions. The overall direciddmvave-influenced transport is from
east to west, both long-shore and through the lag¢Gobb et al. 2003, Maragos 2008,

Collen et al. 2009). These currents and waves anergted by the predominant east to
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west trade winds, although the wind direction omwzaly reverses and comes from a
westerly direction (Barkley 1962).

Once sediment is entrained, the physical transgfagtains across the atoll will occur as
either bedload transport (traction and saltation)soespended load transports (Boggs
2001). Transport is initiated when the velocitytbé water becomes greater than the
threshold velocity of the grains and therefore tyyge of movement is dictated by the
difference between these two factors, with suspenbsieing more evident in smaller
grains (Briggs 1977, Orme 1977, Boggs 2001). Soratenal is then deposited as sand
on shallow flats, some is deposited in the deepdag and much is thought to be carried

beyond the island into the deep ocean.

On the outer reef flat of Palmyra, ocean swell gaysurf waves dominates, with wave
energy being greatest on the windward reef crdst.réef crest is a major modifier of the
ocean’s wave energy as it abruptly stops the onyweogdression of the wave, completely
eliminating the wave form within a metre or so bé tcrest zone. Studies in the Cocos
(Keeling) Islands (Kench 1996, Kench 1997, Kenc8%how that 70 -99% of the wave
energy is dissipated here and that the high enegyits in the highest transport mobility,
resulting in little sediment being deposited on tkef crest. The remaining wave energy
is dissipated across the reef platform, resultinghe lag of coarse rubble sediment
deposits found on the outer reef. Wave energyphsisin across the outer reef pavement
is most extreme as water approaches the high tatk over a tidal cycle. Therefore the
ability to transport sediment by wave energy isattefent on how much energy penetrates
to the interior of the atoll through reef channels.

Because of the protective barrier of islets and pagement, sediment movement in the
interior is influenced more by local wind-generateaves, currents and tidal movement
than by the stronger oceanic wave energy affedtiegouter reef. This is thought to be
reflected in the similar level of poor sorting ofost of the interior sediments. Field
observations from the deep lagoons of Palmyra atdi¢hat the water column has in

places considerable suspended silt and clay-siza@rial. In the deep lagoons, CTD

104



casts show turbid water forms a layer at depth g&Flg Gardner pers. comm. 2008) The
deep high turbidity zone occurs at the same deghtbe layer of anoxic water, although
the relationship is not clear as of yet (see sec®@.2). Suspended sediment collectors
have been deployed more recently in June 2008 limyPa's lagoons and the results of

this study are pending (J.D. Collen pers. commy 2008).

Reef biota may also be affective sediment transpmrEmery (1956) believed fish may
be as important in the sediment budget of cordsraed may rival waves and currents as
transporting and trituration agents. The analydishe gut contents of scarids from
Johnston Island (north of Palmyra) and of surgebnftriggerfish and pufferfish from
Palmyra show a dominance of coralline algae (45-3%babsent in two cases), followed
by fine debris (10-70%, but absent in the puffec®)al (0-60%) and shells (0-40%).
Halimeda and foraminifera were insignificant (Emery, 1958)lt (2007) studied the gut
contents of 160 bonefish from various localitiesRaimyra, the results of which showed
that 66 (41%) were empty at the time. Crabs, maghlyst crabshMacrophthalmus spp),
made up 33% of the total weight and 41% of thel tadbume of prey consumed by bone
fish. Acorn worms (sipunculids) accounted for 29%both weight and prey consumed.
The remainder of the prey items consisted of varicustaceans and polychaete worms,
with a few small fishes and one terrestrial beefleral rubble comprised 19% of the
weight and 9% of the volume of stomach content@séhwo studies show that fish can
ingest large quantities of sand-sized particles sl may reflect the larger grain size
fraction material seen associated with the verypdstand finest samples from Palmyra,
where fish feeding on the reef flats at high tide defecating coarser material as they

later pass across the lagoons.

Sediment movement patterns have historically béterent. Water movement patterns,
which affect sediment movement, were changed duaimd) by the modification of the
islets during World War Two. Some of the effectgho$ are discussed in section 2.5.2 of
this thesis. The full impact of this operation be atoll is currently unknown; however, it

is likely it had a significant impact on the gramesand facies distribution within the
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interior of the atoll, especially in West Lagoonexw the majority of the dredging took

place.

5.4.1 Sedimentary structures and other evidence sédiment movement

The well sorted rubble facies found on the outef keeaches, in particular on Barren
Island, and the outer reef pavement as rubble $ersfdect a winnowing of the finer
sediments, although in the outer beach zone mader&d poorly sorted sand-sized
sediments were typically found only a few cm belawubble veneer. The lag rubble is
mostly composed of brokefcropora branches and reflects the high energy occurring in
these areas both during storm activity and undemab strong easterly trade wind
condition. In places of intensified energy the tebiitas been built up into ridges that have
a maximum height of 2 metres with steep 40° slgpethe side of prevailing energy. The
storm beach ridge seen on Barren Island is a grachgle of this, here material is been
constantly thrown up towards the west by the streasterly swells, on to the ridge and

the island is steadily growing in an easterly dimt(Fig 5.15).
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of the ridge with Coral Gardens, a living patchfieeies, located in sheltered water to
the left. The dark material that can be seen atbdse of the ridge on the left side is
deeply stained, implying that the ridge is a rekilif stable structure.

Strong currents are causing a winnowing of fineirsedt to occur within the passage
ways from the outer reef to the inner reef flatéwleen fringing islands. Here, fine
material is being entrained and removed and a eoansble debris delta can be seen
spreading in from the outer reef flat across tmeinreef flat (Fig 4.11). As mentioned, in
some cases where the inner reef flat is not vedevdebris fans of relatively coarse
sediments are observed flowing down from the rka$ fand shallow lagoon zones into
the deeper lagoon mud zones. Debris fans occuwletse where bathymetry changes
quickly. An attempt was made to examine a debaw finto the deep lagoons from the
shallow lagoons and inner reef flat of Central Lag@nd a test dive was undertaken to
30m water depth on the eastern limits of centrgdde near the cut in the causeway. The
depth and turbidity made it difficult to see théde fans in detail but a short core sample

was retrieved from the steep slope face and tlgariently being processed and dated.
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Strong winnowing and scouring of the substratetbyng tidal currents that move water
in a constant westward direction is clearly obseérue the breaks in the causeway
between Center and East lagoons. A preliminary magdocity of 0.1441 m/sec was
recorded in the northern most break in the causg beween Central and Eastern
lagoons (Table 6.1) (Gardner pers comm. 2008).

Small scale ripples, flow marks and other sedimgns&ructures that occur on the sand
sheet on the inner flats are constantly and quicklered and reworked between every

tidal cycle by heavy bioturbation from crustaceans other organisms that burrow and

create depressions and mud mounds (Fig 4.6, 5.16).

Fig 5.16 Photos (clockwise from top
left) of mound approximately 40 cm in
diameter showing layering and groove
caused by exhalant sand and water; crab
mound and depression landscape; and

reef box crab Qalappa hepatica)

burrowing into fine sand.
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5.4.2 Image interpretation

Historical aerial photos and figures have been ayeg with recent satellite images,
photos and observations in an attempt to identity guantify both indicators of sediment
flow and the amount and distribution of sediment Palmyra. It is apparent from

comparing photos taken shortly after military ocatign with present observations that
there has been much sediment build-up over theiantpatch reef areas (Fig 4.8). The
outer island shorelines have changed consideralnlg, the predominant movement of
sediment redistribution has been from east to \{@sllen et al. 2009) (See section 2.5.3
shoreline changes). Collapsed bunkers presenteoattiti ocean reef flat indicate erosion
of the shorelines and a possible movement of sedifmem the islands back into the reef

flats and lagoon zones.
5.5 Sedimentation rate

Sedimentation rates for the various depocentre®adiyra Atoll are unknown. The
sediment-producing organisms on the atoll are pilynaalcareous. The amount of
carbonate production is highly dependent on the typorganisms and there is a high
degree of global growth variability from 0.8 to Bkg nf/year (Hart and Kench 2007)
with an average rate of growth for warm water cadtes of about 4.5 kg year
(Rogers 1990, Scoffin 1987). It is important toenttiat different organisms produce at
different rates and those different organisms iithdliferent environments within a
carbonate reef system. Furthermore, only a pergenté the material produced by an
organism will actually be added to the accumulatsggliments on the atoll, and an
unknown percentage of the material will be remowe® deeper water. The overall
general trend in productivity of sediment producorganisms is thought to follow the
same pattern as other atolls and decreases frohivitipreef crest towards the interior of
the atoll.

Measurement of sedimentation rates from Palmyrdl Aould require eithe(a) detailed
measuring of sediment accumulation over a periogeafrs; or(b) by deducing mean

rates of growth from geological evidence, especiadirehole data

109



5.6 Chemical alteration of sediment

Chemical alteration of grains and the cementatibrrasbonate grains have not been
studied on Palmyra. However, by analogy with otktaudies it should be actively

occurring primarily in the inter-tidal and suprddl area through the precipitation of
aragonite, calcite, micrite and Mg-calcite (Scoffi®87, Guilcher 1988 and others).
Cementation is most notable in the formation ofcesqul beachrock deposits that occur on
the ocean facing reef pavement, island interfa¢en@ical alteration is often associated
with boring of grains and processes such micritirasire believed to weaken the internal

structure of grains and promote further breakdoenfedy 2003)

5.7 Correlation analysis

Correlation analysis between the depth of waterthagercentage of fine material for 51
samples (Fig 5.17) shows that water depth and fiiaetion material are positively
correlated and the proportion of fines in the sedlimincreases with decreasing water
depth.
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Fig 5.17 Comparison of water depth against pergenté fines for 51 samples.

However, analysis shows that the sediment compaosgannot be correlated with either

depth or environmental parameters (Fig 5.8).
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Chapter Six: Discussion

Mapping, sampling, grainsize and compositional ysial of the recent sediments of
Palmyra Atoll have shown a concentric pattern direents, morphology and environs in
zones passing inwards from the high-energy foré aed reef crest towards the lower
energy deep lagoon zones. Palmyra is exposed tinedotty easterly trade wind and
ocean swells which exert a strong control on tle¢ flat and lagoon hydrodynamics, and

thus are a major control on the environmental aatihgsent zonations.

Six sedimentary environment zones and eight suleszdypical of tropical atoll reefs

have been identified from fore reef to deep lag@®ection 4.1, Fig 4.12, 4.13, 4.14).
These have specific sets of sedimentary facietbuatidd to them; however facies can
overlap and be found in more than one environ. Bvnent positions and zonation are
controlled by the bathymetry, the level of expostardnydrodynamic energy and by the

communities of biota present, and the interacthmtsveen these.

Five distinctive lithofacies have been identified the basis of textural classification,
depositional texture, grain composition and digticlithological features (Section 4.8;
Fig 4.21, 4.22, 4.23). Facies form concentric bathdd approximately align with the
environmental zones but also overlap them. Therebdesediment zonations reflect a
complex interaction between the supply and phygioaberties of the source material and
the various processes which transport and degradBurface sediment assemblages
appear to be largely controlled by the hydrodynampmsition of environments and the

water depth.

Compositional analysis of the gravel and sand isastof samples taken from the interior
of Palmyra showed that coral and calcareous regkalgere the dominant constituents in
all sediments and lithofacies present, contributmgaverage 50% of the components.
Mollusc were the second largest constituent andridaned on average 23% of the bulk,
of which bivalves made up more than 70%. The catmas green algadalimeda spp.

were the third largest constituent with an averafjd1%. Decreasing in contribution,
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other material consisting mainly of organic debfdgaminifera, crustacean and echinoids
made up the remainder of the sediments, each batitrg 5% or less of the bulk
composition. Indicative compositions diagnostic &ory particular environment were not
clearly identified, and compositions appeared todxy similar from one environment to
another (Fig 5.2). This result may indicate eithdromogenization of all sediments due to
the small size of the atoll, whereby all the sousoeas contain similar material and the
only variable is grain size, that clear variatiomasy not be apparent due to the insufficient
sampling or that reworking of sediments by militagtions would have promoted a
mixing of sediment types. The components are atlkeletal origin. This is the result of
primarily carbonate organism growth and decay dred dontribution both directly and

indirectly by those organisms to the accumulatiegjreents.

The sediments of Palmyra Atoll range in size frooulder to mud-sized. Grainsize
analysis of samples collected from the lagoonsragfiflats of Palmyra showed that most
sediments are poorly sorted and are nearly symeaétin their grain size distribution
(Appendices B, C). Most samples analysed were dateihby sand-sized particles, with
the remainder of each sample being mainly fineinsedts. This result is biased as the
majority of sediment samples collected were of samchud and coarser material was not
sampled quantitatively. The overall average gr&ae ebserved was fine sand. A trend in
textural classification and grainsize distributimas apparent: sediments from Palmyra
Atoll grade from the coarsest rubble material ledaat the reef crest towards finer
material within the interior of the atoll wheretgirevails in the deep lagoons (Fig 5.10,
5.13). The variations in grainsize seen are gelyerahsistent and form concentric zones
of sedimentary facies (Figs 4.21, 4.22, 4.23).

The grainsize and textural classification are gatdtermined by the distance travelled to
the point of deposition from the sediment sourcad ahis directly reflects the
hydrodynamic conditions and energy levels operat{Bgpggs 2001, Folks 1974).
However, particularly in atoll settings, the sisbape and sorting observed in sediments
may depend more on the skeletal characteristiegahitecture of constituent organisms

than on the hydrodynamic energy of waves and ctgrdihnis is because different grains
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disintegrate in different ways and have differepdifodynamic behaviours and different
threshold velocities (Swinchatt 1965, Folk 1974dstart 1988, Hopley 1982, Tucker and
Wright 1990). To what degree each of these faatordgributes to the observed trends in

grain size distribution is unknown and will requimere detailed study.

There are numerous physical, biological, chemica hiochemical processes operating
constantly to produce the accumulating sedimentsnupalmyra Atoll. Material
accumulating is mostly from living framework, epifaal and infaunal sources on the fore
reef, reef crest and reef flats and from the reingrlof dredged material, with lesser
amounts sourced from patch reefs within the intesfathe lagoon. Sediments are being
produced and reduced to smaller particles by thehamécal effects of abrasion and
breakage caused by water turbulence due to cureemiswave action, and by the
biological processes of bioerosion from a rangeomfanisms. As with mechanical
erosion, bioerosion will be operating on a rangsaafles and be caused by a number of
mechanisms. On the small scale, these procesdaderoring by micro-endolithic blue-
green algae, molluscs, foraminifera, sponges aryclpaetes. These can significantly
weaken the sediment structure leaving it vulneréblghysical breakage by waves. There
is also breakdown of the reef framework on an mtsfiate scale by a number of reef
biota that rasp and ingest sediment, including gbdfish, echinoids and holothurians
(Stoddart 1969). Consumption of coral polyps byniarous biota both directly
contributes sediment in the process but also letvesarbonate skeletons open to the
effects of a multitude of smaller bioeroders. Lactgst sediment production is by storm
activities and the affects of strong ocean sweltoruthe reef material. Climatic
processes, including ENSO modify many environmepsabmeters (Cobb et al. 2003)
this is thought to affect coral growth and sedinpaiduction both directly and indirectly.
ENSO processes have been proven to be presentahrecords from Palmyra dating
back to as old as the tenth century and much vami& the strengths of these processes
is evident (Cobb et al. 2003). This is a highly gticated system and at present no
guantitative data is available on how the sedimegioof Palmyra is affected by such

climatic processes.
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The patch reefs of the interior of Palmyra areeyad not to be prolific contributors of
sediment at present, because many of these arefaleading modification to the three
main lagoons during World War Two. Only now are Bramounts of live coral returning
to these areas (Maragos et al. b 2008). Therenisetver, presently an extensive zone of
living patch reef separated from and east of Easfobn known as the Coral Gardens.
Coarser material being transported from this ané@ East Lagoon must be minor due to
its rapid settling rate and material from here mbikely to be entering the other two
lagoons further west. The data collected suggest e surrounding lagoonal areas
(mainly reef flats) generally have similar companeamposition to the sampled patch
reefs. This implies that examination of the lagsediments themselves will give little or
no indication of the relative importance of lagopatch reef versus surrounding

framework suppliers.

Once sediment is produced it is thought to be &mwdaand moved primarily by
hydrodynamic forcing (wave and tidally-induced emts). The wave transport processes
are episodic and are dependent on the strengtregdrevailing winds or swell directions,
with larger material or material from greater deptimly being able to be moved during
storms rather than under normal conditions. Therallveéirection of wave influenced
transport is from east to west, both long-shoretanalgh the lagoons (Cobb et al. 2003,
Maragos 2008, Collen et al. 2009). The currents wmades are generated by the
predominant east to west trade winds. The windctioe can occasionally reverse and
come from a westerly direction (Barkley 1962). Cleavidence of a predominant
westward transport can be seen in the modificgtioocean facing beaches since 1939 to
present (Fig 2.6, 2.7, 2.8, 2.9) (Collen et al. ®0Reef biota may also be effective
sediment transporters (Emery 1956), especially fiblose gut contents show that they
ingest large quantities of sand-sized particleslsitieeding (Emery 1956, Ault 2007),
and are thought to transport and redistribute eograined sediments throughout the
lagoons of Palmyra. There is a possibility of ceasgediments begin transported by
rafting from vegetation, whereby sediment is trapf a time in the physical structure
of the vegetation. These may explain the coarsenmahseen associated with the very

deepest and finest samples from Palmyra.
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Once skeletal material is contributed to the sedinbeidget it is still affected by ongoing
mechanical and biological processes. Organismsbaath sediment together and may
modify sediment deposition rates. Other organisrag encrust grains and the substrate,
and continued attack and boring of grains helpsagsist in the continual breakdown
towards finer particles. Reworking and bioturbationll cause the destruction of

depositional structures.

6.1 Biological Control of control of sedimentatiorrate in deep lagoons

Preliminary water current velocities recorded im tlhgoons of Palmyra Atoll (J.P.A.

Gardner pers. com. 2008) are sufficient to trartsprch of the silt-sized material being
produced on Palmyra offshore before it can in theper parts of the lagoons. However,
the deep lagoons of Palmyra have high fine fractiontents (average upwards of 70%
silt and mud) and are categorized here as a pélwidd facies. It is hypothesized that the
high percentage of fine material found in the diegons is controlled by the formation
of pseudofecal and fecal pellets by planktonic oigras living in approximately the top

30 metres of water of the lagoons and tidal aré&abmyra Atoll.

Pseudofecal and fecal pellets are a type of pedotedominantly sand grain that readily
breaks down to mud size, composed of microcrysgltiarbonate (Fig 6.1). In samples
from the deeper lagoons, they are ellipsoidal graivith long axes 1.3 times longer than
their short axes on average, and appear to be degaeudofecal in origin. Fecal pellets
are an organism’s excremental aggregate of siltctagdsized particles, organic material
and water. Pseudofecal pellets are similar in Hottm and composition, and are
produced as a way of removing unsuitable or surfolod particles. Particles are wrapped
in organic mucus and then expelled without haviagsed through the digestive tract. A
variety of organisms produce ellipsoidal fecal apdeudofecal pellets, such as

holothurians, copepods and holoplanktonic opistéietin gastropods.
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Fig 6.1 Typical pellets found in deep lagoon Pealbichud. The outline circle shown in

this photo is approximately 1.1 cm in diameter.

The importance of fecal and pseudofecal productionsedimentation has been
demonstrated by a variety of authors (e.g. WardessBurton 1981, Schrader 1971, Uye
and Kaname 1994). The size composition of the zotgbn community is an important
parameter for the variation in the vertical flux mofterial via fecal pellets (Uye et al.
1994), as the pellets sink many times faster thn driginal particles used in their
creation (the food source) (Schrader 1971). Theeefoecause the settling rate has been
increased, where horizontal water currents areifgignt less horizontal travel occurs
before the material reaches the substrate. Aferdggradation of the organic material
used to bind the pellet, the fine material is thdded to the accumulating sediments. This

is fine material that would not normally reach thebstrate in an unbound state.

. . _ 1 G J5]: Th babl
Furthermore| Kench (1996) has shown that an elifa$artial form, such as that of- {e;ﬂ;':‘f;?:,ﬁnclsTthz,ﬂeKae'ﬁc‘;’° Sy

pseudofecal and fecal pellets, will promote a neffective settling path though the water
column.
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One of the organisms believed to be important i phocess in the lagoons of Palmyra is
the holoplanktonic opisthobranch gastrop@ekseis virgula constrica (J.D. Collen pers
comm. 2008) (Fig 6.2)C. v. constrica is a pteropod (a shelled pelagic mollusc of the
suborder Thecosomata) (Bé et al. 1977). Abundaotep to 1600 pteropod shells per
gram of dry sediment have been observed for sanfifes the deeper lagoons (Collen
pers, comm. 2008). The pteropoda are thought tmde abundant at 20 m water depth
in the Palmyra lagoons. Other important and abundamponents of the plankton here
that also produce fecal pellets are the copepostaraans. No data are available on the
production rate of pseudofeces by the pteropoda @hdr organisms at Palmyra,
although studies of the plankton are in progress@arton pers. comm. 2008). However,
a study by Hofmann et al. (1981) on the contributdd fecal pellets by copepods of the
genusParacalanus from south-eastern shelf of the United States skativat the nauplii

and adults could produce up to 50 pellets per day.

Fig 6.2 Photo ofCreseis virgula constrica shells from the lagoon sediments. The largest

shell is 8 mm in length.
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Binocular microscope studies of intact peloidalinggafrom a typical deep lagoon mud
showed they had an average size of 220 um (Fig Arl)approximation of horizontal
distance travelled compared to vertical distanecek $ar three grain sizes (63 um, 150 um

and 220 um) was made using the following parameters

e Settling rates were obtained fromvww.filtration-and-separation.com

(2008), which uses Heywood Tables for larger psiand Stokes' Law

for small ones.

» Calcite has a density of 2.71 g/cm® and aragorsie & density of 2.83
g/cm?® and, as there is no data on the bulk chemisftrthe observed
pellets, an average of the two of 2.77 g/cm® wasdust was further
assumed that the pellets have a porosity of 30%ingjian overall
theoretical density of 1.939 g/cm3.

* Afluid density of 1023 kg m3 and fluid viscosity 801 Pas for sea water
at 29°C temperature and 36 PPM salinity

(http://www.csgnetwork.com/h2odenscalc.html 2008

e Seven current measurements were made at varyingopssfrom the
interior lagoons of Palmyra and at varying deptiasraa period of about
24 hours for each measurement at 10 sec interVals€ 6.1 summarises

the obtained current meter data).

e A value for near surface water flow for the interlagoons of 0.00751

m/sec was assumed (see below).

Note: Because of the limited availability of instrumentation, measurements at each
location were made by the same current meter and ther efore measurements were made on
different days and at different tidal conditions, during June 2008. Stes 1003 and 1002
are enclosed channels and are areas where current velocity is known to be high and site
1008 is from a reef flat channel environment between two fringing islands. Ste 1007 is

the only record for depths greater then 6 m, and all others are from near surface
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positions. The low current velocity measured at site 1007 is comparable to the findings of
Gardner et al. (in prep), who have shown that there is a stratification of turbidity below
30 m depth; this indicates that there is a reduction of the water movement below this
depth and that once sediment has reached this depth it is likely to sink vertically. Stes
1006 and 1004 are considered to give the best representation of near surface water flow
for the interior lagoons; an average of the two sites of 0.00751 nm/sec has been used as

the best available representation of near-surface water flow occurring through the

lagoons under normal background conditions. This number is very approximate;

however, it is sufficient for the purposes of discussing likely sediment transport patterns

Table 6.1 Summary of current meter data for Juri8Z@ata supplied by J.P.A. Gardner

pers comm. 2008)
Sample Location (See fig| Water depth | Average mean| Start and finish time
name 1.2, Appendix E) current velocity for | and date of recording
period recorded
excluding current
direction
1001 Deployment att 6 m below| 0.00746 m/sec 17.32.42 (06/06/08)
dolphins jetty| surface 13.46.12 (05/06/08)
southern side o
Western lagoon
1002 Deployment at firs§f 2—-3 m 0.1441 m/sec 14.14.38 (06/06/08)
cut (Causeway 10.22.08 (05/06/08)
between Centre and
East lagoons
1003 Deployment at Sang6 m below| 0.03182 m/sec 14.51.58 (09/06/08)
Island surface 11.05.28 (08/06/08)
1004 Deployment att 6 m below| 0.00902 m/sec 15.12.52 (09/06/08)
Strawn Island surface 11.26.22 (08/06/08)
1006 Deployment in thg 5-6 m below| 0.00599 m/sec 16.47.29 (11/06/08)
Western lagoon surface 13.00.39 (10/06/08)
(wp234 John
Collen)
1007 Deployment in thg 40 m below| 0.00116 m/sec 09.10.02 (12/06/08)
Western lagoon surface 05.23.32 (11/06/08)
(wp225 John
Collen)
1008 Deployment até m 0.01053 m/sec 13.16.35 (15/06/08)
between quail and 09.30.05 (14/06/08)
aviation
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6.1.1 Calculations

The following calculations are for the time takeanqd hence the horizontal distance
travelled under the assumed current velocity) ftiples of different grain size to settle
to a depth of 30 m. At this depth, it is assumeat thrther settling is in a purely vertical

direction.

For 63 micron clasts:

* The settling rate is 0.002039 m/sec = 0.2039cm/sec

» Time for particle to descend to a depth of 30 nO@BOmM / 0.2039 cm/sec) =
14 711.94

» Horizontal distance that particle would travel in7&1cm/sec current is (14
711.94 sec x 0.751 cm/sec ) = 11 048.67 cm

* 11 048.67 cm = 110.49 m horizontal distance tradell

* Result = 110.49 m horizontal distance travelled foBO m vertical descent

For 150 microns clasts:

» The settling rate is 0.009783 m/sec =0.9783 cm/sec

» Time for particle to descend to a depth of 30 NnDB6mM / .9783 cm/sec) = 3
066.54 sec

» Horizontal distance that particle would travel in7®1cm/sec current is (3
066.54 sec x 0.751 cm/sec) = 2 302.97 cm

e 2302.97 cm = 23.0297 m horizontal distance

* Result = 23.03 m horizontal distance travelled foBO m vertical descent

For 220 microns clasts

* The settling rate is 0.017762 m/sec =1.7762 cm/sec

» Time for particle to descend to a depth of 30 nO(BOmM / 1.7762 cm/sec) = 1
688.998 sec

» Horizontal distance that particle would travel in7®lcm/sec current is (1
688.998 sec x .751 cm/sec) = 1268.438 cm

e 1268.438 cm = 12.68 m horizontal distance

* Result = 12.68 m horizontal distance travelled for@m vertical descent
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Fig 6.3 Hypothetical vector diagram of three pdetgizes (not drawn to scale)

Note: Calculations do not take into account any variations of current velocity down to 30
metres depth. A true grain path would show particles decreasing in current velocity

towards the still water zone.

The resulting calculation of horizontal distancavélled compared to sinking 30 m depth
for clasts of 63 um, 150 um and 220 um sizeshswvn in Fig 6.3. The results indicate
that grains of 63 microns or less are likely tovélaconsiderable distances, and may exit
the lagoons before reaching the still water prebetdw 30 m depth. The 220m grains,
however, are likely to reach this depth and thettleseertically to the bottom. It is
important to note that this result does not takmiaccount the direction of current flow.
Direction of current flow is likely to influence ¢hoverall horizontal distance travelled,
for example if the current were to flow in one difen for a number of hours and the
reverse direction the net horizontal transport \@dag less then if current direction was
constant. However, the predominant overall curdémgction operating across Palmyra is

in a westerly direction (see 2.2.1) (Maragos ef&008)

The resultant settling rate of 0.018 m per sec34.4 m per day) for a 220 um pellet is

comparable with the findings of Burland and Sily&881) for laboratory investigations
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of the sinking rates from zooplankton salps andgpteds from the surface waters of the
Californian current. They found that pellets froamk at rates up to 2700 and 1800 m per

day, respectively.

6.1.2 Implications of pellet formation

Fecal pellets produced by aquatic organisms affedimentary processes in two ways.
As fecal pellets are aggregates of particles, psifking rates can be much greater than
the rates of their smaller constituents (Havenletl®8, McCall 1979). Thus, pellets
increase material fluxes through the water columimbreasing sedimentation rates; this
can also lead to the deposition of particles thatause of hydrodynamic or chemical
characteristics, otherwise might not be deposited igiven environment (Haven et al.
1968, Silver et al. 1981). Shorter settling timesvjle for better chance of preservation
and, incidentally, for less drift of suspended jgées away from their place of origin.
This means that the properties of surface wateisezaare more likely to be reflected in
bottom sediments.

6.2 Controls on the distribution of facies and envbnments by antecedent

topography

Ecological zonation is closely related to the semtitary facies observed, and exerts some
control over them. Ecological zonations may beigllytexplained by simple ecological
controls, such as temperature, salinity, pH, liggnetration and turbidity (Section 1.4.1).
The original distribution, shaping and growth otdk environs, at least in their early
stages, is most probably due to atoll morphologyparticular bathymetry and variation
in exposure to waves and currents. Variation inhymaetry is most probably a
consequence of differences in antecedent topogrdghiures, which in turn may be
explained by the karstic saucer theory of atoljjioriHoffmeister and Ladd 1945, Wiens
1959, Purdy 1974, Guilcher 1988, Purdy 2005). ‘Ummary, this theory states that the
shape of atolls, and also of barrier reefs, defragn an antecedent, more or less

horizontal, calcareous platform that emerged assaltr of uplift or sea-level fall. Once
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emergent, the atoll became karstified by rainfalll @ercolating water, which produced
landforms such as blue holes and gave it the sbhpesaucer, with a central depression
and a peripheral rim. Subsequent submergence opldtlorm structure resulted in a
revival of coral growth, which buried the karstdiéimestone, and the annular rampart
resulting from the karstification became the atiwli. Thus the general shape of the atoll
partly results from subaerial processes and nah fperipheral reef building alone”

(Guilcher 1988). Sea-level fall appears to be th#uéncing factor for Palmyra’s

modification. Fig 6.4 shows graphically how thiediny results in the modification of

atolls (Purdy 1974, Purdy and Winterer 2001). Sgbeatly, reef growth has continued
and the resulting distribution of recent sedimeigsa combination of antecedent

topographic features and the specific energy regipegating.

ATOLL

_Former sea level

soa fevel

by

Twm- or

seq level rim Ingean rim

fHp)  mecenl manine sadiments

Fig 6.4 Formation of atolls according to Purdy (49 by Guilcher (1988)

Furthermore, the present day reef flats are thotghte a planation surface of hard
cemented limestone that was probably formed atptiesent sea-level by erosion of a
former higher reef accreted surface. This surfaas most likely deposited during the
early Holocene eustatic rise in sea level that wlserved to form a mid Holocene
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highstand in relative sea level and similar surame other Pacific islands (Hopley 1987,
Dickinson 2004). The beachrock observed on thd ataé most likely deposited during

this time of higher sea-level and has since becaenilly exposed. This is the situation
seen at Ebon Atoll (Weins 1959) and suggesteddachrock of Tarawa Atoll (Schofield

1977), both in the Marshall Islands.

The distribution of recent sediments has been affected by the considerable
anthropogenic modificatioto the morphology of the interior lagoons and swmding

islands during World War Two. Since that time, heere the atoll has largely been left to
its own devices and natural processes have beeaatopelargely unhindered by human
intervention. This historical modification certainaffected the environmental zonation,
facies and grainsize distributions, although tHedutent of this is unknown. Variations
in dredged material being dumped and compactedldaykrs (gravel, sand and clays)
during construction of man-made features meangtaind properties vary considerably
and are subsequently reacting differently to erog@ollen et al. 2009). Dredging of the
lagoons modified island and bathymetric profilesgking them steeper in contrast to
more gently sloping natural shore profiles (Colketnal. 2009). At the present time,
anthropogenic effects include pollutants from tettlement, shipwrecks, eroding military
installations and from ocean-going floating debirmsparticular plastics, which wash up

on ocean-facing beaches of Palmyra.

6.3 Comparison to other atolls and tropical carbonte systems

Palmyra Atoll is unique and differs in several wdsam other atolls of the Pacific and
reef environments from other areas of the worldretsedimentation has been examined.
Most notably Palmyra Atoll, although once heavilydified, has had little human
population or intervention on the island for thetl80 years and thus has been left largely
to its own natural processes. As a result the astdinds are heavily vegetated and
populated with sea birds and the outer reefs anerg#y thriving. There has been no
coastal protection program and the shorelines avdifging under natural conditions
(Collen et al. 2009).
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Palmyra Atoll is small in size when compared toeotatolls of the Pacific; as a result of
the original size of the underlying volcanic sturet Palmyra is similar to many atolls in
being asymmetrical, with differences between thadwiard and leeward sides. It is
similar again to many other Pacific atolls in thhe distribution of spur and grove
systems is controlled by the dominant wind and kdiedction. On Palmyra the spur and
groves are found on the southern and northern sifilse atoll and are caused by the
predominantly easterly and north-easterly prevailiinds and ocean currents that refract
around both the elongated north and south sidethefatoll, generating alongshore
currents that move westward (Barkley 1962, Maragfoal. A 2008). Palmyra has small
lagoons that are deep, steep-sided and compartimedtan contrast to many atolls of
the Pacific that have much larger and relativelgilslv lagoons (such as Tarawa, Bikini,
Rongerik and Funafuti atolls). Palmyra’s morpholagythought to be a result of strong
karstification of a small emergent island during\yous sea-level falls caused by its
location in the doldrums and the high annual rdlitifeat it receives each year due to this.
At present Palmyra receives on average 445 cminfper year (Department of Interior
2008).!The structure, especially the land areastlaatdof West and Center lagoons, has
also been greatly affected by military dredging andstruction during World War Two

. _ - Comment [J6]: This is
(F|g 25)‘ 77777777777777777777777777777777777777777777777777777777 7 repetition of material in previous
paragraph

The sediments and their distribution from the figref across the reef flats appear in the
most part typical of tropical Pacific atoll systerhtowever, Palmyra differs in that it has
very high percentages of fine material accumulatiityin its lagoons (upwards of 70%
silt or finer). Data on lagoon floor sediments vaigable for Bikini, Rongelap, Rongerik,
Raroia, Kapingamarangi, Ifaluk, Tarawa, Funafutd drom many barrier reef lagoon
settings. Generally, mud values observed in othgodn settings in the Pacific are low
and the fine sediments are thought to be winnoweth fthe lagoon before settling
offshore. Instead, usually either gravely sand Icdedris-type facies (Namuka reef flat
Fiji, Atkinson 1999; Lord Howe Island, Kennedy 2002iddleton reef, Kennedy and
Woddroffe 2004) or dominantialimeda debris (Bikini, Rongelap and Rongerik Atolls;
Emery 1954, Suwarrow Atoll, northern Cook groupdfape et al. 1985, Funafuti Atoll,
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Collen and Garton 2004ajuro Atoll, Smith and Collen 20060r in some even deeper
cases a foraminiferan-rich sand (Kapingamarangil fttcKee et al. 1959) is present. In
all these cases, silt-sized sediment abundancess than 20% of the bulk. Calcium
carbonate muddy bottomed lagoons have been foudedp enclosed basins at Addu and
Diego Garcia Atoll in the Indian Ocean (Stoddar draylor 1971) and peloidal muds are
common on isolated carbonate platforms from Befimeatan system, Central America
(Gischler 1999) and also common from the Floridalfs{Ginsburg 1956, Tucker and
Wright 1990). Two unique examples of fine mud aculation are seen on isolated areas
of Tarawa Atoll, Gilbert Islands lagoon (betweenafd 10 depth) and in unusual
abundance on Fanning Island lagoon; these accuomgdahowever, have been attributed
to the high degree of protection given to the sedits from current winnowing, which in
turn results from the near absence of deep chawgpalsecting lagoon and ocean and the
windbreak provided by the reef islands (Weber etl872, Roy 1970). As discussed
previously, the high abundance of fine materiahseethe lagoons of Palmyra is thought
to be a result of the natural deep enclosed battrynamnd the partial closing of the
lagoons by military modification that both affecttsr circulation, together with the

production of pellets by zooplankton.

In a number of deep lagoon localities (greater 3dem) the Peloidal mud sediments
retrieved smelt strongly of hydrogen sulphide anggested that the bottom waters were
anoxic. In same locations that these sediments wedreeved, CTD casts reviled the
presence of anoxic water above the substrate dhslgpeater then about 30 m. This
anoxic water was accompanied by increased turbi@iyD casts were preformed the
same time as this study in June 2007 and alsoria 2008 (Gardner per. comm. 2008)
(Section 2.2.2) (Fig 2.1). Further, water samp&saved from deeper than 30 m during
June 2008 were 4% saturated (J.D. Collen, per. Comm. 2008). Thesalis suggest a
link is present between the depletion of oxygee, lgvel of turbidity and the level of
organic material being supplied to the deep lagfloor by means of feces and
pseudofeces peloid production. Greater investigatis needed to quantify the

relationship between these factors.
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Palmyra also differs from many other tropical cardte systems in that it has no seagrass
or mangrove zones. These are reef-associated coitiesunf particular significance in
other areas both as habitats and in terms of sedimecumulation and stabilization
(Swinchatt 1965, Guilcher 1988, Tucker and Wrigh®Qd, Morris 1998, Atkinson 1999).

The calcareous green alfalimeda is a prolific producer of calcareous skeletal partd

on many atolls and reef systems is a dominant ikanar to the sediments. Atkinson
(1999) from Namuka reef flat, Suva, Fiji found thdadlimeda on average contributed
38% of the sediment accumulating within the lagoarikers have found similar ranges
from 20% to 40% (Mopelia, Guilcher 1988, RogerilddRongelap atolls, Emery 1954,
Isolated carbonate platforms in Belize-Yucatan eaystCentral America, Gischler et al.
1999). Halimeda is particularly prolific in deep water at 40-50mptle at Bikini Atoll
where it accounts for over 70% of the bulk sedim@mery 1954).Halimeda rich
sediments are also seen forming a ring like pateonnd the central area of Enewetak
and Kapingamarangi (Guilcher 1988) and from Fumdégoon where they form thick
beds (Collen pers. comm.). It is suspected thataWweaverage abundances ldélimeda
contributing to the accumulating sediments from ithierior of Palmyra are in part a
result of the lack of suitable substrate availadohel possibly the level of turbidity and
suspended fine sediments observed in the watemecolithin the lagoons. These would
lower the level of light able to penetrate and hrettee substrate thatalimeda would
normally inhabit. The anoxia and high levels gSHappear significant in deeper water. A
further reason may be the ease with wHitddimeda segments are reduced to silt-sized
fragments and finer, meaning that this materiatiieer transported off the atoll or the

degraded fine material is not then recognised duwompositional analysis.

6.4 Difficulties encountered and recommendations fduture study

Palmyra Atoll is a highly isolated location and sisch there are many difficulties
associated with the study of its recent sediméeiisess to the atoll is by chartered flights
from Hawai'i. Specific guidelines and conditionsr fentering and working within the

refuge are in place. Studies of the geology andrsaus of Palmyra present their own
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difficulties, as there is a lack of the long terecards and observations that are needed to
quantify many studies, furthermore only one visitswpermitted and no chance to check
details was available. Difficulties have been eigrared in the processing of sediment
recovered from Palmyra, in particular in dealinghwthe finest deep water mud samples
and their inability to be fully disaggregated ordéed. Long term water movement,
climate and ecological studies are now beginnind il help in future sediment
investigations and interpretations; unfortunatdigse and related studies important to
understanding the sediment budget of Palmyra arertly proceeding and little material
is published at present. A further step in imprgvine understanding of the sediments of
Palmyra would come from detailed drilling and cgriof the atoll. The data from this
could be used to establish accurate ages and oatssdimentation and evolution of

sediments, previous sea level histories and eadbghifts among others.

6.5 Summary and Conclusions

1. Facies mapping

Six distinct sedimentary lithofacies have been fdied within Palmyra Atoll lagoons
and coastal fringes. These are the peloidal mhdfhties, the muddy sand lithofacies,
the coralagal sand lithofacies, the rubble lithefaccemented pavement and beachrock
lithofacies, and the living reef facies. The mostiespread facies identified within the
study zone was the Coralalgal Sand Facies thatredwapproximately 45% of the study

area.

2. Environmental zones

Six sedimentary and/or physiologic environmentaiemand eight sub zones have been
identified from Palmyra Atoll. These are the foeefrand crest, the eastern and western
reef terraces, the ocean outer reef flat pavemamtis ocean-facing Beach, the lagoon

inner reef flat intertidal sand aprons and sheetslagoon beaches, the shallow and deep

lagoons, patch reefs / sand banks and blue hplesds, and the reef islands zones.
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3. Sedimentary processes

The creation, movement and deposition of sedimaptsn Palmyra Atoll is by both

physical as well as biological processes. Mechargcasion is by current and wave
forces. The predominant wave and current direcisofrom the east, caused by strong
easterly trade winds and ocean currents. Tidal watgvement is also important, and
within the enclosed lagoon areas of Palmyra wawkcamrent forcing is by local winds.

The overall sediment movement is from east to wasth) within the lagoons and across
the reef flats. The biota may also be contributingediment movement. The biological
processes operating serve to break down reef framkewaterial and unconsolidated
sediments at both microscopic and macroscopic sclaving material susceptible to
further physical degradation. Biological activitythe form of bioturbation was observed

to mix surfical sediments in many areas.

4. Grain size distribution

Sediments accumulating range in size from boultersilt. This thesis focused on the
sand and finer material from primarily the interlagoons and tidal areas of Palmyra
Atoll. Of the samples studied, the average sedimewerall were of fine sand-size.
Grainsize distribution was observed to grade frdra toarsest, well sorted rubble
material on the outer reef flat towards finer mialewithin the deep lagoons of the atoll
where silt-sized material prevailed. Material beiggnerated by mechanical and
biological processes and within the interior of rPala this material is predominantly
sand or mud. The deep lagoons of Palmyra are pkatig muddy and generally contain
upwards of 70% silt or finer material. Most sampasdied were poorly sorted and near-

symmetrical in their skewness distribution.

5. Sedimentary composition

The average bulk sediment is composed of six damhicategories: coral and red algae

(50%), molluscs (23%), calcareous green algae, lyjnéilimeda (11%), foraminifera
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(4%), echinoids (4%) and crustaceans (4%), andeh®ining material (5%) consisted
mainly of organic or unidentified grains with vemyinor amounts of bryozoans, worm
tubes and sponge spicules. All sediments of Palmyodl are dominated by coral and

calcareous red algal fragments, which make up afaltibf the sediment.

6. Origin of sediments

Sediments accumulating are clearly autochthonousatore and sourced from the atoll.
Sediments are either clearly skeletal (gravel antissized) or finer material from the
breakdown of skeletal components. Material is beiogrced from living reefs and from
the erosion and reworking of historical deposithe Trecent material is being mainly
sourced from the fore reef, crest and outer reeégavith lesser amount from patch reefs.
Sediments are also being sourced by in situ groefttorganisms living upon the

accumulating sediments.

7. Control of fine material in deep lagoons

Binding of suspended sediments into pseudofecalfecal pellets by large zooplankton
is occurring within the lagoons of Palmyra, espléciay the gastropodCreseis virgula
congtrica. Their skeletal remains are found in abundancdeiep lagoon peloidal mud
samplesCreseis has been implicated in the partial control of tedisientation rate of
fine material within the lagoons. Sediment samfiesn the deep lagoons predominantly

contain more than 70% silt-sized or finer material.

8. Control of distribution by antecedent topography

Antecedent topographic features as the result oftikaation during lowered past sea-
levels have resulted in the overall atoll shap@& deday, that has since been modified and
capped by the growth of Holocene reef material. Thedern environments and
sediments are now controlled by the interactionswéen the bathymetry, island

morphology, hydrologic energy regime and biota eisged with the atoll.
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