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CORAL REEFS OF THE INDO-PACIFIC AND CHANGES IN

GLOBAL HOLOCENE CLIMATE

By Siwan Angharad Rees

The key to understanding the future impact of the anthropogemnmbustion of
fossil fuels on the climate system, is to fully undeng the complex feedback loops
within the natural Earth system. One natural climatdidaek that has been proposed is
the Coral Reef Hypothesis whereby significant increaseoral reef growth may have
contributed to the deglacial increase in atmospheri¢c Gliserved in the ice core
records. This thesis examines the role of coral reettse oceanic carbonate budget and
global carbon cycle both spatially and temporally durhreyiolocene. Using the most
comprehensive reef area estimate to date, a conserestivnate of cumulative CagO
accumulation within coral reefs globally from 10 kyr B¥ present is 7970 Gt. This
estimate includes a temporal and spatial view of reef Gaa€@umulation during the
Holocene and represents coral reefs alone, whereaopselbiudgets have included
wider neritic carbonate facies. This mass of ree@CQ accumulation would have
made approximately 2100 Gt GQ@uvailable for release to the atmosphere over the
Holocene.

Radiocarbon dating of coral obtained from new drill esorfrom Rodrigues
(Southwest Indian Ocean), Lizard Island and MacGilliviReef (Northern Great
Barrier Reef (NGBR)), helps to reveal the spatial #ewhporal pattern of Holocene
CaCQ accumulation within these reefs and contributes to d#imset compiled to
calculate the global mass balance of coral reef catieo The new data presented here
demonstrates that the reefs at Rodrigues, like thosgeahion and Mauritius only
reached a mature state (reached sea level) by 2 to 3hkausands of years later than
most of the reefs in the Australasian region. The wardwnargins at Lizard Island and
MacGillivray Reef started growing ca 6.7 and 7.6 cal kyrr8$pectively directly on an



assumed granite basement and reached sea level approxithated 5.6 cal kyr BP
respectively. The leeward margin at MacGillivray Reef watsated by 8.2 cal kyr BP
directly on a granite basement, only reaching sea relatively recently between 260
and 80 cal yr BP. The absence of Pleistocene reefal itepadicates the possibility
that the shelf in this region may have subsided relavmodern day sea level by at
least 15 m since the last interglacial (125 ka).

The role of the calcareous green aitglimeda in the marine carbonate budget is
still unknown both spatially and temporally for thelbtmene. Here a quantification of
the carbonate mass within the ribbon reefsldalimeda bioherms on the outer shelf of
the NGBR is presented. It is estimated tHatimeda bioherms contain at least as much
(possibly 400 % more) CaGGsediment than the adjacent ribbon reefs within the
NGBR province.
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Chapter 1 Introduction

Chapter 1

I ntr oduction

1.1 Introduction

Coral reefs are a significant component of the glababon cycle, they represent
an important resource to coastal nations, providing sowtdsod, natural coastal
defenses, building material and revenue through tourismhendquarium trade worth
more than $375 billion per year to the global economyr{Natial., 2000; Bellwood
and Hughes, 2001; Spaldiegal., 2001; Pandolfet al., 2005). The health and survival
of reefs around the world are undoubtedly already umlerat from point source
pollution, terrestrial run-off, increased turbidity, destive fishing practices and coral
bleaching associated with increases in sea-surface temm@srgfNaimet al., 2000;
Robertset al., 2002; McCullochet al., 2003; Cole, 2003; Sheppard, 2003). Projected
anthropogenic increases in atmospheric carbon dioxiddsl¢@O, atm.) pose an
additional threat to reef systems through acidificata;md warming of the surface
tropical oceans (Gattusbal., 1999; Gattuso and Buddemeier, 2000). These effects are
hypothesized to promote decreases in the aragonite satustdi® of seawater which
will reduce hermatypic coral calcification rates andhy eventually lead to the
destruction of the reef framework (Kleyp&s al., 1999; Langdonet al., 2000;
Andersoret al., 2003).

1.2 Pleistocene Climate Change

The Earth’s climate oscillates between glacial amérglacial periods on well-
understood orbital timescales, but forcing mechanisms dimjrelimate change are
the subject of much debate (Figure 1.1; Milankovitch, 1920a&iand Imbrie, 1986;
Shackleton, 2000). Glacial-interglacial cycles have aecurwith a periodicity of
approximately 100 ka for about the last one million yeltsing glacials (for example,
the Last Glacial Maximum, 18 kyr ago) average globalasérftemperatures and the
partial pressure of atmospheric £(p CQ) were approximately 10°C and between 180
and 200 parts per million by volume (ppmv) respectivelgergas during interglacials
(for example the Holocene, the last 10 kyr) thesematers averaged approximately
15°C and 280 ppmv, respectively (Kunep al., 1999; Sigman and Boyle, 2000;
Marchitto et al., 2005. Changes in the eccentricity, obliquity and precessibthe

Earth’s orbit around the sun cause variation in the amofustlar insolation reaching

2



Chapter 1 Introduction

the Earth and thus the volume of ice sheets (Milankbyit1920). Thus, orbital
variations can be thought of as the pacemaker of ctnw@itanges on multimillenial
timescales (Hayest al., 1976). However, the variations in solar insolation areafot
sufficient magnitude to explain the full extent of thlebal temperature changes. Ice
core records suggest that changes in atmospherc@@entration amplify changes in
climate, although the cause of the £ghange is much debated (Barnefaal., 1987;
Broecker and Henderson, 1998; Shackleton, 2000).

Depth (m)

8] 500 1.000 1,500 2,000 2,500 2750 3,000 3,200 3,300
T T T T T I T T

280
260
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Figure 1.1 Vostok ice core record showing the correldtietween atmospheric G@nd temperature
oscillations though the glacial interglacial cycles dgrithe last 425 kyr BP. Temperature and

atmospheric C@concentrations are high during interglacial periods butdaoving glacial periods (after
Kump, 2002).

Following the Last Glacial Maximum (LGM) the Earth laegto warm (between
15-10 kyr BP) and the large continental ice sheets begameliocausing global sea
level to rise from approximately -135 m at 18 kyr BP to nkearmodern day level by
approximately 6 kyr BPAtmospheric CQconcentration began to increase from 180 to
280 ppmv between 19 and 10.5 kyr BP (Sowers and Bender, 188%)cene
atmospheric C®levels recorded in the Taylor Dome ice core show #baospheric
CQO; increased from 270 ppmv at 10.5 kyr BP to the pre-industnal of 290 ppmv by
100 yr BP (Indermuhlet al., 1999). Atmospheric C£concentration is controlled by a
wide variety of processes operating at different tcats (Siegenthaler and Sarimento,
1993; Kleypas, 1997). Many hypotheses have been put forwargl@mrethe changes
in atmospheric C@concentration over the glacial-interglacial cyclalfle 1.1).



Table 1.1 Summary of hypotheses put forward to account féowrex CQ content of the atmosphere during glacial times (modifieich fBroecker and Henderson, 1998)

Model

Problems Advantages

References

CaCQ Compensation / Increase in the ratio of organic carbon t@©CaGhe
material falling to the sea floor (Rain ratio hypothesis).

Sediment Respiration Based. A decrease in the rain@Og® the deep sea and
therefore burial of CaCQesults in an imbalance between the input (from
terrestrial weathering) and output (via burial) of CaCIhie ocean becomes more
basic. To restore the balance {®drawn out of the atmosphere into the ocean,
thereby lowering atmospheric GO

Iron Hypothesis
Southern Ocean Based. Increased input of iron (Fe) beditagesdetritus into
Southern Ocean increases productivity and draws down atmos@i@ric

Polar Alkalinity

Southern Ocean Based. Changes in“Céntent of surface waters of Southern
ocean may have had a disproportionately large impact on atmiespker Deep
ocean circulation during glaciations would have lead tg*Gidh deep water
surfacing in the Southern ocean the resulting increased progueould have
drawn down atmospheric GO

Coral Reef Hypothesis / Shallow water CaCO

Shallow Ocean CaC{Based. During glacial sea level is lower which restrict
CaCQ burial to deep sea. Deep sea burial must increasdatackehe influx of
C&* and C@ from weathering. An increase in deep sea Galiifial increase

Mass balance System response time is

Requires too large a shift of the  right (= 10 kyr).

lysocline to be consistent with the The hypothesis creates a

sedimentary record. CO, decrease of the right
magnitude.

Not seen in Southern Ocean paleoAgrees with dust flux

productivity records and response change and fits well with

time too quick, only accounts for < timing of dust demise in

40 ppm change in atmospheric ~ south which occurs

CO.. immediately before the GO
change.

Not seen in Southern Ocean paleoSouthern Ocean.
productivity records and lacks

mechanism for increased

alkalinity.

Linked to sea level. Supported by paleotracers
Deep sea records to not record a (Boron isotopes).

change in the depth of lysocline of

the right magnitude. Deep sea

ocean pH (ocean becomes more basic) adld be drawn down to restore ocearcores do not appear to record high

pH.

Increased Silica Supply
Increased Silica supply (dust) promoting export of siliceoust¢ins) rather than
calcareous phytoplankton.

enough CaCe@burial rates during
glacial time.

No evidence for large shift in
lysocline depth in sedimentary
record.

in glacial.

Archer and Maier-Reimer
(1994);

Sigman (1997);

Sanyalet al. (1995);

Martin (1990)

Broecker and Peng (1989)

Berger (1982a;b);

Opdyke and Walker (1992);
Milliman (1993);

Opdyke and Wilkinson (1993);
Walker and Opdyke (1995);
Ridgwellet al. (2003);

Vescei and Berger (2004);
Reest al. (2005)

Evidence for high ocean pH Harrison (2000)
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Table 1.1 Summary of hypotheses put forward to account féowex CQ content of the atmosphere during glacial times continued.

Model

Problems Advantages

References

Shelf Hypothesis

Nutrient Based. Growth of terrestrial ice sheets rediitt higher weathering rates
and an increase in river influx of nutrients (phosphate) taroeed an increase in
amount of organic compounds stored on the shelves during trssisgteThe

increase in productivity would draw down atmospheric.CO

Vertical Redistribution

Nutrient Based. Vertical redistribution of sedimemd ar alkalinity in global

ocean.

Southern Ocean Solubility Pump

Southern Ocean Based. The solubility of,@0ncreased with decreasing water
temperature. Colder glacial Southern Ocean water wivald down more C9O

Cooler Glacial North Atlantic

Linked to sea level

Changes in cadmium content do not
support and increase in phosphorus.
Sediment®C/**C record does not
support this hypothesis. Requires
too large amount of sediment
deposition on shelves to be realistic.

A™C change too late There is evidence for
Change in C@would be too rapid  nutrient redistribution in
(100 yr) rather than that observed (&he North Atlantic.

kyr).

Effect on CQ not large enough Timing fits with T change.

Decrease in temperature-increase in
freshwater in ice therefore sea water
becomes more saline. The solubility
of CO, is reduced as salinity
increases.

Warming post dated the rise in €O

Northern Atlantic Based. The solubility of @@ increased with decreasing water Decrease in temperature-increase in

temperature. Colder glacial North Atlantic water woditdw down more C®

freshwater in ice therefore sea water
becomes more saline. The solubility
of CO, is reduced as salinity
increases.

Broecker (1982)

Boyle (1988);
Keir (1991)

Broecker and Henderson
(1998)

Keir (1993)
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Chapter 1 Introduction

No one hypothesis can fully explain the magnitude of dbserved changes in
atmospheric C®(of 80-90 ppmv) observed in the Antarctic ice cores t@Net al.,
1982; Sundiquist, 1993; Broecker and Henderson, 1998; Sigman aund, BRO0O0;
Houghtonet al., 2001).

The present day oceans are a major sink foy. C@e balance between the supply
of CaCQ to the ocean from terrestrial weathering and émaval of CaC@from the
ocean into sediments (pelagic and neritic) controtk bcean pH and atmospheric £0
concentration (Archer and Maier-Reimer, 1994). Atmosph@0O, concentration is
controlled by volcanism, terrestrial weathering and tmm&tion of CaC@ Subducted
carbonate rocks are thermally broken down and SQ@eleased to the atmosphere by
volcanism. Over long time scales (millions of yeaksgathering of terrestrial silicate
rocks removes CP from the atmosphere and releases calcium and cagbonat
(bicarbonate) ions which are transported by rivers t@taan.

On timescales shorter than 100 kyr the marine carbayate has an important
role in determining atmospheric @Qan the ocean calcifying planktonic foraminifera
and corals remove carbonate ions from the wateralcertheir CaC@shells. CaC®is
removed from the ocean by alteration and burial of Gai@@oral reefs and deep sea
sediments. Terrestrial weathering and CaG@@mation (and burial) act as negative
feedback on atmospheric @@oncentration. Recently the processes that cottieol
marine CaC® budget have become the focus of much scientific att@nsipecifically
the role that the oceans might play in mitigating futanthropogenic C@increase
(Feelyet al., 2004).

This doctoral project focuses on the Coral Reef Hypadh(€RH, Berger, 1982a;
b; Keir and Berger, 1985; Opdyke and Walker, 1992), which suggestsigh#dicant
increases in coral reef growth may have contributed toddgdacial increase in
atmospheric C@observed in the ice core records (Pettil., 1999; Indermuhlet al.,
1999).
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Figure 1.2 The global biogeochemical cycling of calciarbonate (from Ridgwell and Zeebe, in press).
() Modes of CaC@transformation and recycling within the surficialteys and loss to the geological
reservoir (labelled ‘1’ through ‘4’). 1 Precipitation ddlcite by coccolithophores and foraminifera in the
open ocean; G4+ 2HCQ, — CaCQ + H,0 + CO @qy 2 Carbonate reaching deep-sea sediments will
dissolve during early diagenesis if the bottom water derisaturated and/or the organic matter flux to
the sediments is sufficiently high. 3 Precipitation ofCCg by corals and shelly animals, with a
significant fraction as the aragonite polymorph. Becamsglern surface waters are over-saturated
relatively little of this carbonate that dissolvesutesin higher pC@at the surface, driving a net transfer
of CO, from the ocean to the atmosphere. (b) Modes of Gafz@sformation and recycling within the
geologic reservoirs and return to the surficial sysgirbelled ‘5’ through ‘8"). 5 CaC@laid down in
shallow seas as platform and reef carbonates and atealkbe uplifted and exposed to erosion through
rifting and mountain-building episodes. Cag€an then be directly recycled; €® H,O + CaCQ —
C&" + 2HCQ'. 6 Thermal breakdown of carbonates subducted in to tielenor deeply buried. The
decarbonation reaction involved is essentially thense of silicate weathering, and results | the creation
of calcium silicates and release of £CaCQ + SiQ, — CO, + CaSiQ. 7 Weathering of silicate rocks;
2CO, + H,0 + CaSiQ — C&" + SiO, + 2H,CO;. 8 Emission to the atmosphere of C@roduced

through decarbonation. This closes the carbon cycleeoweity longest time-scales.



Chapter 1 Introduction

1.3 History of the Coral Reef Hypothesis:

1.3.1 An early attempt to explain increasesin deglacial atmospheric CO,
It was first suggested that an increase in the atmospteation dioxide content
could cause climate warming over a century ago (Arrheri8896). Furthermore,

carbon dioxide is a byproduct of calcification (Arrhenili896),

Equation 1.1 Calcification
Ca’*’(aq) + 2ZHCO3 (ag) — CaCO3 (9 + H20 (ag) + CO2 (ag)

where HCQ is bicarbonate, CaGQs calcium carbonate, GGs carbon dioxide. The
Coral Reef Hypothesis is based on the fact that thapation of CaCQ@ in coral reef
systems increases in the partial pressure afi@@he surface waters which, in an open
system, results in GQOout-gassing to the atmosphere (Berger, 1982a). Berger (1982a)
originally proposed that the Coral Reef Hypothesis@&dalve been responsible for the
180 to 350 ppm increase in atmospheric, ®&ween the LGM and 13 ka observed in
the early ice core records (Delmgasal., 1980). A simple box model of the Coral Reef
Hypothesis yielded an atmospheric £&hange of the right magnitude, 3 atmospheric
carbon masses (1 ACM = 6.2 x*1@ C= 300 ppm), at approximately 15 ka to fit the
deglacial atmospheric GQchanges seen in the early ice cores (Figure 1.3; Berger,
1982a).
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Figure 1.3 A Changes in atmospheric Jaf@ntent as seen early in ice core records The fitlack

circles are Dome 10 data from Delmeisl. (1980) which Berger’s (1982a) model results are compared
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Chapter 1 Introduction

to in Figure B. The ice core data were plotted usif® curves as a means of correlation. The Camp
Century results (Neftedt al., 1982) although more recent at the time were considereel kess reliable.

B shows attempts to model the £hange using the Coral Reef Hypothesis (black linestifrad after
Berger, 1982a).The filled circles represent the Dome 19 récrd re-plotted for comparison with the
model results represented by the black lines. The tiale i B is based 31?0 correlation between the
ice cores and marine box cores from the Pacificd@eand Killingley, 1982). The four curves represent
model runs with adjusted conditions, for example, corell geowth, mixing rate and dissolution rates,
the results show a reasonable fit to the type of €i@anges recorded in the ice cores (Berger, 1982a).
The red lines highlight the time period where the mod®} @crease corresponds to the changes in

atmospheric C@concentration recorded in the early ice cores.

Later in the same year Berger (1982b) constrained hiseibgx model with coral reef
accumulation rate data, patterns of deep sea dissolahdnysocline depth changes
during the transgression. Berger’'s (1982b) revised box modallatdd that the coral
reef mechanism released between 1 and 3 ACM during a pekipd. This increase in
atmospheric C@concentration was much larger than the increaseisdér early ice
core records (Dome C, Byrd, Camp Century) and would havéteesn too great a
shoaling of the lysocline compared to deep sea core evidBaager (1982b) conceded
that the Coral Reef Hypothesis did not fully or gaaitcount for the ice core data and
that other carbon sinks must therefore operate to laliber excess coral reef GO
including build up of rain-forest or the soil carbon p¢8hackleton, 1977; Berger,
1977). Although the Coral Reef Hypothesis does represerglacisd atmospheric CO
positive feedback mechanism (Figure 1.4) the initial caiisgger) of de-glacial
warming and sea level rise was probably due to a Milankowitebhanism (Berger
(1982b).

Trigger
Glacial ice Sea level Area available
volume ——> jses ——— for coral reef
decreases colonisation
increases
Temperatures Coral reef Coral reef
ETCaSe +— released CO, +— 'growth
increases mcreases

Figure 1.4 Coral Reef Hypothesis positive feedback nrésita Some factor or combination of factors

trigger the initiation of deglaciation causing glacia i melt and sea level to rise. Sea level rise

9



Chapter 1 Introduction

increases the space available for coral reef growth.coral reefs grow into the newly available
accommodation space, @@ released as a byproduct of calcification. The rdefsed C@® amplifies
the deglacial atmospheric Ghcrease and induces further warming, ice melt and contisedevel

rise.

1.3.2 Deep-Sea Dissolution

During glacials sea level is approximately 100 m lower tt&present day level
and the deep sea is the locus of carbonate depositguréFi.5B). During interglacials
vast areas of shallow shelf are flooded by sea lewel insreasing the area potentially
available for reef growth by approximately 400 % (Kleypas, 199fjs rise in sea
level shifts the locus of carbonate deposition froemdkep sea to the shallow shelves
(Figure 1.5A). The increase in coral reef calcificatiocaused by increased
accommodation space, results in a lowering of thesotisd carbonate ion
concentration in surface waters. The reduction in c@t® ion concentration is
transmitted to the deep-sea and leads to enhanced da@salfitcarbonate sediments
below the lysocline (Figure 1.5A). This process can esdlgribe spilt into two parts, a
build up of excess CPOresulting from coral reef calcification and the subsatue
dissolution of deep sea carbonate. The transfer oexuess CQor a reduction in the
carbonate ion (in DIC) signal to the deep sea by thertbhaline circulation takes time
(average mixing time of the ocean is approximately 1000 y&igsnman and Boyle,
2000)) hence there is a build up of the excess @Osurface waters and the

atmosphere.

Pelagic carbonate formation (by planktonic foramimifand coccolithophores)
does not result in the dissolution of deep-sea sedinteumuse the carbonate shells
formed by these planktonic organisms dissolve as timkytBrough the water column
restoring the carbonate ion concentration (Figure Pélagic recycling of foraminferal
and coccolithophore CaGthrough production and subsequent dissolution) occurs

continuously throughout the glacial-interglacial cycle.
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A. Interglacial

Coral Reef CaCO, ﬁ_ CO.>
3

<+—>
CaCO, sediment
accumulation

B. Glacial
Coral Reef CaCO

P EE——
CaCO, sediment
accumulation

Figure 1.5 A. Cartoon of the interglacial ocean cartorsgistem. During interglacials the shift of
carbonate deposition from the deep sea to coral reafis Ito a) a shoaling of the lysocline and b) an
increase in the area of deep sea floor where dissolofideep-sea carbonate sediments occurs to restore
the oceanic carbonate ion concentration. B. Cartbdhe glacial ocean carbonate system. During glacial
periods sea level is lower and area available forlceed growth is significantly reduced. The ocean
carbonate ion concentration is restored by riverinetigma the erosion and dissolution of the now
exposed reefs. The restoration of ocean carbonatesctnesby/socline to deepen, reduces the area of the
sea bed where deep sea carbonate sediments are dissulvbe deep sea becomes the dominant locus

of carbonate deposition.
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Sea Surface

Calcification

C a2+ C 032-

Pelagic Foraminifera

o Coccolithphore

Figure 1.6 Pelagic foraminifera and coccolithophores deglslls of calcium carbonate (Ea 2HCQ
— CaCQ + CO, + H,0), removing carbonate (GH and calcium ions (G4 from surface waters. After
death these planktonic organisms sink. The carboretés gapidly dissolve as they sink through the

water column restoring the carbonate ion concentratisariiace waters.

Originally, basin to shelf transfer of CagCas invoked by the Coral Reef
Hypothesis, was investigated as a possible mechanism tairexpe late Holocene
dissolution event well known from deep-sea carbonatéhenequatorial Pacific. But
results of a Coral Reef Hypothesis dissolution modejgssted that although reef
growth could have produced a deep-sea dissolution event sditiee magnitude as that
observed in the sedimentary record (approximately 8 § €aCQ), it would have not
occurred at the correct time during the Holocene (Ked@ Berger, 1985). If coral reef
growth were responsible for the late Holocene dissmiuin the deep-sea cores there
would have been a substantial increase in reef growtteifate Holocene (3 ka) and a
natural pulse of C@recorded in the ice core records. Yet, no evidence hadfbaad
at that time for either. It was therefore concludeat the Coral Reef Hypothesis was a
satisfactory explanation for post-transgression diggwl in general, but could not
explain the additional late Holocene dissolution effeeén in the Pacific deep-sea
sediment cores (Keir and Berger, 1985; Farrell and R:@di1).

12



Chapter 1 Introduction

1.3.3 Coral Reef Hypothesis Revisited

In light of improvements in the understanding of 1) #teichometry of the
calcification process and subsequent release of tGQ@he atmosphere (Waee al.,
1991}, ii) global CaCQ@ accumulation rates and (iii) the availability of nehigh
resolution ice core records. New box model experimesati® designed to tackle the
problem of Holocene CaGQ@leposition (Opdyke and Walker, 1992). Results suggested
that the CQreleased by reef calcification might well correspamdhie magnitude and
timing of the atmospheric G&hange in the Vostok ice core (Figure 1.7).

CO, (ppm)

Figure 1.7 Calculated atmospheric £@bncentrations corresponding to changes in shelf natbo
deposition over the last 200 ka compared to the changewvetiserthe Vostok Ice core record (Opdyke
and Walker, 1992). During glacial periods (25 and 150 ka) seavuagelower and the shallow shelves
became sources of carbonate to the ocean. Duringylext&l periods (present and 125 ka) higher sea
level shifted the locus of carbonate deposition tostiedlow shelves. The timing and magnitude of the
CO;, released as a result of interglacial shallow water ceatgodeposition is similar to the changes
observed in the Vostok Ice core record. The top and bditpmes represent modelled atmospheric, CO
changes using the dissolution constants of D=0.00027ycmand D=0.0008 g cihyr.

These experiments were undertaken using an average HolGe€l@® accretion rate
of 1.6 m ky* over a 5 kyr period that was calculated from 60 Halecearbonate
sequences (200 rate values). Results indicated that déglacsh reef growth alone
could account for the atmospheric £€@uctuation seen in the ice core records and
contribute to the pelagic CaG@issolution events observed in the equatorial Pacific

! The calcification reaction: a+2HCO; - CaCQ + H,0 + CQ states that for every mole of CagO
precipitated one mole of GQOs released. However, in seawater the, @@duced is subject to the
buffering effect of seawater (conversion to carbonsgée Equation 1.2, page 19) such that, in fact, only
about 0.6 mol C@is liberated per mole of CaG@epositedWareet al., 1991).
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(Broeckeret al., 1991; Wuet al., 1990). Opdyke and Walker (1992) concluded that the
magnitude of the shallow water CagCflux had been underestimated by the previous
modelling studies of de-glacial atmospheric -C€hanges (Berger, 1982a; 1982b;
Berger and Killingley, 1982; Berger and Keir, 1984; Keir andyBer1985).

Coupled simulations of the global carbon cycle, ocehamistry, sediment
dissolution and preservation were subsequently used tstigate how varying rates of
neritic carbonate deposition affect the atmospheric €C@nhcentration and pelagic
carbonate sedimentation (Walker and Opdyke, 1995). Resfltsese experiments
indicated that thamount and timing of coral reef-released,@@s similar to that seen
in the Vostok ice core record (Figure 1.8). Walker and OpdyKE95) model also
yielded calcite saturation depth (CSD) change of seval@inetres in response to
changes in neritic CaGOThis result is not compatible with the equatorial Racif
sedimentary record, which shows changes in the CSBssfthan a kilometre (Farrell
and Prell, 1989; Sigman and Boyle, 2000). However, Walker gmtliyka's (1995)
model reveals that rapid, brief changes in lysoclineldéptl000 years, > 5 km water
depth), as a result of varying rates of neritic carboregdimentation, are rarely
preserved in the deep sea sedimentary record (WalkeDpahgke, 1995). Walker and
Opdyke (1995) concluded that variation in neritic carbonatinsentation may have
had a primary role in altering atmospheric Gncentration during glacial-interglacial

cycles.
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Figure 1.8 Modelled changes in atmospheric, @Oncentration (thin line) in response to neritic
carbonate deposition are similar to the changes obsénvélte Vostok ice core record (thick line;
Barnolaet al., 1987; Walker and Opdyke, 1995). The modelled atmosphericc@@entrations are
shown for both constant and variable (calculated) seawenperature. Poor correlations at substages 5c¢
(105 — 90 ka) and 5a (85 — 75 ka) may result because sea lex&) wakower than today and the model
therefore overemphasizes the coral reef effect.
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1.3.4 The Coral Reef Hypothesis: The Critique

In response to Opdyke and Walker’s (1992) paper, Mylroie (1998)memted
that de-glacial global warming could not have been teitieby the liberation of CO
from reef carbonate deposition because this mechaniseailevel-led. High-resolution
ice core records suggest that increases in deglaciabph®oc CQ and temperature
preceded glacio-eustatic sea level rise (Sowteats, 1991).

Kayanne (1992) used accretion rates from eight reefs (Marislands, Palau
Islands, Great Barrier Reef, Florida Reef tract, &dlama Bay and the Pacific and
Caribbean coasts of Panama) along with Smith’s (1978pbékerage reef production
estimate of 0.072 Gt C yrto parameterise Holocene coral reef growth in resptmse
sea level rise. Using data from these few selected, mesisits from this parameterised
study suggested that Holocene reef growth was initiatathdr® ka and that maximum
reef growth occurred at a rate of 0.45 ACM yAtmospheric Carbon Masses - ACM,
2 ACM = 1200 Gt C) between 6-5 ka (Figure 1.9). Kayanne (1992)baatithat the
main phase of estimated reef growth did not match thedgef atmospheric CO
increase recorded in the ice cores, providing further evidenagfute the notion of the
Coral Reef Hypothesis as a mechanism capable of ingiaeglaciation (Figure 1.9).
This theme was also explored in a more recent reviewh® glacial-interglacial
problem (Broecker and Henderson, 1998).

1-——..——-7—._._. -— T

ppm
300}

ACM/ kyr
0.5

L | [ 0.4

Figure 1.9 Rate of reef CaG@eposition (ACM/kyr) and atmospheric €€hange (ppm) for the last 20
kyr compared to the Byrd (Neftet al., 1988) and Vostok (Barnok al., 1987) ice cores (Figure from
Kayanne, 1992). Note that the main £@crease observed in the ice core records (15 to 10 Kyr BP
preceeds the main phase of reef growth (7 to 5 kyr BP9. tdtal mass of reef CaG®& 2 ACM
(Atmospheric Carbon Masses - ACM, 2 ACM = 1200 Gt C). $haded area under the Byrd ice core

record shows the range of errors.
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1.3.5Modelled Reef Area and Production since the LGM

A diagnostic model (ReefHab) was constructed to prede&as suitable for coral
reef growth during the last 21 kyr using measured environmeatables such as
temperature, salinity, nutrients and light (Kleypas, 199js model estimates that reef
area and carbonate production during the LGM was 20 % and 87 present day
values respectively (Figure 1.10 A and B). ReefHab alsoigisethat reef area during
deglaciation could have been more extensive than previdghslyght, contradicting
Kayanne’s (1992) assumption that reef area and production pri@0 tkyr BP is
negligible. Kleypas (1997) used estimates of reef area m@oduction during
deglaciation to calculate coral reef released @Qhe atmosphere since the LGM. The
model predicts that coral reef released,@@s in the same order of magnitude as the
atmospheric C® change seen in the Vostok ice core record (Figure 1.10jnC),
agreement with Opdyke and Walker (1992).

1.3.6 High Resolution Benthic Foraminiferal Sr/Ca Records

Low sedimentation rates, blurring by chemical erosion lainturbation obscure
many of the deep-sea records previously used to identgpldison events. Recently,
ODP Site 1089 yielded a high-resolution record of the carb@ateation state in the
deep sea during the last 600 ka (Hodedll., 2001). This site provides a detailed record
of the timing and response of the carbonate systematttatl to reinforce the initial
deglacialpCO, changes. If the basin-shelf fractionation (Milliman, 19Y993; Berger,
1982a; b; Keir and Berger, 1985; Opdyke and Walker, 1992) of mariGOLes
responsible for episodes of deep sea carbonate disspliitis reasonable to expect a
correlation between deep sea sediment's % Ga&@ benthic foraminiferal Sr/Ca
ratio. The rationale behind this line of thought is thaganite-rich shelf sediments
have a higher Sr/Ca ratio than calcite-rich sedim@solithophores and foraminifera
which accumulate on the deep sea floor). During irtergls sea level is high, Sr is
incorporated into coral reefs on the shelves, the Sra@ia in the ocean is low and
carbonate is dissolved in the deep sea.
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Figure 1.10 A Model estimates of changes in area avaitableoral reef growth since the Last Glacial
Maximum. Dashed, solid and dotted lines indicate modditbaty to sea surface temperature (SST);
using CLIMAP SST, present day SST and CLIMAP x 2 valespectively. B Calculated changes in
total reef CaCe@ production since the LGM. The Topo factor applied refersthe model run
incorporating a topography factor to attempt to localizef growth to exposed portions of the
continental shelves. Dashed, solid and dotted lines atelimodel sensitivity to SST as in A. C
Comparison of the ReefHab Model’'s cumulative flux of neéased C®(using topography adjusted
production values) compared to the Vostok ice core re¢deyas, 1997). The reef-produced £€1/3
represents the amount of gat might remain in the atmosphere if natural nggdéedback processes
(e.g. dissolution of carbonates at the carbonate cosagien depth) act to reduce the atmospheri¢ CO
concentration. The shaded area represents atmospherico@€2ntration recorded in the Vostok Ice
Core (Barnolat al., 1987). Dashed lines represent cumulative reef-reldaéeg

Conversely, during glacials, when sea level is lowereblaerial exposure and erosion
of coral reef aragonite on the shelves increases tleeabfr/Ca in the ocean. The %
CaCQ in ODP core (Site 1089) and the Sr/Ca ratios from @adifit cores from various
ocean basins (Martiet al., 1999) show remarkable correlation for the last 250 kyr
(Figure 1.11). The Site 1089 data also suggest that the lysaldpte changed by at
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least 700 m. Although this depth change is not of sufficeagnitude to explain the
entire glacial-interglacial atmospheric €€ignal, it is large enough to suggest that the
Coral Reef Hypothesis may have had a significant effeatmospheric C{§Hodell et

al., 2001).

il i
I—*——%CaCOS

1.03
60
1.02 ]
5 40 X
T 1.01
o Q
) : [ 0
ke 20 O
o L w
0.99 .r
: 0
0.98 -
0.97 PP
0 50 100 150 200 250

Age (kyrs)

Figure 1.11 The highly correlated records of Wt % Ca(flue) versus foraminiferal Sr/Ca (red), at
ODP Site 1089. These records are expected to be correléheddicus of carbonate deposition changes

in response to sea level rise (Hodlil., 2001).

1.3.7 Model of CRH and Terrestrial Vegetation Growth

Recently, a global atmosphere ocean sediment cagm® model, combining the
effects of a Coral Reef Hypothesis mechanism and steiak vegetation re-growth
generated an early Holocene deep sea carbonate presersa#int consistent with
proxy estimates and observations (Ridgveeldl., 2003). It combines estimates of the
change in reef area (Kleypas, 1997), reef accretion (fsnne, 1992) and timing of
reef growth (Montaggioni, 2000; Ryaat al., 2001) since the LGM to quantify the
contribution of reef released G@ the atmosphere. Results suggest that a Coral Reef
Hypothesis mechanism could have had a marked effect aspleric CQ, causing an
increase of 40 ppmv between 0-8 kyr BP. Ridgwedl. (2003) commented that if the
deposition rate, 1 x 10 mol C, were halved the model results track the oleserv
atmospheric C@record well and may be contemporaneous with the 20 psereed
increase from 8 kyr BP to the industrial revolution.cBese the predicted increase
(using a deposition rate of 1 xnol C) is greater than that observed in the ice core
records, Ridgwelkt al. (2003) suggested that some secondary factor must dampen the

coral reef released GGsignal, possibly the deglacial increase in the teredstri
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biosphere. These model results indicate that the exmandeglacial terrestrial
biosphere could act as a negative feedback on ocean dioreases in C£Oand drawn
down atmospheric C{by 33 ppmv. Ridgwelkét al. (2003) proposed that the increase in
the terrestrial biosphere between 15.4 — 13.8 kyr BP remawxbrec from the ocean
and caused a deep sea preservation event circa 15 kjihBRarly Holocene increase
in coral growth, in response to sea level rise, rele@&®do the atmosphere and caused
a decrease in the ocean carbonate concentration apdsdaecarbonate dissolution.
Ridgwell et al. (2003) concluded that changes in terrestrial carbon stevaegeable to
offset the CQ released by coral reef calcification, thus by combinihgsé two
antagonistic mechanisms the model is able to recongile the deep sea sedimentary
and ice core records (Berger, 1982b; Broeekar., 1993; 1999; 2001).

Recently, Vecsei and Berger (2003) and Vecsei (2004) reaeal the neritic
carbonate budget using reef carbonate productivity essm@iculated from the
alkalinity anomaly technique) and suggested that the totalmadation of neritic
carbonate since 14 kyr BP as approximately 4200'% {4200 Gt). These studies
estimate that accumulation of neritic carbonates kdkeing the early Holocene and
could have potentially released approximately 225 Gt €C@g which they suggest

was probably sequestered by the terrestrial biosphere.

1.4 Global Carbonate Budgets

At present the role of coral reefs in the global cadbe budget is poorly
guantified and inadequately represented in models of thelgtabaon cycle (Figure
1.12). This is mainly a consequence of the rates and foCa€Q deposition being
inadequately defined and the use of outdated or impreciseagssi of global reef area
(Smith, 1978).

The export of carbon in plankton (foraminifera and catlombhores) is relatively
well defined (Figure 1.13; Milliman, 1993). Many carbonate budbet&e combined
the CaCQ fluxes of corals, ooids, carbonate muds and sands andvshathter
carbonate embayments (Opdyke and Walker, 1992; Milliman, 1983rs combine
the shallow water tropical carbonate fluxes (coratsids, carbonate mud and sand)
together with the CaC{flux from surface waters to the deep ocean (forammiérd
coccolithophores) (Houghtaat al., 2001).
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In order to fully appreciate the role of ocean carbemathe global carbon cycle it is
most appropriate to split the various reservoirs of @asd that they can be properly
individually quantified. The new global reef area esteraf Spaldingt al. (2001) and
the increase in the quantity of reef drill core datalabk in the published literature
allows evaluation of the role of coral reefs in tharine CaC®@budget.

Atmosphere
COZ(air)
L
Lot Ocean
,-_ Alkalinity Y Crrlhameice
‘Br  Mgh o :

¥ : Equation 3
CO, + CO,* + Hzomp 2HCO; Bicarbonate

Equation 2
CaZ+ + 2HC034_> Cacos (s)+ COZ (aq) + Hzo(aq)

Coral l

Deposited as reef framework

Figure 1.13 Role of coral reefs and £i@ the marine carbonate cycle. Ca{i® calcium carbonate,
2HCO; is bicarbonate or hydrogen carbonate, @arbon dioxide and GOis carbonate ion.

Marine carbonate plays an important role with respe¢he global carbon cycle
and atmospheric GOvia the interaction of C&m and DIC (dissolved inorganic
carbon; CQ, COs* and HCQ) (Figures 1.12 and 1.13). When the atmospheric CO
concentration increases, ¢@iffuses across the air-sea interface and reduces the
concentration of carbonate ions by combining with thedhvaater to form bicarbonate
and eventually carbonic acid (Figure 1.13). Increased &&also pushes equation 2
(Figure 1.13; calcification reaction) to the left résg in dissolution of CaC¢) which
reduces the alkalinity and lowers the pH of seawdéem@tion of carbonic acid). The
seawater becomes increasingly acidic, as the panedsure of C® increasests
capacity to absorb more G@om the atmosphere is reduced. Equally the formation o
CaCQ (calcification) pushes the reactions in the oppositection resulting in the
production of CQ which combines with carbonate and water to form bicsate and
carbonic acid, this lowers the surface water pH and iseseéhe partial pressure of
CO,so that CQis released to the atmosphere.
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The stoichometry of the calcification equation (Equatib2) holds true in
freshwater such that one mole of £@3 released per mole of Cag@eposited.
However, in the marine environment, only ~0.6 mohb@Oreleased to the atmosphere
per mole of CaC@deposited because of the buffering effect of seavjdletastet al.,
1980; Wareet al., 1991). In the marine environment the remaining 0.4 mol oCihg
formed is recombined with carbonate ions and water ten fboicarbonate which
remains in the water (hydrogen carbonate; Equation 1.2; Zaethe/Nolf-Gladrow,
2001).

Equation 1.2
Ca|CIflcatI0n /v COZ(aq)a — COZ (atm)a
Ca2+(aq) + 2HCO3 (a9 — CaCOs3 © T H20(aq) + CO2xg)
Y

CO2a)” + CO3 (ag) + H20a)™> 2HCO3 (e
#0.6 mol available for release to the atmosphere.

®0.4 mol recombines to form aqueous hydrogen carbonatelfbitate).

In Equation 1.2, HC® is bicarbonate or hydrogen carbonate, CaG@alcium
carbonate, CQis carbon dioxide and GO is carbonate ion. The fate of the remaining
0.6 moles of C@has been debated: ¢Bas been measured passing across the air sea
interface to the atmosphere on several Pacific ré8tsttusoet al., 1993; 1999;
Frankignoulleet al., 1994). However, some studies have found the flux of &§fpears
to be in the opposite direction, influx of @drom the atmosphere into the sea
(Kayanneet al., 1995; Yamamuraet al., 1995; Chrisholm and Barnes, 1998). These
contradictory findings may have arisen because the studegsing an influx of CQ
were conducted on unhealthy, stressed fringing reefs expasedigh nutrient
concentrations and turbidity which are not considered gordpresentative of the
general picture of Holocene reef growth (Gattesal., 1999). Determination of the
CO; flux for reefs worldwide and over a variety of tin@kes has yet to be adequately
qguantified, however the current consensus is that headdfg are a source of G@
the atmosphere (Barkeral., 2003).

Increasing atmospheric G@oncentration pushes Equation 1.2 to the left which
increases the dissociation of Cagz@nd reduces the alkalinity and lowers the pH of
seawater. Seawater acidification reduces calcifinatihich results in weaker coral
skeletons which are more susceptible to disease andrerdsie reef framework may
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be degraded and increasingly vulnerable to mechanical erasidnmay become

damaged.

1.5 Holocene Reef Evolution

Radiometrically dated reef drill cores, vibro and pistones and seismic profiling
investigations have revealed the evolution of many Holeaeefs worldwide. These
studies have revealed a general pattern of Holocengn@eth in response to sea level
rise (Figure 1.14 A-J; Montaggioni, 2005). As sea level risesh space is created
which can accommodate new coral growth. In order tcamenm the photic zone (to
maintain the photosynthetic process of their algal syntb at a maximum), reef corals
respond to sea-level rise by growing vertically upwards @timately producing the
magnificent structures easily visible in tropical regitoday.

Neumann and Macintyre (1985) proposed that coral reefs exhibi types of
growth in response to sea level rise, keep-up, catch-uyetugi Keep-up reef growth
tracks sea level rise rate by maintaining the reef cairéd or near sea level. Catch-up
reefs are initiated as shallow reefs, the depth ofewabvering them increases
significantly because they cannot keep-up with the raseaflevel rise, after sea level
has stabilised these reefs catch-up to sea level. Giveafp are relict reefs whose
growth is so slow that it lags sea level rise by sohminat they become unable to
catch-up to sea level. Eventually give-up reefs areidefuch great water depths that
they cease to grow and are effectively drowned (NeuraadrMacintyre, 1985). In the
Indo-Pacific region, sea level broadly stabilized atbuin kyr BP whereas in the
Caribbean modern sea level was reached within the8G¥ years (Thom and Roy,
1983; Bardet al. 1996; Blanchon, 2005). Once the reefs had reached this(leyvel
either catch-up or keep-up growth (Neumann and Macintyre,)188&r growth was
retarded by subareal exposure at the surface and they begaogtade laterally.
Excess productivity (reef sediments) on the reef fatansported to leeward forming
lagoons and leeward accretionary wedges (LAW).

The rate of coral reef growth varied during the Holecenresponse to sea level
rise and other environmental factors including turbidity,stnabe type, proximity to
larval recruitment centres, light, salinity, nutreaind temperature (Lighgg al., 1978;
Kinsey, 1981; Hopley, 1982; Daviesal., 1985; Neumann and Maclintyre, 1985; Bard
et al., 1990; Cortest al., 1994; Kleypas, 1997; Montaggioni and Faure, 1997; Gischler
and Lomando, 2000; Montaggioni, 2005).
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Figure 1.14 A-J. Cartoon sequence of Holocene (platfoesf)growth in response to sea level rise. A-E
sea level rise creates more accommodation spacerfargrowth. Initially the whole platform becomes

covered with coral growth. G windward margin growth tstao accelerate, probably due to increased
metabolic function resulting from more oxygen in theevdrom increased wave motion. This has an
effect on both margins but is more pronounced on thdwand margin, the lagoon corals lag behind and
eventually become smothered by carbonate sediments treetsfrom the reef margins, the reef starts to
form a bucket shape. H-I the windward margin reaches seh fiest and the excess sediments are
moved to leeward (yellow dotted arrows) and to fill trgotan and form the leeward accretionary wedge.
J the windward and leeward margins are at sea ltaellagoon is almost full of carbonate sand and a

large leeward accretionary wedge has formed.

Understanding the variety of reef shapes, sizes andtlgrbstories is vital when

constructing an accurate global coral reef Ca@@ss balance.

1.6 Rationale

The key to understanding the impact anthropogenic combustiossil fuels will have
on the climate system, is to fully understand the mlemnfeedback loops within the
natural system including the Coral Reef Hypothesis (Ber$)@82a; b). Herein |
examine the role of coral reefs in the global carbarecand oceanic carbonate budget
and constrain the coral reef carbon fluxes into sssfiments and atmosphere both
spatially and temporally during the Holocene. These nstwnates of reef CaGO
accumulation during the Holocene and subsequent reled@3@,afalculated will be of
interest to climate modellers trying to improve undeditam of the various reservoirs
and fluxes within the global carbon cycle. This projalsio examines the Holocene
evolution of three reefs, Rodrigues fringing reef in tbetBwest Indian Ocean, Lizard
Island fringing reef and MacGillivray platform reef imetNorthern Great Barrier Reef,

using radiocarbon dated drill cores.

1.7 Aims and Objectives

The aims of this PhD thesis are to:

1. Quantify the global mass balance of CaCdeposited by coral reef
systems during the Holocene and to quantify the flux of @Othe
Holocene atmosphere resulting from carbonate depositomreef
systems.

2. Obtain accumulation rates and evolutionary history poeviously
unstudied reefs at three case study sites; Rodriguesh(8¢st Indian
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Ocean), Lizard Island and MacGillivray Reefs (North&reat Barrier
Reef).

3. Establish the mass of calcium carbonate sedimentsnwtihe Halimeda
bioherms of the Northern Great Barrier Reef and harate budget for
the outer shelf region of the Northern Province.

1.8 Structure of Thesis

The main body of this thesis (chapters three to sixypreses four papers, one
published and three in review, submitted to peer refereedajsuriicknowledgement
paragraphs at the end of chapters highlight the individuatribations, advice and
expertise in field or laboratory and financial and logissupport. These science
chapters have a common thread — they are all conceriedmwestigating Holocene
coral reef evolution and the global carbonate budget. diapters three and four
investigate the Holocene evolution of three coral rasisg reef drill and radiocarbon
dating, this information is then combined with data compilexinf the published
literature to create a global dataset of Holocenel ceed accretion rates to estimate the
global Holocene reefal carbonate budget (chapter fiMedpter six investigates another
poorly quantified neritic carbonate reservdialimeda bioherms. Chapter seven pulls
together data disseminated in the papers and summamsesrttlusions and suggests
topics for future research.

1.8.1 Chapter Two

Chapter two outlines the materials and methods used duringotiree of this
project. These methods include coral reef drilling andoradtric dating methods.
Other techniques discussed include seismic profiling and tlsureament of modern

day productivity on coral reefs.

1.8.2 Chapter Three

Chapter three comprises a paper which outlines the Haamerlution of Lizard
Island and MacGillivray Reefs (Northern Great Barieef) which was investigated
by drilling and radiocarbon dating of corals from coré®tafrom the reef flat of these
reefs. This paper was co-authored by Dr Bradley OpdykeU)ANDr Paul Wilson
(NOCS), Dr Keith Fifield and Dr Vladimir Levchenko (AN and submitted (02.11.04)
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to Coral Reefs entitled ‘Holocene Evolution of theaflite based Lizard Island and

MacGillivray Reef Systems, Northern Great BarrieeRe

1.8.3 Chapter Four

Chapter four comprises a paper which outlines the Holo@mdution of
Rodrigues fringing reef in the Southwestern Indian Ocedragoreliminary estimation
of the contribution that Southwest Indian Ocean cagafs could have made to the
global Holocene calcium carbonate budget. This redésysvas investigated by reef
drilling, which was facilitated by the Shoals of Capricéttogramme, These shallow
cores were radiocarbon dated and compared to otherimethis region e.g. Mauritius
and Reunion. This paper was co-authored by Dr Bradley Op(iki¢)), Dr Paul
Wilson (SOC), and Dr Keith Fifield (ANU) and was pubéshin the Philosophical
Transactions of the Royal Society of London, SeAe863, 101-120 (2005) entitled
‘Coral Reef Sedimentation on Rodrigues and the Westelian Ocean and its Impact

on the Carbon Cycle’.

1.8.4. Chapter Five

Chapter five comprises a re-evaluation of the contributioral reef calcium
carbonate deposition could have made to the globalucalcarbonate budget and
atmospheric carbon dioxide levels during the Holocene. 3tudy was submitted to
Global Biogeochemcial Cycles (06.08.05) entitled ‘The ImmdcCoral Reef CaC®
Accumulation on Holocene Atmospheric Carbon Dioxide Cotmaedan’ and is co-
authored by Dr Bradley Opdyke (ANU) and Dr Paul Wilshi®CS).

1.8.5. Chapter Six

Chapter six was written as a short communication inyastg the relative
masses of calcium carbonate contained within the ceeds andHalimeda bioherms
of the Northern Great Barrier Reef. The paper wasniled (25.08.05) to Coral Reefs
entitled ‘Coral Reef andHalimeda Bioherm CaC® Accumulation on the Northern
Great Barrier Reef Shelf During the Holocene’ wasaatiiored by Dr Bradley Opdyke
(ANU) and Dr Paul Wilson (NOCS) and Dr Tim HenstoclO@®IS).
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Chapter Two

M aterials and M ethods

Plate 2.1 Reef Drilling on MacGillivray Reef (14°40’S, 145°30'ENorthern Great Barrier Reef,
Australia.
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Chapter 2
M aterials and M ethods

2.1 Introduction
Various methods have been employed to investigate the gramdhCaC@

sediment mass balance of coral reefs including re#indr radiocarbon and U-Th
dating, alkalinity measurements, core lithology and seigmofiling. The methods used
in this PhD project included reef drilling and radiocarbotindaof corals cored at
Rodrigues, Southwest Indian Ocean (Chapter 4), Lizaathdshnd MacGillivray reefs,
Australian Great Barrier Reef (Chapter 3), the cortipitaof drill core data (thickness
and radiometric ages) from reefs worldwide (Chapter %) atilization of seismic
profiles of the Northern Great Barrier Reef in the mli#d literature (Chapter 6).

2.2 Drilling Coral Reef Cores

The first reef drilling commenced between 1891-1898 on Funafalli A Royal
Society Expedition used coal mining equipment to drilvddo 340 m in an effort to
test Darwin’s subsidence theory for the origin of C&aefs (Darwin, 1842; Bonney,
1904; Hopley and Davies, submitted for publication). Subsequeit drdling on
Southwest Pacific Atolls, to test atomic weapons duhidgrld War Two, lead to
significant gains in knowledge of atoll structure and evotut(Revelle, 1654;
Schlanger, 1963; Ladd, 1973). The first reef drilling within theabrBarrier Reef
(GBR) province took place in 1926 on Michaelmas Cay and subsiéyws Heron
Island in 1937 down to 183 m and 223 m respectively (Hill, 1973) ebthdeef drilling
has enabled the testing of various hypotheses of reefopenehnt (Darwin, 1842;
Davies, 1973; Purdy, 1974). The first drilling operations usegklaeavy cumbersome
drilling platforms and rigs. The expansion of reef drdli studies came with the
invention of smaller light weight drilling rigs which camvestigate a wider range of
reef sites, are more economical and speed up the drillomcegs (Macintyre, 1975;
1978; Hopley, 1982; Daviest al., 1977; Thom, 1978; Thomt al., 1978; Shinret al.,
1982; Hopley and Davies, submitted for publication). Thesdem drilling rigs lead to
an explosion of reef drilling investigations world wide aesdulted in the drilling of 161
holes into 48 reefs within the GBR alone since 1973. lcdhese of this project | have
compiled a dataset of radiometrically dated coral ctras over 308 drill holes from
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more than 133 reefs worldwide to calculate accreticgsrahd a global mass balance of
coral CaCQ (Figure 2.1; Chapter 5).

Reef Crest
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Figure 2.1 Cartoon illustrating the estimation of acoretiates from radiometric dating of coral drill
cores for Chapter 5. The dotted lines linking surfacesnoilar ages are called isochrons.

2.2.1 Reef Drilling at Rodrigues, Lizard Idand and MacGillivray Reef

Reef drilling was undertaken to investigate the Holocexdugon of the fringing
reefs of Rodrigues and Lizard Island and the platform eééflacGillivray Reef. The
drilling equipment was loaded onto a small aluminum dinghyedrto each drill
location on a falling tide. The dinghy was anchored apavavaited until water depth
would allow safe and efficient drilling<(0.5 m). Reef cores were obtained using a
hydraulic rotary drill with diamond and tungsten drill hegd@s cm diametre for
Rodrigues and 3.5 cm diametre for Lizard Island and Mae@illi Reef cores) powered
by a petrol generator (Plates 2.1, 2.2 and 2.3).

Plate 2.2 Drilling into a thrown up coral head to acckes¢ef margin below, near the leeward sand cay
on MacGillirvay Reef (14°39.916'S, 145°29.310'E). Photo taken frempport dingy harbouring
generator and water pump.
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The drill string was constructed of 1 and 1.5 m long rods hedmhole system was
flushed with seawater to aid drilling using a petrol gemeravater pump. Cored
material was recovered by manually removing the entitestikam from the core hole
(Plate 2.3). Unlike many modern reef drill rigs (Braithwaateal, 2000), the drilling

equipment used at Rodrigues, Lizard Island and MacGilliviegféRdoes not employ a

scaffold and is therefore faster to deploy, operate @sgldxpensive.

Plate 2.3 Reef drilling on Rodrigues showing drill stringngemanually removed from core hole to

retrieve coral core.

Occasionally the drill would drop unhindered through voidshéreef, the approximate
depth range of these voids was recorded. In some callieg dvas impeded or had to
be abandoned because large volumes of sand made progtesmedy slow or
impossible. Drill hole Mac 1 was initially drilled durinbe first drilling field season to
MacGillivray Reef in January 2003. This core site was redsiluring the second field
season in September 2003, during that time it had complétedy/dp with sand which
first had to be pumped out using the water pump and hose @8. Unconsolidated
material is not usually retained by reef drilling becauagewflushes the entire system
to aid drill progress. It is therefore necessary to ketgy of drill bit behaviour, which,
with experience, can be used to interpret the type ¢énmhthe drill head encounters.

Each piece of drilled core recovered was labeled to deoodentation and position
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within the section (reef sequence, Plate 2.4). Drilliag wbandoned when progress was
repeatedly impeded by sand or by some impenetrable surfacexdmple, granite
basement. At both Lizard Island and MacGillivray Reeflidgi was interpreted to have
reached granite basement based on drill bit refusal ¢kastics (Chapter 3).

Plate 2.4 Drill core recovered from MacGillivray Reetward margin (Macl). Cored material is
labelled; for example, 1-9, number 1 refers to drilecoame (e.g. Mac 1), number 9 refers to number of
times the drill string was removed to extract coralecd’he numbers and arrows labelling the coral
indicate the sequence of coral pieces within each coibrselncreasing numbers indicate increasing
depth from the top. Arrows indicate the orientation &f toral as it was retrieved from the core barrel.
The orientation and order of the coral section re#deassists in determining whether or not the coral was
recovered in growth position, this is especially imporfanselecting material for radiometric dating and

calculating accretion rates.

2.2.2 Thrown-up Coral Block

At MacGillivray Reef large thrown-up coral blocks werdléed through to reach
the underlying reef because the water level here ishiglo during most of the tidal
cycle to allow effective and safe drilling on the leedvarargin. Drilling through thrown
up coral blocks proved to be a very successful tactevaly uninterrupted drilling for
up to 5 hours at Mac 4 (Plate 2.5; Chapter 3) where a tbtdl5om of core was
recovered. It was important to log the contact betwkerthrown up coral block and the
reef flat surface. This contact was actually quite obvimesause (i) a large gap existed
between the coral block and reef surface (0.5 m), (iiyusting foraminifera and
detritus had built up at the contact area and (iii) tientation of the corallites changed
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markedly within the cored material. The recovered coreee veeit longitudinally,
logged, photographed, thin sections made and petrology carrie@Plate 2.4). Core
logging involved recording detailed descriptions of floral dauna to establish any
changes in facies composition as the reef developed.

Plate 2.5. Large thrown up bombie (14°38.95’S, 145°29.25'E) on tdemargin of MacGillivray Reef
and site of drill core Mac 4 at low tide.

2.2.3 Age Reversals
Occasionally age reversals appear in reef stratigrephibere are various
mechanisms which can lead to age reversals appearind streggraphy including;

1. The growth configuration of corals is not only verticas, such a single slice
through a coral colony might reveal older growth on topoafnger growth.

2. Coral growth or deposition of younger material benea#rlmangs.

3. Older fragments of corals being re-worked to a deeper buhger growth
horizon for example from reef crest to reef slope.

4. Older coral fragments being re-worked to a younger groldhzon, for
example, thrown-up coral blocks onto reef flats duringnssoand cyclones
(Plate 2.5).

But the most common source of these reversals is intoirerpretation of coral
growth position (Kleypas, 1991; Graham, 1993). Meticulousrddeg of the position
of each piece of coral material recovered by coringea@mination of material in thin
section is used to determine the orientation of coredlcmaterial and aid the
appropriate selection of cored material for radioroetating (Chapters 3 and 4).

39



Chapter 2 Materials and Methods

2.3 Age Determinations and Radiometric Dating

Radiometric dating allows determination of absolute wblmgies making it
possible to quantify the rate of development of landformzatterns of sea level change
and have lead to improvements in the understandingediigtiory of climate and ocean
circulation. There are a variety of dating techniqueg {8&lliams et al (1998) and
Woodroffe (2003) for summary) based on the following;

1. The rate of radioactive decay of a radioisotope eagid®arbon dating*{C).

2. The relative balance of parent and daughter radioisstefge Uranium - series
dating (U-Th).

3. The accumulation of electron traps e.g. luminescer@8L( — optically
stimulated luminescence and TL-thermo Iluminescence) alectron spin
resonance (ESR).

Radiometric dating, particularly the first two techniqaé®ve, are presently at a more
advanced state of refinement than other methods andchsages calculated by these
methods are interpreted with greater confidence (Netlat., 2000). The decision as to
which method is the most appropriate to apply must be madbe basis of the range
of ages the dating method is able to measure accurdttelgize of the sample available
and the costs involved. Corals are mostly commonly datezbbgiting annual growth
layers, radiocarbon dating or U-Th series datinghis thesis radiocarbon (Accelerator
Mass Spectrometry; AMS) dating of corals was used tdlkstiehe evolutionary nature
of the Holocene reefs of Rodrigues (Southwest Indie@a@, Chapter 4), Lizard Island
and MacGillivray Reefs (Northern Great Barrier Ré&tiapter 3). To estimate the coral
reef Holocene CaC{mass balance a dataset of a variety of radiomeé#ta of coral
cores worldwide was compiled from the published literat@eapter 5). This dataset
was used to calculate accretion rates representatiiee CaCQ@ deposition of coral

reefs on spatial and temporal scale during the Holocegeré=2.1).

2.4 Radiocarbon Dating

2.4.1 Formation of Radiocarbon

Carbon exists as three isotopes, two are stable; cdbdfC; 98.9 %) and
carbon-13 C; 1.1 %) but carbon-14°C; 1 x 10" %) is radioactive and decays with a
half life of 5730 years {L=5730 years; Wagner, 1995; Woodroffe, 2003). Radiocarbon

(**C) is produced in the atmosphere through the interacti@osrhic ray neutrons (n)
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with nitrogen atoms*{N) which results in the emission of a proton (p) andt@eaf a
14¢c atom ¥'N(n,p)*“C; Equation 2.1). Thé’C is then oxidized to radioactive carbon
dioxide ¢*C0O,) which diffuses into the lower atmosphere and becodissibuted
throughout the global carbon cycle (Equation 2.2).

Equation 2.1 n+“N->*C+p

Equation 2.2 1“C +0, — 1CO,

Organisms, for example, corals, participating in théaarcycle incorporate modern
carbon, which has &'C/**C ratio of about 18, into their skeletons. At death they
become separated from the carbon cycle and’@egins to radioactively decay with
a half life of 5730 years without being replenished and here¥C content becomes

reduced over time.

2.4.2 Basis of Radiocarbon Dating

The radiocarbon dating method was first proposed by Libbg co-workers
(Andersonet al., 1947; Libby, 1949). The half life (,) of a radioactive element is the
amount of time taken for half of the radioactive atamsindergo radioactive decay.
Libby measured the half life (i) to be 5568 + 30 years and this value is now known as
the Libby half life (Stuiver and Polach, 1977). More régerasurements have refined
this value and the presently accepted half-life of carb&@730 = 40 years (Cambridge
half-life) differs somewhat from Libby’'s value. Howay it is accepted that the Libby
half life be used to facilitate comparing ages calcdlateday with previously
determined radiocarbon ages (Wagner, 1995)"“Bslecays back t&'N it emits a beta
particle (Equation 2.3).

Equation 2.3 YCUN+B

After 10 half-lives, there is a very small amount adioactive carbon remaining, as a
consequence the dating limit of this technique is approximagety60 kyrs.

Because thé“C concentration in the atmosphere is not constantyvaxiées in
response to solar activity, changing geomagnetic faeid, changes in galactic cosmic-
ray flux, it is necessary to calibrate radiocarboargen terms of calendar years. Trees
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lay down one growth ring each year and the widths of thegs vary in response to
growing conditions in a particular year. The patternthese ring widths are the same
for different trees growing at the same time. By commggathe patterns in living trees
and in dead trees preserved in bogs, it has been possidientdy overlaps between
logs and hence to associate each individual ring witlcatendar year in which it was
laid down. This “ring library” now extends from the presback to 12,400 years before
present. Because each ring preserves the radiocarb@iusgyof the year in which it
was laid down, it is possible, by measuring the radiocadgenof individual rings (or
more commonly decadal sequences of rings) to calibrdiecarbon years in terms of
calendar years (Wagner, 19959everal species of tree have been used to create this
library including, Bristlecone PinesPifus aristata)in the USA and waterlogged
European OaksQuercus sp)in Ireland and Germany. It is possible to extend this
calibration further back in time using other archives sictranium series dated corals
(Bard et al, 1990; Stuiveret al., 1993; Wagner, 1995). Note thH#C concentrations
(ages) sometimes correspond to more than one caleryiarbacause thé’C
concentration of the atmosphere has varied through Woeputer programmes, for
example, CALIB and Oxcal, are used to convert congaati radiocarbon ages in to
calendar ages.

The conventional radiocarbon age BP of a sample isettfyy Equation 2.4,

Equation 2.4 T =-8033In(Asn/Aon)

where T is the conventional radiocarbon age, -8033 refiseEnmean life time df'C

as measured by Libby (Stuiver and Polach, 1977), Aon repsegeniactivity (counts
per minute) of the modern standard (1880 wood corrected foy ded®50 AD), Asn
is the activity of the sample (counts per minute) andsiihe natural logarithm.

Calculation of the conventional radiocarbon agesrass the following

« a half-life of 5568 years (the Libby half-life)

. correction for sample isotopic fractionatigi’C, deltd*C) to a normalized or
base value of -25.0 per mille relative to the ratio of C13/in the carbonate
standard PDB

+ the use of 1950 AD as 0 BP
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The primary modern reference standard for radiocarboingda 95 % (after
normalization to8'°C =-25 %) of the count rate in 1950 of a batch of oxalic acid
(C2H204 / HOX1) from the US National Bureau of Standards. Thigerial hass**C
(**C **C isotopic ratio) =-19.0 %o with respect to Pee Dee Bela{fDB). PDB refers
to the Cretaceous belemnite formation at Peedee uthS0arolina, USA and is the
internationally accepted isotopic fractionatid@’C) reference standard (Craig, 1957).
The year 1950 is year 0 BP in radiocarbon dating and isetttmbe the ‘present’. The
ANU (Australian National University) Radiocarbon Lahtroduced a secondary
standard, ANU Sucrose, which has been related to the@atl standard and has an
activity of 150.8 % modern when normalizedtdC =-25 %o (Gupta and Polach, 1985).

There are two methods of measuring tf@ content of a sample; conventional
radiometry (Liquid Scintillation counting) which countetradioisotope decay products
(beta /p particles) and accelerator mass spectrometry (AMS)hwitieasures th&'C

content directly by countinfC atoms.

2.4.3 Accelerator Mass Spectrometry (AMYS)

AMS has several advantages ofecounting including; applicability to smaller
samples sizes (0.2-2 mg carbon compared to 2-10 § fmunting); AMS is 1000-
10,000 times more sensitive thrtounting; AMS extends the age range for detection
from 40,000 years to approaching 55,000 years; AMS measuremenisoae rapid
(less than an hour whergasounting takes between 1-2 days, Gupta and Polach, 1985).

2.4.4 Corrections to Radiocarbon Ages
The following details must be taken into consideratidren deriving radiocarbon
ages and converting these into calendar years.

Blank Correction.

Each sample must be converted to graphite before beingdplete the
accelerator mass spectrometer. During creation of graghéesample may acquire a
small amount of carbon contamination with its oW@ signature (background). In
order to correct for this, blanks are made in paralldi wie real samples from material
that contains nd’C, for example, marble. The amount'¢® measured in these blanks
is then subtracted from the measulé@l content of the real samples.
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| sotopic Fractionation.

Isotopes of the same element behave the same chignighave different mass
numbers (number of neutrons and protons), for exartle **C and *C. The
difference in relative mass causes ‘isotopic fraetimm’ where chemical reactions
favour one isotope over another. For example, photbsgis favours“C over the
heavier'*C and*“C. As a result, the carbon in plants is isotopicaliter than the
atmosphere. Conversely, inorganic carbon (DIC) in thamxés generally enriched in
13C relative to atmospheric carbon dioxide. The isotopimmosition of a sample is
expressed as delt2C (6 *C) and is the difference in parts per thousand (per mifop
between the ratio dfC to **C content of the sample and that of the internatiétes
Dee Belemnite (PDB) standard (Wagner, 1995). Sampldeafadme age but differehit
13C values have different radiocarbon contents. Ifremiion is not made for this
fractionation a 1 %o difference $1*3C would correspond to a 16 year age differedce.
13C ranges for various materials normalized to the P@Bdard can be found in Gupta
and Polach (1985; page 114)

Marine Reservoir Effect.

As C becomes distributed through the carbon cycle, théwellaslow exchange
of *C between the atmosphere and layers of the oceanamhioléhe"’C content of the
deep ocean being different from that of the atmosphatagfer, 1995). When deep
water is excluded from exchange with the atmospher&'Gtscontent declines. This
apparent age is a result of a) the delay in exchange &etatenospheric Cand the
marine carbonate system and b) the dilution of-fBecontent by mixing of surface and
deep waters. As a result the conventional radiocaslges of marine samples may have
an apparent age that is 400 years older than a terrestnglle of same age. Marine
radiocarbon ages can be converted to terrestrial cadion ages by subtracting 400
years (Chapter 5). Oceanic mixing is controlled by loaatdrs including coast shape;
currents and winds and as such the apparent age of seaamatsr across the globe
(Stuiver and Braziunas, 1993). The deltaAR] is the difference between the marine
reservoir age of the local region and that of thdgl@cean average (400 yearsiR is
made up of two corrections, the shift in regional marif@ due to a) regional
atmospheric*’C age differences and b) oceanic mixing processes thgttha “C
content from that of the global average (Stuetal., 1986; Wagner, 1995). A global
database ofAR values (reservoir correction values) can be foundhat Marine
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Reservoir Correction Database (http://www.calib.omyfme, online at Queen's
University, Belfast and the University of Washington). @oier programmes, for
example, CALIB or Oxcal, correct conventional radidion ages to calibrated calendar
years and correct for the marine reservoir effeatguAR values. | usedR= 135 + 24
for Rodrigues (Southwest Indian Ocean; Chapter 4)Adh@ 10 + 7 for Lizard Island
and MacGillivray Reef (Northern Great Barrier Redfhapter 3) to convert

conventional ages into calibrated years using CALIB.

Conversion to Calendar Years (Calibrated Years).

Conventional radiocarbon ages are converted to calibredadiocarbon ages
(absolute time scale) using accepted calibration cuamesprogrammes (CALIB and
Oxcal). | used the CALIB 4.4 programme which was writterihgyQuaternary Isotope
Lab, University of Washington and is maintained by PaulaRodReimer (Stuiver and
Reimer, 1993). CALIB incorporates a correction for theingreservoir effect mean
global ocean of 400 years and regional factors uskgalues from the online database

(http://www.calib.org/marine).

Industrial or Suess Effect.

A large amount of ‘dead’ (not containing af¢) CO, released by the combustion
of fossil fuels since the Industrial era began (1890)diased (reduced) the natural
atmospheridC concentration. Correction for this effect does re#chto be made for
radiocarbon ages (years BP) because the modern nedestandard is 1880 wood

extrapolated for decay to 1950 AD.

Bomb effect.

The atom bomb effect results from the production ofugehamount of‘C
(‘artificial’ or ‘bomb’) by nuclear weapons testing awas first recognized by de Vries
(1958). The weapons testing lead to a doubling of i concentration of the
atmosphere in the Northern Hemisphere by 1965 although shisow slowly
diminishing as it becomes distributed through the globabara cycle (Rafter and
O'Brien, 1970). The Geochemical Ocean Section Study (@EE)Sused the'‘C
addition as a tracer of large-scale oceanic transpatmixing processes (Gupta and
Polach, 1985).
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2.4.5 Methods Used for Dating Coral Cores

Radiocarbon dating has been used to date Holocene reddswde including the
reefs investigated as part of this project (Rodrigues, dizsland and MacGillivray
Reef). Drilled coral core sections were cut in halfpteections made and examined
under binocular microscope. Selected corals determinkavi® been in growth position
by the orientation of their coralltes and free froectrystalization (alteration) and
contamination with internal cements or sediments weiied using a dentist’s drill
under binocular microscope to extract samples for cadimn dating. This carbonate
material was then dried in an oven for 24 hours befeirg prepared fot*C dating.
The detailed methodology and radiocarbon practices at AdNglven by Gupta and
Polach (1985), an overview outline of the procedure is dese.

The calcium carbonate material was hydrolysed te@ G€ng hydrochloric acid
and the evolved COpassed through two dry dry ice/alcohol cooled traps wighin

vacuum system (Equation 2.5).

Equation 2.5 CaCOz+2HCL — CO, + CaCl, + H.O

The CQ was then frozen in a break seal tube using a liquid nitrogi&htrap under
vacuum. The C@collected was reduced to graphite (graphitization) in theepiee of
hydrogen using iron (Fe) as a catalyst in a furnace at 600 R€ graphite powder
samples were pressed into target holders and mounted targed wheel along with
standard targets. The target wheel was loaded into tbelékator Mass Spectrometer
(based on the ANU’s 14UD pelletron accelerator) to detectnumber and energy of
ions. The measuredC/*3C ratio was corrected for isotopic fractionation andverted
into a conventional radiocarbon age. This was subsequeotlyerted to calibrated
(calendar years) using the marine calibration in the ®ALI3 software programme
(Chapters 3 and 4).

25U-Th dating

Another method commonly used to date corals radiom#éyrisaUranium series
dating (U-Th) which involves determining the relative ba¢an€ parent and daughter
radioisotopes. Uranium exists as two naturally occgmrmioactive isotope$*®U (99.3
%) and®**U (0.7 %). These parent isotopes decay to daughter isordpels are also

radioactive and follow a decay chain until stable lesatopes L°Pb and*°’Pb) are
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formed. Corals incorporate Uranium from seawater in&r ttarbonate skeletons but
exclude Thorium. Any Thorium present in the coral skeletall be the result of
radioactive decay of Uranium. The age of the coralbeadetermined by two methods.
1. Radiometry of alpha particles (alpha-5pectrometry), detects the products of
radioactive decay - alpha particles. This method hatetaction range of several
thousand years to 350 ka and requires at least 2 grams oes@ggner, 1995).
2. Thermal ionization mass spectrometry (TIMS), detélotsradioactive isotopes
directly with dating range between 10-550 kyr. TIMS dativag 5-10 times greater
precision tham-spectrometry and only requires 0.5-3 grams of sample (§vagf95).
U-Th dating has been used to correlate sea level varsativith Milakovitch
cycles and to extend th¥C calibration curve, it can be applied to marine and
freshwater carbonates, bones, teeth, peat and volcapasitte (Bardet al., 1990;
Wagner, 1995). Although this method was not used in this prtgedate coral cores,
ages determined by this method have been included in the Holowexieeef accretion
rate database in Chapter 5 (Batdhl.,1990; 1996; Eisenhauet al.,1993; Edwardet
al., 1997).

2.5.1 Comparison of **C and U-Th Determined Ages

The Libby model is based on the assumption that the priodust*‘C has been
constant through time. De Vries (1958) subsequently disct¥kat™“C production has
varied spatially and temporally and as sttt ages should be considered on a relative
radiometric and not absolute (calendar years) timke s€omparison of’C and U-Th
ages of corals from Barbados revealed ffiat ages are systematically younger than
calendar ages and that this offset increases into gt€Rardet al.,1990; Figure 2.2).
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Figure 2.2"C and U-Th ages from the same material, open symhuiesent U-Th ages plotted against
4C ages (Barét al.,1990).
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In order to put all of the data collated in the globalddene coral reef drill core
database on a common time scale, it was more comtdiaiethe purposes of this study
(to avoid calibration of hundreds of dates) to converdsititat were on an absolute time
scale to marine radiocarbon ages (Chapter 5). This e@sglished by converting
calibrated and U-Th ages to marine radiocarbon ages usirgydpbs of Stuiver and
Braziunas (1993). Marine radiocarbon ages which had beeverted to terrestrial
radiocarbon ages by subtracting 400 years to correthdamarine reservoir effect were
back corrected to the original marine ages by adding 408.year

Radiocarbon ages are reported as years ‘before presed®, ‘present’ refers to
the year 1950, the year modern chronometric dating methessintroduced (Wagner,
1995). Conversion of radiocarbon years (yrs BP) to daleyears (absolute time scale)
IS necessary if ages are to be precisely correlatéld ether dated processes, for
example, ice cores. To assist subsequent researcheventional radiocarbon ages
should always be reported with the following informatiotine lab code and
environmental corrections or calibrations made. If ihveventional age is less than 200
years it is usually reported as modern. This conventas fallowed here in Chapters 3
and 4.

2.6 Seismic Profiling

Seismic profiling measures the two-way travel time {[V&f seismic waves
generated atrtificially at the surface and reflected bacla receiver (hydrophone).
Seismic profiling is carried out by towing a sound sourceusiic energy) and receiver
(hydrophone) behind a research vessel. The acoustic egengyated at the surface is
reflected back to the surface when it encounters t@nface between two surfaces of
contrasting density and seismic velocity (acoustic impeslarithe reflected signal is
received by the hydrophone and is converted into a bipolab@rsdnal and then
plotted onto paper (early data) or collected digitallpdern data; Figure 2.3). Seismic
profiling provides a means of mapping rock sequences overavaas, which are
normally only accessible by time-consuming and expensillexgroperations, and has
been employed extensively by the petroleum and mining inesist
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i 2 km Ribbon Reef 3

Ribbon Bank 3

Milliseconds (TWT)

Figure 2.3 Seismic profile of tHealimedabioherms of Ribbon Bank 3 adjacent to Ribbon Reef 3,
directly east of Cooktown, Northern Great Barrier Regddified from Marshall and Davies, 1988).

Vertical axis represents two way travel time (TVifTnilliseconds.

This project initially aimed to investigate the three elsional structure of the
Holocene reef system through a combination of reefrayiéind high resolution seismic
reflection profiling (sub-bottom profiling). Unfortunately,seismic profiling expedition
to the Lizard Island region, Northern Great BarrieeRwas unsuccessful because of a
cyclone and equipment failure. However, seismic preféed vibrocoring core logs
obtained from the published literature and personal comntioricanabled the
assessment of the volume of calcium carbonate witlerHalimeda bioherms of the
Northern Great Barrier Reef to be investigated (FiguB €hapter 6; Ormet al.,
1978; Orme, 1985; Davies and Marshall, 1985; Marshall and Dal8&8; Orme and
Salama, 1988; Wolanskt al.,1988; John Jell, personal communication).

The seismic profiles were used to calculate the volantemass of CaCQvithin
the Halimedabioherms to compare with that of the adjacent RibReefs (estimated
using drill cores and seismic profiles from studies Imer@nd published literature
(Chapters 3 and 6; Davied al., 1985; Reest al., submitted manuscript)) in two
regions of the Northern Great Barrier Reef, Lizadldnd and Cooktown (Chapter 6).
The Halimedabioherms appear acoustically soft (presumably a restifteoscattering
of acoustic energy by thelalimeda plants) with internal bedding also described as
‘chaotic transparent seismic facies’ (Robettal.,1987; Hineet al.,1988). To estimate
the thickness of the bioherms a figure of 1500 T(centrally bracketing the seismic
velocity of water) was assumed to represent the \glodithe acoustic pulse through
the sediment in keeping with the methods of Oatal. (1978), Orme (1985) and Orme
and Salama (1988).
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2.7 Estimating Coral Reef Calcification

There are several methods used to estimate the £a©@0uctivity of coral reefs
including biological, radioisotope, stratigraphic and alkglirmnomaly (Chapter 5;
Smith and Kinsey, 1976; Vecsei, 2004a). A review of the nusth® given by Vecsei
(2004a). The stratigraphic or accumulation rate methodbbas used to calculate a
global Holocene CaC{mass balance (Chapter 5; Reeal.,in preparation) and values
estimated compared to those CaCkudgets calculated using productivity values
measured using the alkalinity anomaly technique.

2.7.1 Biological/census method

Biological/census method in which the standing cropeef prganisms (in terms
of % cover or mass of CaG@er unit area ‘calcimass’) is multiplied by their bialag
growth/turnover rate. This method gives an estimatgro$s production or potential
production but does not take into account losses throwggoldtion or erosion and
transport (Smith and Kinsey, 1976; Smith, 1983).

2.7.2 Radioisotope method

Radioisotope method involves incubating the specimensainader labelled with
either *°Ca or *C. The skeleton is then dissolved with acid and the rpurated
radioactivity is measured using a liquid scintillatioruster (Chrisholm and Gattuso,
1991). This method has some disadvantages including thethi@ictit requires the
specimen to be destroyed before its previous rate aficaton can be determined and
there are problems associated with the interpretafioadioisotope incorporation data.

2.7.3 Stratigraphic/accumulation rate method

Stratigraphic/accumulation rate method involves usingetion rates estimated
from radiometrically dated reef drill cores (Figure 2.This approach estimates ‘net
productivity’, it takes into account the amount of CaGfeposited and subsequent
losses resulting from dissolution and erosion. I atveals a record of productivity for
the past (Chapter 5).

2.7.4 Alkalinity anomaly/ hydrochemistry/alkalinity depression method
The alkalinity anomaly/hydrochemistry/alkalinity depiess method estimates
‘net productivity’ of present day coral reefs, this acceufur precipitation minus
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dissolution in real time. This method does not accounC&BCQ losses resulting from
post-depositional erosion or dissolution, which may bewvéet 20-25 % of the
carbonate produced (Hubbaet al., 1990; Milliman, 1993). To measure calcification,
seawater samples are taken upstream and down-streanramsect of known length.
The alkalinity anomaly model is based on the stoickimim relationship between total
alkalinity and calcification; for every mole (100 g) ch@O; precipitated (calcification)
from a given volume of water, the total alkalinity (TA9 reduced by two molar
equivalents and each volume of water remains in comtéic a given area of the reef
for some measurable length of time (Smith and Key, 1975thSd078b; Chrisholm
and Gattuso, 1991). This model is based on the fact tli#eng@hotosynthesis nor
respiration affect alkalinity (Chrisholm and Gattud®91; Gattuseet al., 1996). The
CaCQ production rate equals the decrease in alkalimifiyX in eq m®) multiplied by
50 g CaC@ eq®, multiplied by the water volume per unit area, dividedhsyperiod of
time the water remains in the system (Smith 1978b).sWfipproductivity are given in
kg CaCQ m? yr* or G. The total alkalinity is the capacity to neutmallzydrogen ions
(H") in seawater and is measured by determining the pH ob$easamples using a pH
electrode. A detailed description of the methods emplayedcalculations made in this
technique is given by Smith and Kinsey (1978), Smith (1978b) anskeli(1978). This
method is advantageous because it does not require dxantination, sampling or
destruction of actual reef community; it does not includetisthdof reagents thus
enabling repeated sampling over a protracted period of tirdeoser a large area
(Smith and Kinsey, 1978). However, it is limited becauseamn only be used at
relatively shallow depths, logistics have restricteceas and measurement of the fore-
reef and wave zones, it does not account for post depaditidosses
(erosion/dissolution) and it is only representative espnt day reef production (Vecsei,
2004a; Reest al.,2005).

Measurements of community metabolism using the alkglaxitomaly technique
on coral reefs led to the characterization of thr@gdzones of productivity; the deep
fore-reef, the reef flat and lagoon (Table 2.1; Smitd Kinsey, 1976; Kinsey, 1979).
Coral reef productivity measurements have been extragolatrepresent reefs globally
in an effort to calculate the global mass of nextaicbonate for the Holocene by several
authors (Milliman, 1974; 1993; Smith, 1978a; Kinsey and Hodlé91; Milliman and
Droxler, 1996; Inglesias-Rodriguezt al., 2000; Vecsei and Berger, 2003; Vecsei,
2004a; b).
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Table 2.1 Proposed Modes of Coral Reef Calcificaticei(@finsey 1979; Kinsey, 1981)

Mode Reef Environment Calcification Rate / G Potential Vertical
(kg CaCQm?yr')  Accretion (IVGR)
(mm yrt)
1 100 % hard cor/algal substratum 10 >7
2 100 % sand and rubble 0.5 0.4
3 100 % algal pavement 4 3

Present day productivity measurements have also been tshver implied
vertical growth rates (IVGR; Table 2.1). However, thadidity of this translation is
guestionable because of the assumptions inherent in theatmio (Smith and Kinsey,
1976; Kinsey, 1981; Smith, 1983; Kinsey and Hopley, 1991). Thessmassns
include:

. The material is aragonite and has a density of 2.9 cm

. The average porosity of the reef fabric is about 5th%egality porosity has been
estimated to range from 0-90 % (Smith, 1983).

. The local gains or losses of reef materials precgutatre averaged out across
the entire reef.

Implied vertical growth rates (IVGR) estimated front peoductivity rates are often
substantially lower than accumulation rates seehensedimentary record and may be
in error by up to 50 % (Davies and Hopley, 1983; Davies, 1983;hSi#83). For
example, modern day accumulation rates inferred by tkaliraty method are
approximately 3 m kyt compared to rates measured in reef cores of up to 8 T kyr
(Davies and Marshall, 1985; Davies, 1983). See Chapter 5 foeffudigtussion.
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Chapter Three

Holocene Evolution of the Granitebased Lizard Island
and M acGillivray Reef Systems, Northern Great
Barrier Resf.

Plate 3.1 Lizard Island with MacGillivray Reef in theckground, Northern Great Barrier Reef, Australia
(14°38.9'S, 145°29°E).
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Chapter 3

Holocene Evolution of the Granite based Lizard I sland and
MacGillivray Reef Systems, Northern Great Barrier Reef.

Reference: Rees S. A., Opdyke, B. N., Wilson, P. A, L. K.i€ld and V. Levchenko
(manuscript submitted 02.11.04) Holocene Evolution of the @&rémaised Lizard Island
and MacGillivray Reef Systems, Northern Great Bafeef.Coral Reefs.

3.1 Abstract

Radiocarbon dating of seven drill cores from both thedward Lizard Island
fringing reef and the windward and leeward margins of Miietay platform reef,
Northern Great Barrier Reef (NGBR) Province, revbalHolocene evolutionary nature
of these two mid shelf coral reefs. The windward nrargi Lizard Island started
growing approx 6.7 cal kyr BP directly on an assumed grémaisement and reached
present day sea level approximately 4 cal kyr BP. Gra#tine windward margin at
MacGillivray Reef was initiated by 7.6 cal kyr BP andaleed present day sea level by
approximately 5.6 cal kyr BP. The leeward margin at Mds@ly was initiated by 8.2
cal kyr BP directly on a granite basement, only reackeg level relatively recently
between 260 and 80 cal yr BP. None of our cores penettadddlocene-Pleistocene
unconformity. The absence of Pleistocene reefal depasien at 15 m depth in the
cores from MacGillivray Reef, indicates the possipititat the shelf in this region may
have subsided relative to modern day sea level by atlléas since the last interglacial
(125 ka).

3.2 Introduction

The Great Barrier Reef (GBR), a high energy epicemtial shelf edge reef
system, is the largest reef system in the world cogexmarea of approximately 49 000
km? and comprises nearly 3000 individual reefs (Davies and Maré880; Spalding
et al.,2001). The foundations of the GBR were initiated around 600 kanape mid-
Pleistocene and consist of a mixture of carbonadeemigenous sediment accumulated
during a succession of flooding and emergence of thensotéll shelf (International
Consortium for Great Barrier Reef Drilling, 2001; Dunbad &ickens, 2003).
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Lizard Island and MacGillivray reef are located in tlogethern Great Barrier Reef
province approximately 270 km north of Cairns (Figure 3.1). Tiagion is
characterised by an almost continuous line of shelf ebpemireefs enclosing a narrow
(<50 km wide) shallow continental shelf; water depthlyaexceeds 40 m (Orme and
Flood, 1977; 1980; Kinsey, 1979; Flood, 1984). No major rivers digehato this part
of the GBR shelf (Flood, 1984). This area is anomalouserGBR due to a north-south
trending line of granite continental/high islands (Lizésthnd; North Direction Island
and South Direction Island; Figure 3.1) which are surroundddrging reefs and it is
one of a small number of areas where fringing reefsbeafound growing adjacent to
the mainland coast (Johnson and Carter, 1978; @tna¢, 1978; Partain and Hopley,
1989). Numerous shoals, platform reefs &falimedabioherms are also found in the
region (Ormeet al., 1978; Hopley, 1982; Orme, 1985; Marshall and Davies, 1988;
Graham, 1993).
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Figure 3.1A Map of the Australian continent showing laratf NGBR region (modified after Heagp
al., 2001); B Locations of the Lizard Island Group and MacGalwvReef within the NGBR Province
(modified after Admiralty chart 373).

In 1973 the Royal Society and the Universities of Queadstarticipated in an
expedition to the GBR which included seismic and side soaar surveys, shallow reef

drilling (Bewick and Stapleton Islands) and surface sedirmampling within the area
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between the mid-shelf continental islands and the sHgi-@ibbon reefs (Orme and
Flood, 1977; Mclean and Stoddart, 1978; Omnal.,1978; Stoddaret al.,1978; Thom
et al., 1978). Drilling investigations at two of the Howick Islanagp platform reefs,
Bewick and Stapleton, approximately 50 km north of Lizaddnid, reveal that the
depth to the Holocene-Pleistocene unconformity is 7 rovbéhe reef flat and 14.6 m
below the beach surface respectively, with the oldedbodéne corals in the Bewick
core returning radiocarbon dates of 6.39 to 6.92 kyr BP (Stbeidal., 1978; Thomet
al., 1978).

Seismic investigations in the region have revealed an aloorginuous seismic
reflector, believed to represent the Holocene-Plegstecunconformity, across the
whole shelf at a depth of 40 m below present sea levdds{) on the outer shelf rising
to 25 m below present sea level on the inner shelf (Gatred., 1978; Orme, 1983;
1985; Orme and Salama, 1988). One of the major findings of itheestigations was
the discovery of extensivydalimedabioherms behind the ribbon reefs, these can be up
to 6 km wide, 100 km long and can reach thicknesses of 18&amdeth of 25 m below
present sea level (Ornat al.,1978; Orme, 1983; Flood and Orme, 1988; Marshall and
Davies, 1988; Orme and Salama, 1988). Radiocarbon dating sditfaee immediately
below these bioherms reveals that they were formedebnduring the Holocene
(radiocarbon age of a peat sample 10 £ 0.2 kyr BP; Orme, Hi®bwere initiated
some 1.5 kyr before the nearby ribbon reefs (Orme, 198&eBet al., 1985; Marshall
and Davies, 1988). The mechanism of their formation lisdetibated. It is most likely,
however, that they were able to form as a consequarjets of up-welled nutrient-rich
oceanic water intruding onto the outer shelf throughndreow passages between the
karst remnants of Pleistocene ribbon reefs and formddjes in the relative shelter
behind the ribbons (Drew and Abel, 1985; Marshall and Day#8&8). Vibrocoring has
revealed that the bioherms are composed of médalymedg with forams, molluscs
and bryozoans also present and the carbonate conteaigang approximately 75 %
(Davies and Marshall, 1985; Marshall and Davies, 1988). Theeagistof large CaCO
Halimedabioherms is important in global carbonate budget studiesulse they may
have produced CaGQeveral of orders magnitude greater than the neighbotutiogr
reefs during the Holocene (Flood, 1984).

Immediately north-west of Lizard Island (the leewaidkes Watson’'s Bay area;
Figure 3.2), away from the influence of the Lizard Islamndging reefs, quartz
sediments derived from granite islands are abundant (&rade 1978; Flood, 1984). It
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has been noted that in the NGBR province, reef-derivedonate sediments form
leeward accretionary wedges which extend for only 1 to 3rkm the reefs (Maxwell
and Swinchatt, 1970; Frankel, 1974).

Drilling and seismic surveys across the outer ribborisré€arter and Yonge
Reefs, 15 km east of Lizard Island) revealed that thesis reached modern sea level
approximately 5.4 kyr BP and 5.19 kyr BP respectively, thatlem sea level was
reached on the outer ribbon reefs by approximately 5.8BRyand that the Holocene-
Pleistocene unconformity occurs at approximately 19.3 owbetef flat at Yonge Reef
and 19 m below reef flat on the leeward edge of Caresf Figure 3.1B; Harvey,
1977; Hopley, 1977; 1994; Harvey and Hopley, 1981a; Hopley and Daules)itted
for publication). However, seismic profiles also revdicontinuity surfaces at about
10 m below the reef flat on the windward margins oft€arNymph and Three Isle
reefs (Harvey, 1977; Ormet al., 1978). Other reefs drilled to the south of the region
include Long Reef, Boulder Reef, Willamson Reef, Riblbeef 5, East Hope Reef,
Michaelmas Cay (Hopley, 1977; Davietsal., 1985; International Consortium for Great
Barrier Reef Drilling, 2001).

Radiocarbon dating of recovered Holocene material fteage reefs indicates that
reef growth was initiated between 8.38 and 6.32 kyr BP ostBéEine foundations at
depths ranging from 15 to 17 m below the reef flat and exhehodern sea level
between 6.7 and 5.94 kyr BP indicating that modern sea \eaglestablished in this
region by 6.5 kyr BP (Thom and Chappell, 1975; Mclean anddstrt, 1978; Stoddart
et al., 1978; Chappelet al., 1983). Debate over the possible existence of higher mid-
Holocene sea levels on the GBR was resolved when Chagpel (1983) used
radiocarbon ages of emerged coral micro-atolls andnbedges to show that higher (+
1 m) relative mid-Holocene sea levels had occurred onnther shelf zone in the
region.

In 1975 a team of researchers took part in the “Lizarehdstaetabolic exchanges
on reefs” (LIMER) expedition which investigated calation, water currents, the
sulphur cycle, nitrogen metabolism, and primary and skrgnproduction within the
Lizard Island reef system (LIMER, 1975). Calcification budgteidies for the modern
day reefs at Lizard Island using the alkalinity anomalthod (Smith and Kinsey,
1976; Kinsey, 1979) revealed that calcium carbonate produatidcheowindward reef
flat, central — leeward reef flat and lagoon to be 3.8, @&d 1 kg CaCen?yr?
respectively (LIMER, 1975; Smith and Kinsey, 1976; Kinsey, 19T8gse values are
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consistent with global observations on coral re@msey, 1979). These studies
concluded that most of the Cag@roduced does not remamsitu but is transported in

a leeward direction. It bypasses the lagoon, and is dedosn the western side of the
inter-island reef mass forming a leeward extension & #ystem or leeward

accretionary wedge (LIMER, 1975).

In an attempt to rationalise the coral reef,30urce-sink debate (Kayanatal.,
1995; Gattuset al.,1996; 1999), Chrisholm and Barnes (1998), using measurements of
0 and pH of sea water, calculated lower calcificatimes (1.9-2.1 kg CaG@n?yr™)
than the ones revealed by the LIMER expedition for thedward reef flat at Lizard
Island. These lower values may have been observed dgeaduhigh rainfall (low
salinity) and extreme low tides during the field v{§#attusoet al.,1999). The reef was
also recovering from a recent Crown of Thorns plagwktagh sea water temperatures
(30°C) during the previous months that had resulted in a legrylevel of live coral
cover (0 to 10 %; Chrisholm and Barnes, 1998). The methaats inghis study were
brought into question by Gattustal. (1999).

The geomorphology of the reefs within the GBR variessmerably due to
differences in the topography (relief) of the underlyingsstdte and environmental
conditions during the Holocene (Coveney al., 1980). There have been numerous
drilling investigations of the Holocene reefs of the ®eut and Central GBR. By
comparison, there have been few studies of the NGB&sr The aim of this
investigation is to place new constraints on the natitkeoHolocene evolution of the
NGBR reefs.

3.3 Regional Setting

The Lizard Island group (14°38.9'S, 145°29'E) and MacGillivray R&éf40’S,
145°30’E) are located within the lagoon of the NGBR approxiye27 km from the
Queensland Coastline and 15 km from the main outer riblefa (Eigure 3.1; Flood,
1984). The Lizard Island group is composed of three Late Rerngranite
(high/continental) islands, Lizard, Palfrey and Southnid (Figure 3.2; Reitner and
Neuweiler, 1995) which currently rise approximately 395 m alpresent sea level.
The majority of the fringing reef has developed in tbets East as a triangle of inter-
island reefs covering an area of approximately 2 Kdinsey, 1979) and enclosing a
deep (10 m) fully tidal lagoon (Blue Lagoon).
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Figure 3.2. Diagram of Lizard Island reef system, shgwocations of windward drill holes (modified
after Flood, 1984).

The windward margin reef flat comprises a consolidatedl@lgal zone of small coral
heads and loose rubble (Kinsey, 1979). The windward reefzard.ilsland exhibits
very limited lateral development compared to the leewaacgin (Scoffinet al., 1978;
Coventryet al., 1980). The sheltered leeward margin at Lizard Islandotsclearly

defined by a reef edge or classic reef zonation. It stssif a gentle slope dominated
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by sand and massi\Roritescoral heads. On the east, northeast and westertlicess
the reefs are narrow (less than 50 m wide) and steémiyng, rising from water depths
of approximately 20 m (Figure 3.2; Flood and Orme, 1988). Theee fourth much
smaller granite island, Bird Islet, three quarters of tlag Wwetween South Island and
Lizard Island along the windward reef flat. Between Bsgigtl and Lizard Head there is
a deep channel which allows almost complete tidal flusbindpe lagoon (Flood and
Orme, 1988). Beach rock, found on the leeward facing bsawftbin the range of
modern day tides, comprises quartz grains (derived frorgrénate islands), coral and
Tridacnafragments and rubble cemented in a carbonate mataxleit diagenetically
unaltered aragonite micro-ooids with quartz and carbonate graifei have been
described by Davies and Martin (1976) and may constitute up to b0 the inter-
island channel sands between Lizard and Palfrey Island.

MacGillivray Reef (formerly known as Shadwell Reef)a small oval platform
reef (0.9 km long and 0.35 km wide) oriented southeast tihwest with a shallow
lagoon (<3 m deep; Figure 3.3).
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Figure 3.3. Diagram of MacGillivray reef system, shmaplocations of windward and leeward drill holes.

An oval non-vegetated sand cay approximately 1.5 m highaiedble dimensions; 20
m long and 3 to 4 m wide in 2003 and 2004) is located at this ree$tern leeward
end. It is composed of coral shingle, rubble and sand surrolnydadarge number of
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reef blocks (Hopley, 1982). The windward reef margins arepstesloping and drop
into about 5 m depth of water, are dominated by massiveaddate coral forms and
exhibit spur and groove morphology, gullies, caves and ovgsh@&igure 3.3; Heyward
et al., 1997). The leeward margin is gently sloping and is dominbtetranching
Acroporaspecies.

The annual air temperature in the region ranges frono 3231C; mean sea surface
temperature is 27°C. The south-east trade winds predominatel{fd September) and
usually range from 15 to 30 knots and generate swells up tdo8 much of the year
(Orme and Flood, 1980). The southeast trade winds have a ddnmflaence on the
direction of the water currents flowing through the Lazésland fringing reef system,
the currents predominantly flow in a north westerly ctien independent of tidal state.
Cyclones occasionally occur from November to April. IOyes create northward
along-shelf currents and bring large amounts of fresiemand terrestrial sediment to
the GBR lagoon (Larcombet al., 1995). Cyclone winds create large waves which
mainly affect the outer ribbon reefs and have beeswkinto move large coral heads
from depth onto reef flats, for example, those onttipeof MacGillivray reefTides are
semidiurnal, ranging between 2.6 m (springs) and 0.3 m gheap

3.4 Materialsand Methods

During two field expeditions to the NGBR in January and Sepéz 2003, three
drill cores were obtained from Lizard Island and five esomwere obtained from
MacGillivray Reef using a portable hydraulic drilling rig wiah3.5 cm diameter core
barrel and diamond drill head with a core catcher (Fg®@ and 3.3). The drilling
equipment was loaded onto a small aluminum dinghy driwexath drill location on a
falling tide. The boat was anchored and crew waited water depth (0.5 m deep)
would allow safe and efficient drilling before deploying thdling rig. Unlike many
modern reef drill rigs, the drilling equipment did not dmgpa scaffold and was
therefore faster to deploy, operate and less expenSwed material was recovered
every 0.1 to 0.2 m during drilling at Lizard Island and eveByt0.1 m during drilling at
MacGillivray Reef. All of the Lizard cores were exttad from the windward margin
because the leeward margin was too deep to access andtdiokm a conventional
(well consolidated shallow) reef flat margin (Figure 3'he maximum depth reached
was 4.5 min core L1, where we assume we encountergpiaghite basement because i)
the drill could not be advanced further and ii) of thesel proximity of the drill hole
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locations to the granite island, South Island (Figure 3CHres L2 and L3 were
abandoned after encountering thick sand layers. Recoveheiizard Island cores
ranged from 13 to 24 %.

Two windward and two leeward cores were recovered frome@ilivray Reef
during the spring low tides when practically the wholef seface emerges (Figure
3.3). Two of the cores were initiated through thrown ugalkcblocks on the leeward
margin which allowed a longer drilling window during the tidahge (Figure 3.5). In
fact, the coral block through which core Mac 4 was drilles so large (approximate
dimensions 2 f) that we were able to drill with our feet dry during 70 #4he spring
tidal range. Using thrown up coral blocks like this one atadopm for drilling may
allow access to margins exposed to rougher sea corgd{@oqu outer ribbon reefs) and
deeper water locations. Cores Mac 3 and 5 were abandondd theerising tide and
equipment failure respectively; Mac 4 was abandoned afteountering a thick sand
layer. It is assumed that core Mac 1 encountered atgraasement as several attempts
to advance the drill further were unsuccessful. The maximepth reached was 11 m
and 15 m on the windward and leeward margins respectivelyyeey ranged from 12-
50 %.

The cores were logged and photographed, and thin sectioes mede and
petrographically examined. Corals that were determinee@ to &itu (by the orientation
of their corallites) and free from internal cementdadetritus by microscope
examination were selected for radiocarbon dating. Rathon dating of the tops of
cores Mac 1 and 4, (which were initiated through thrownarpldlocks, Figure 3.5),
was achieved by selecting corals at depths level wélstinrounding reef flat, as such
the ages are not of the thrown up coral blocks. Weddsed the thrown up coral block
through which Mac 1 was initiated, this returned a modern (tla¢eradiocarbon age of
200 + 190 yr).

Accelerator Mass Spectrometry (AMS) radiocarbon datvag performed at the
Department of Nuclear Physics, Australian National Umsiter Canberra. The dates
were corrected for isotopic fractionation and the ingareservoir effect (North East
AustraliaAR = 10 £ 7) and converted to calendar years using the CAl4Bdaftware

programme (Table 3.1; Stuvier and Reimer, 1993). Errors dre at
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3.5 Reaults

3.5.1 Lizard Idand Reef

The Lizard cores reveal five facies types; a massival doamestone faciesn(
situ coral heads); a massive coral bindstone faamesit{y massive coral heads encrusted
and bound by coralline algae); a branching coral framedtmmes (n situ branching
corals); a branching coral bindstone faciess{tu and reworked branching coral bound
together by coralline algae) and a sand facies (carb@aaid with blue grey carbonate
mud occurring near the base of core L1). The massive lomddtone facies dominated
core L1 whereas the massive coral framestone faciesndted cores L2 and L3.
Cavities are abundant in all cores making up almost 8519.0

The radiocarbon age indicates that reef growth omvihdward margin at Lizard
Island was initiated by approximately 6.7 cal kyr BP atptidef 4.5 m below the reef
flat (Figure 3.4, Table 3.1). Radiocarbon dates from tipedf the windward margin
cores confirm that the small corals in the coresewedeed living recently (Table 3.1,
Figure 3.4). Rates of vertical accretion for Lizard wiadavmargin range from 0.5 to
0.7 m kyf* (Figure 3.4).
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3.5.2 MacGillivray Reef
There are five facies present in the cores from Misietay Reef, four of which

are also present in the Lizard cores; the massive tarakstone facies; the massive
coral bindstone facies; the branching coral bindstone daarmel the sand facies. A
branching coral and sand facies is also present in tle&sMiaray Reef cores which
consists of reworked on situ branching coral rubble embedded in blue grey carbonate
sand and mud matrix (Figure 3.5). The windward core Mac 5deasnated by the
massive coral framestone facies (which consisted aflisimcoral heads approximately
5 to 20 cm in length) and the branching coral and sand fadibsa layer of coralline
algae at the top of the core. Windward core Mac 3 wasrdded by the branching
coral bindstone facies interspersed by the branching @aondasand facies; this core also
had a coralline algae layer at the top. The leeward Maiel, located on the southwest
fringe of the sand cay, was dominated by the massive dmaalestone facies
(essentially the core advanced through four large, approadynatto 2.5 m in length,
Porites head corals in sequence) with the branching coral and femes being
encountered at the base of the core between 12.5 and bébwnthe reef flat. A large
sand-free cavity (approximately 1.5 m in length) was encoeghteetween 5.7 and 7.2
m below the reef flat. Mac 4 comprised branching comdl sand facies (although the
volume of sand was less than in the windward cores)t@dassive coral framestone
facies with the branching coral bindstone facies atdpeof the core (Figure 3.5). The
cored reef sequences at MacGillivray range from 3.2 to 15Nome of the cores
penetrated the Holocene-Pleistocene unconformity, hemwev

Radiocarbon dating indicates that the windward margirMatGillivray Reef
approached within 2 m of present day sea level by approxyn&tél cal kyr BP
(Figures 3.5 and 3.6, Table 3.1). Although the two radiocarlyms at the top of
windward core Mac 5 are statistically indistinguishabé agsume that they represent
an age reversal. The age reversal is probably thet reéudlder material (that of
radiocarbon age 5.73 + 0.2 cal kyr BP at 0.7 m below teefia) being broken off
from the reef front or slope, transported and depositethe reef flat above younger
material (5.58 £ 0.2 cal kyr BP at 2 m below the reej.flte assumed that the younger
material (5.58 = 0.2 cal kyr BP) represents in placel@rawvth because it was taken
from a fairly largePoritesmassive coral and it is unusual for younger materifdita
great distance down through the reef structure.
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The younger radiocarbon age was therefore used tolat@ldine accretion rate for the
windward margin. Dates of 267 = 219 cal yr BP (Mac 4, 0.5 lovbéhe reef flat) and
77 £ 145 cal yr BP (Mac 1, top of core) indicate thatl¢lesvard margin approached sea
level much more recently. The radiocarbon date abdise of core Mac 1 indicates that
reef growth was initiated approximately 8.2 cal kyr BP depth of 15 m below the reef

flat on a basement which is assumed to be granite (Figbydable 3.1).

Table 3.1. AMS Radiocarbon dating results. Radiocarbon agesorrected for isotopic fractionation.

Conversion to calendar ages was carried out using thaeenealibration in the CALIB 4.4 programme

(Stuvier and Reimer, 1993) assuming a marine reservoietaf® = 10 + 7 a. Errors areslt This

sample came from the thrown up coral block through which Mac 1 was initiated.

Lab Code Reef Core Margin Depth Conventional Calibrated age
No. below radiocarbon age (cal kyr BP)
surface (kyr BP)
(m)

ANUA25523 Lizard L1  Windward 0.1 -0.653+0.181 -
ANUA25524 Lizard L1  Windward 4.5 6.289+0.202 6.722 +0.249/-0.236
ANUA25525 Lizard L3  Windward 0.3 -0.469+0.184 -
ANUA25526 Lizard L3  Windward 2.35 4.637+0.202 4.830 +0.368/-0.293
ANUA25520 MacGillivray Macl Leeward +0.2t 0.201+£0.193 -
ANUA26224 MacGillivray Macl  Leeward 0 0.487 £0.178  0.077 +0.212/-0.212
ANUA25521 MacGillivray Macl  Leeward 9.5 6.700 £0.227  7.228 +0.183/-0.252
ANUA26225 MacGillivray Macl  Leeward 15 7.736 £0.207  8.170 +0.209/-0.214
ANUA26228 MacGillivray Mac4  Leeward 0.5 0.619+0.175 0.267 +0.171/-0.267
ANUA26627 MacGillivray Mac4  Leeward 6.2 4,296 £0.189  4.403 +0.239/-0.266
ANUA26229 MacGillivray Mac5 Windward 0.7 5.390 £ 0.181 5730 +193/-157
ANUA26230 MacGillivray Mac5 Windward 2 5.234+0.188 5.583 +0.174/-0.173
ANUA26231 MacGillivray Mac5 Windward 11 7.172+0.202 7.618 +0.197/-0.168

The deepest date at Mac 5 is 7.62 + 0.2 cal kyr BP at apmtetymll m below the reef
flat, whereas the deepest date in the leeward coredMact.4 + 0.3 cal kyr BP at a
depth of 6.2 m below the reef flat. We also dated thewthrup coral block through

which Mac 1 was initiated. This returned a modern dateré&timcarbon age of 200 *
190 yr BP indicates some contribution from bomb radloma)y, and hence we conclude
that this block was broken off a living coral and throwmon to the reef flat (Figure

3.5, Table 3.1).
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Average rates of vertical accretion range from 1.4ymto 5.8 m kyi* in the
leeward cores (Figure 3.5). The rate of vertical acumein the top 10 m of the two
leeward cores (Mac 1 and 4) were the same; 1.4 th Wyhigher rate vertical accretion
of 5.8 m kyi* was encountered between 10 and 15 m below the reefiflaaé 1. The
rate of vertical accretion in windward core Mac 5 wasm.kyr* between 2 and 11 m

below the reef flat.

3.6 Discussion

A radiocarbon date indicates that the fringing redfizard Island started growing
directly on an assumed granite basement approximately l&yrdaP at approximately
4.5 m below the reef flat surface (Table 3.1). This findegadnsistent with the view
that many modern reefs are only thin veneers (Thom antk0O1976; Daviegt al.,
1977; Hopley, 1977; Ormet al.,1978). Comparison with the sea level curves for North
East Australia (L1, Figure 3.6; Thom and Chappell, 1975; TAanchRoy, 1983; 1985;
Larcombeet al., 1995), suggests that reef initiation followed rapidly rafteoding of
the granite basement, within about 500 years. The moddimcarbon dates for the top
of L1 and L3 suggest that the reef reached present dagwsaohly recently (Table
3.1). However, these dates are anomalously young cothpmdata from other reefs in
the region (Mclean and Stoddart, 1978; Chapgiedll., 1983) which is probably due to
the coral material being at the top of the cores anctfitve representing recent coral
growth and not the time when the windward margin as aleweached sea level. The
date of 4.8 cal kyr BP (L3) at 2.35 m below the reefiflgirobably more representative
of when the Lizard Island windward margin began to approamitern day sea level, as
it is more consistent with the regional trend (Chapgiedll., 1983; Hopley, 1977). It is
widely accepted that in the GBR region sea level ssakil at its present level
approximately 6.5 - 6 kyr BP, the radiocarbon dates forwhelward margin are
consistent with sea level reaching its present level kyr@BP (Figures 3.4 and 3.6;
Table 3.1; Thom and Chappell, 1975; Thom and Roy, 1985). Theceaaldan dates
obtained in the present work suggest that the fringings raet.izard Island displayed
the catch-up growth strategy of Neumann and Macintyre (188%ure 3.6). The
presence of massive coral and algae throughout the iodreates that this margin was
and still is exposed to a relatively high energy envirorimBme radiocarbon date at the
base of drill core L1 reveals that this reef developéuedy in water depths of less than
5 m (Figure 3.6). The windward cores are dominated by massnads and coralline
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algae; a similar coral assemblage was discovered incdries of Carter ribbon reef
(Hopley, 1997).The presence of coralline algae in the windward coras f@zard

Island and Carter reefs is indicative of a high-enemyronment (Adey, 1986).
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Figure 3.6. Relative sea level curve and envelope fdh marst Australia modified from Larcombeal.
(1995) and Thom and Roy (1983) for comparison with our radionadges for Lizard Island and
MacGillivray Reefs (Table 3.1). It is important to nt@t these curves are approximations of sea level
rise during the Holocene. The envelope of Thom and Roy’s (18&8jevision of Thom and Chappell’s
(1975) earlier sea level curve for southeast Austral@;ctirve shown represents the relative sea level
envelope for eastern Australia. Larcomddeal’s (1995) relative sea level curve for the Central Great
Barrier Reef (CGBR), between Hayman Island and Capbul@tion, was established using 364
radiocarbon dates from across the shelf. Althoughdmbeet al’s (1995) curve used an extensive
database of 364 radiocarbon dates it has been critised betaugployed radiocarbon dates of a variety
of material including peat, mangrove mud, wood, organic Qifradrom soil, mangrove root, coral,
foraminifera, bivalve shells, shell hash and carboisated, taken from across the shelf in the central
GBR. In both cases we have converted the conventradédcarbon ages reported by Thom and Roy
(1983) and Lacombet al. (1995) to calendar years for comparison with our dafalile 1. Elevations
were corrected to Australian Height Datum (AHD). @ata, represented by filled circles, are plotted in

terms of depth below the present day reef flat flefid axis). The labels L1 and L3 refer to Lizard Island
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windward margin cores, while for MacGillivray Reef, M& a windward core and M1 and M4 are

leeward cores.

Results from previous drilling investigations have suggestedthamajority of
reefs fringing continental islands in the GBR have grawrunconsolidated sediments
overlying the rocky foundations and growth was only iteteonce the rapid phase of
sea level rise had been completed (Hoplesl., 1983). Evidence from our drill cores at
Lizard are not consistent with this observation becausassume the windward margin
at Lizard Island grew directly on a granite basemenibatjh colonisation only began
after sea level had stabilised in the region (FiguresriiB&5).

Rates of vertical accretion at Lizard range from 0.®.© m ky', although a
somewhat higher value of 1.1 m Kyis implied if the date of 4.8 cal kyr BP (at 2.35 m
below the reef flat in L2) is taken to be represemtatif when the windward margin at
Lizard Island approached modern day sea level (Figure 3.d3eTrates are at the lower
end of the range for typical GBR fringing reef, whicktemds from 1 to 4 m ki
(Davies and Hopley, 1983). This may be due to the dominarslewfgrowing massive
corals and coralline algae under the higher hydrodynanaoggrconditions that this
exposed and relatively shallow margin would have encoemtéuring the mid to late
Holocene. Although we assume that the windward margin gliesetly on a granite
basement, no traces of quartz grains or other graniteriadaivere found in the thin
sections from the base of L1. We assume that thé hariés encountered a granite
basement at 4.5 m below the reef flat (L1) becaugedbvious to a driller when the
drill head encounters a transition between a soft, rlilak carbonate and a hard rock,
like granite. We assume that the basement is granitei®ecd the close proximity of
the core sites to the granite South Island (Figure 3.2)e bthe cores penetrated the
Holocene-Pleistocene unconformity; this does not howeselude the possibility that
there may be karst remnants of Pleistocene reefapeatdocations, for example, on the
reef slope and in the lagoon.

Once the reef reached within 2.5 m of present-day se&iteweuld have been
increasingly subject to wave action and vertical extenwould have been limited by
sub-areal exposure. This would have resulted in retardativertical growth rates. The
excess carbonate produced would have been transporteddaeteathe lagoon instead
of being incorporatedn situ within the reef framework. Indeed the LIMER (1975)
expedition discovered that the dominant water flow weake¢ward and suggested that
this was also the direction of flow of reef-derivedtengl. They concluded, however,
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that most of this sediment was not accumulatinghe lagoon but being transported
further leeward to the slope behind the leeward reef (IRME975). This may explain
why the lagoon is relatively deep (10 m). It is reasonebbssume that the morphology
of the present lagoon may be related to the topographg efoded paleo river channel
of the underlying granite basement, which was subsequeminta@ted by Holocene
reef growth. This could explain the meandering morphologlydeep depth (10 m) of
the lagoon (Figure 3.2). It has been shown that the rotrgh of Holocene reefal
formations often reflects Pleistocene topography (targle, in Belize (Purdy, 1974)).
Radiocarbon dating suggests that MacGillivray platform m&feloped on a
topographic high, which is assumed to be granite, at a défith m below the reef flat
approximately 8.2 cal kyr BP (Mac 1; Figure 3.5). This peribuhitiation is consistent
with the regional Holocene sea level curves for N&dlst Australia (Figure 3.6; Thom
and Roy, 1983; Larcombst al., 1995) which indicate that sea level was approximately
12 m lower than today at 8 cal kyr BP and that reeiatioin did not lag sea level rise.
This timing is consistent with (i) evidence of reetiation from other regions of the
GBR (Davies and Hopley, 1983; Daviesal., 1985) between 8 and 9 kyr BP and (ii)
the global reef initiation event between 7 and 8 kyr(BRvieset al., 1985; Davies and
Montaggioni, 1985; Montaggioni, 1988). The radiocarbon date®t&l kyr BP at a
depth of 11 m below the reef flat in core Mac 5 is atsagreement with the local sea
level curves (Figure 3.6). We assume that the windwarg@jimat MacGillivray Reef
(M5) displayed keep-up growth strategy of Neumann and Maeliiiy©85) because the
reef crest maintained a surface near to sea level thootigh growth (Figure 3.6). The
radiocarbon date of 4.4 cal kyr BP (at 6.2 m below def flat) reveals that leeward
margin reef growth lagged sea level rise by at least 2.&rg/was covered by at least 6
m of water at that time (M4; Figure 3.6). It is not gibke to suggest with absolute
certainty that the leeward core Mac 1 (M1) caught up sath level rise because of the
lack of radiocarbon dates between 7.23 and 0.077 cal kyalB®ugh the radiocarbon
date of 7.23 cal kyr BP at 9.5 m below the reef flat s that reef growth lagged sea
level rise by approximately 500 years (Figure 3.6). Therefaee,assume that the
leeward margin at MacGillivray Reef displayed catch-tgwgh (M1, M4; Figure 3.6).
Comparison of the radiocarbon dates at the baseothf the windward and
leeward cores (8.2 cal kyr BP at 15 m below the re¢ffMac 1; 7.6 cal kyr BP at 11m
below the reef flat, Mac 5) indicates that reef gitowcross the platform may have
initially been uniform (Figure 3.5). This agrees with Rghml’s (2001) suggestion that
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early Holocene reef growth on planar foundations maae leen prolific across entire
platforms. Later, during the mid-Holocene, the reefgims would have out grown the
middle of the reef platform creating a bowl shape whaims a lagoon (Figure 3.5).
Accretion of the windward margin kept-up with sea leved s a rate of 4.4 m kyrto
reach modern day sea level at approximately 5.6 cal kyr Bfar@=3.5).The leeward
margin lagged behind the windward margin by about 5.3 kyr, realghing present day
sea level in the last 300 years, at an accretionaftie4 m kyi* (Figure 3.5). The
observation that the windward margin approached the prdagrsea level before the
leeward at MacGillivray Reef is consistent with glbbabservations of reef
development (Daviest al., 1985) and is believed to be associated with higher wave
energy on the windward margin. Once the windward margahreached present day
sea level any subsequent calcium carbonate productiold Wweweroded and transported
to leeward. The 5 kyr history of subsequent accumulabibrcarbonate detritus is
evidenced by the almost completely full lagoon and ledwgand cay at MacGillivray
Reef.

The radiocarbon dates in Figure 3.5 indicate that gromtleaward core Mac 1
was initially rapid at a rate of 5.8 m Kyrprobably due to the presence of fast growing
branching corals. After 7.2 cal kyr BP, however, accretim this margin slowed
dramatically to 1.4 m kyt, probably as a consequence of a facies succession from
branching to massive coral colonies in response to conditiof increasing
hydrodynamic energy. This is consistent with obseowatiof reef growth in the Pacific
and Caribbean which commonly exhibit a facies successiom tbranching corals in the
lower half of a core to coral head facies in the umeetion (Davies and Hopley, 1983;
Corteset al., 1994, Caboiclet al.,1995).

The windward core Mac 5 exhibited very low porosity. @dlvities were filled
with the branching coral and sand facies, which contampe laolumes of blue grey
carbonate mud and sand. There are a succession offeora from branching to
massive in the top section of the core (Figure 3.5). Tblearacteristics probably result
from the exposure of the windward margin to high energgditions. Indeed the
radiocarbon dates (Mac 5) suggest that the lower secfitime windward margin was
covered by only about two metres of water according ts¢hdevel curves (Figure 3.6)
and therefore within the depth range that is influenced egiding waves.

None of the cores at MacGillivray penetrated the Eef®-Pleistocene carbonate
unconformity. Other coring programmes and seismic profilimthe GBR has shown
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that this surface lies at depths between 3.9 and 24 m libweef flat. At Bewick
Island, for example, it is at 7 m below the reef, ffdtStapleton Island, 14.6 m below the
beach surface; at Carter Reef, 10.2 to 19.3 m belowetfeflat; at Yonge Reef, 19 m
below the reef flat and Potter Reef, 25.2 m below ¢ed flat (Harvey, 1977; Thoret
al., 1978; Harvey and Hopley, 1981b; Graham, 1993).

The date of 267 + 219 cal yr BP for the surface of the degdveore Mac 4
indicates that the coral block which presently sits prdutie reef flat must have been
thrown up or moved into its present position relativelgently. The date of 77 + 145
cal yr BP for the reef flat surface of core Mac 1 @adies that the coral block situated on

top has only been in place in the last 100 years.

3.6.1 Subsidence

The absence of Pleistocene deposits in the cores lfimand and MacGillivray
reefs suggests that the underlying substrate of these meay have tectonically
subsided by at least 15 m since the last interglacial veispect to the coast. We
assume, because we did not recover any Pleistoceneiahdatet none of the cores
from either Lizard Island or MacGillivray, encounteredigtbcene limestone, even at a
depth of 15 m below the reef flat at MacGillivray Releigure 3.5). This suggests the
possibility that at MacGillivray Reef the top of the gtantopographic high was
exposed during the last interglacial sea level high stand k¥23P), which was
believed to be close to or up to 5 m above the pretgnsea level on the GBR (Flood,
1984; Graham, 1993). Hence we infer that the area maytéetamically subsided by at
least 15 m between 125 and 10 kyr BP.

Graham (1993) suggested that the Holocene foundations ef R&tef must have
subsided by at least 27.5 m during the last 122 ka (subsidena® a8 mm yt') to
account for the depth to the Holocene-Pleistocene uanwitf on this reef. Drilling on
ribbon reefs (Carter and Yonge) east of MacGillivrageRreveal depths to the
Holocene-Pleistocene unconformity at approximately 19tavb reef flat, revealing a
potential subsidence rate of 0.19 to 0.2 mm @Harvey and Hopley, 1981a; Hopley,
1994; Hopley and Davies, submitted for publication). It Hae &deen suggested that
there is gradual subsidence of the GBR shelf on the @tér05 to 0.1 mm yt
(Davies, 1983; Flood, 1983). Although these rates suggest subsioleany 12.5 m
since 125 kyr BP. Deep drilling at Ribbon Reef 5, on therosielf near Cairns,
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suggests subsidence at a rate of 0.19 to 0.2 nimsirce 600 ka (International
Consortium for Great Barrier Reef Drilling, 2001).

Our inferred subsidence rate is based on the assump#abmdhPleistocene reef
grew on top of the granite high at MacGillivray Reef heseait was not submerged. It is
possible that a Pleistocene reef did grow on top opag@phic high at the base of Mac
1 that was subsequently eroded during the Pleistocene riegeed3avies (1983) and
Hopley (1982) postulated that the top 12 to 29 m of Pleistocar®mnate within the
GBR may have been eroded during lower sea levels ovéagsh@00, 000 years based
on estimates of rates of sub-aerial erosion ofsRleene carbonate at Aldabra Atoll
(Trudgill, 1983). If these rates are correct, it could meaat aany Pleistocene reef
limestone at the base of Mac 1 could have been coehpletoded, effectively erased
from the sedimentary record.

Alternatively, Marshall (2004) suggests that suggested evssiosidence rates
are unrealistically high for a stable continental nratidge the GBR and proposes that
the last interglacial reef did not achieve modern dsy lsvel, let alone 5 m above it.
However, both Stoddast al. (1978) and Murray-Wallace and Belperio (1991) noted
that the ‘absence of outcropping Pleistocene reefs rwithe province leads to the
inference that subsidence rather than stability has rdded reef development in the
area’. This followed from Chappell (1974) and Hopley's (1977)ateelabout what
could have caused the greater subsidence of the outer rioiosubstrate compared to
the substrate under the inner shelf reefs. The gregbén déthe Holocene-Pleistocene
unconformity under the outer shelf reefs could explain thieyouter shelf reefs reached
sea level after the inner shelf reefs. Discussionslved around possibility that the
cause of this subsidence was hydroisostatic warping eoshelf in response to the
increased water mass on the shelf during the Holocensgtession, general slow
tectonic subsidence near the Halifax Basin or a combimatfi the two(Chappell, 1974;
Hopley, 1977, Hopley and Harvey, 1981). Hydroisostatic tiltinghef shelf creates
short-term vertical movements and involves vertical moats of the land in both
directions depending on whether sea level is rising londa Over long-term glacial-
interglacial cycles the vertical movement is neblg Tectonic subsidence occurs
continuously over long time scales (~ 120 kyr) and indame direction (Chappell,
1987). The radiocarbon dates from MacGillivray Reef suggestg-term tectonic
subsidence of the shelf of at least 15 m over the laskyr2fHopley, 1977; Hopley and
Harvey, 1981).
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Our drill core data from MacGillivray Reef, togetheittwother drill core and
seismic profiling observations that the Holocene-Riemsne unconformity occurs at a
depth of 19.3 m and 19.1 m below the reef flat at Carter amtj& reefs respectively
suggest that there is indeed a reduction in the rate ofdeuzg nearer the land in this
area (Harvey, 1977; Hopley, 1994; Hopley and Davies, sudamittr publication). The
rate of subsidence at MacGillivray Reef suggested by olircdré data of at least 0.12
mm yr' is in agreement with the rates determined from thedwaep drill cores taken
off Cairns (Boulder Reef and Ribbon Reef 5) and drilling ahge, Carter and Potter
Reefs of 0.19 to 0.2 mm Yr(Graham, 1993; Hopley, 1994: International Consortium
for Great Barrier Reef Drilling, 2001; Hopley and Davies, sitiieioh for publication) but
higher than the rates determined by Flood (1983) and Davies (3983hfer that there
is variation in subsidence within the GBR province as alewwith a possible NS trend,
with higher rates of subsidence occurring in the Nortbplely, 1982; Davies and
Hopley, 1983; Graham, 1993).

3.7 Conclusions

The windward reef at Lizard Island was initiated digecn a granite basement
approximately 6.7 cal kyr BP at a depth of 4.5 m below #af flat. The windward
margin at Lizard Island approached modern day sea levebxapyately 4 cal kyr BP.
The leeward reef at MacGillivray was also initiatededity on a granite basement
approximately 8.2 cal kyr BP at a depth of 15 m below thiflegeand approached sea
level only within the last 500 years (260 to 80 cal yr BPe Windward margin was
initiated by 7.6 cal kyr BP and approached modern day seadppedximately 5.6 cal
kyr BP. Rates of vertical accretion ranged from 1.4.8rb kyr' at MacGillivray and
0.5 to 1 m kyt* at Lizard Island. Higher rates of accretion wer@eissed with the early
stages of reef growth between 8.1 and 5.6 cal kyr BP. \Wigereefs approached within
2 m of modern day sea level the rates of verticaleticor slowed to 1.4 m kjr None
of the cores penetrated the Holocene-Pleistocene ntorcoity. The absence of
Pleistocene reefal deposits in the MacGillivray carneggests that the shelf may have
subsided by at least 15 m since the last interglacial.t Antare drilling, vibro-coring
and seismic profiling is needed (specifically in the remthand far northern GBR
province) to explain the models of reef evolution we @gvéere.
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Plate 4.1 Rodrigues Island, Southwestern Indian Ocean/(btiawifs.gsfc.nasa.gov/cgi/landsat.pl)
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Chapter 4

Coral Reef Sedimentation on Rodrigues and the Western Indian Ocean

and its Impact on the Carbon Cycle

Reference: Rees S.A., Opdyke, B.N., Wilson, P.A. and L.K. Fifi¢kD05) Coral Reef
Sedimentation on Rodrigues and the Western Indian Oaednits Impact on the
Carbon CyclePhil. Trans. R. Soc. Lond., 863, 101-120.

4.1 Abstract

Coral reefs in the Southwest Indian Ocean coverea af approximately 18,530
km? compared to a global reef area of nearly 300,000 Kimese regions are important
as fishing grounds, tourist attractions and as a significantponent of the global
carbon cycle. The mass of calcium carbonate storddnwiolocene neritic sediments
is a number that we are only now beginning to quantiff ity confidence, in stark
contrast to the mass and sedimentation rates as=mbewth pelagic calcium carbonate,
which have been relatively well defined for decades.

We report new data that demonstrate that the reefsdtigres, like those at
Reunion and Mauritius only reached a mature state (readwedevel) by 2 to 3 ka—
thousands of years later than most of the reefs inAtisralasian region. Yet, field
observations show that the large lagoon at Rodriguedréeady completely full of
carbonate detritus (typical lagoon depth < 1 m at lovingptide). The presence of
aeolian dunes at Rodrigues indicates periodic exposurespiggoons throughout the
Pleistocene. The absence of elevated Pleistocenaepestits on the island indicates
that the island has not been uplifted. Most Holocemdsrare between 15 and 20 m in
thickness and those in the Southwest Indian Ocean appds consistent with this
observation. We support the view that the,GlOx associated with coral reef growth
acts as a climate change amplifier during deglaciatidaing CQ to a warming world.
Southwest Indian Ocean reefs could have added 7-10 % tglaolisl flux during the

Holocene.
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4.2 Introduction

Coral reefs represent an important resource to cazatiahs providing sources of
food, building material and revenue through tourism andath&rium trade (Naimet
al., 2000; Spaldinget al., 2001). They also provide natural coastal defenses and are
regions of high biodiversity (Bellwood and Hughes, 2001). Tdedth and survival of
reefs around the world are undoubtedly already under tHreat point-source
pollution, terrestrial run-off, increased turbidity, destive fishing practices and coral
bleaching associated with increases in sea surface temgsrgiNaimet al., 2000;
Robertset al., 2002; McCullochet al., 2003; Cole, 2003; Sheppard, 2003). In addition,
projected anthropogenic increases in atmospheric carbaitdilevels (C@atm) pose
threats to reef systems through acidification and wagrof the surface tropical oceans
(Gattusoet al.,1999; Gattuso and Buddemeier, 2000). These effects are hypethesiz
promote decreases in the aragonite saturation state ohtezeand hermatypic coral
calcification rates (Kleypast al.,1999; Langdoret al., 2000). Since the discovery that
oceans are a major sink for atmospheric,CfBe processes that control the marine
CaCQ budget have become the focus of much scientific atgrgpecifically the role
that the oceans might play in mitigating future anthrop@y€0; increases. The main
reservoir of CQ in the oceans is biogenic carbonate sediments (ergl mefs and
pelagic foraminiferal-nannofossil ooze).

Herein a coral reef is defined as the calcium carbosedenent (rock, sands and
muds) generated by coral and coralline algae calcificatibith remains as solid
CaCQ and is not dissolved. Corals and coralline algae produzscaum carbonate
skeleton by calcification (Equation 4.1),

Equation 4.1 Calcification

Ca?" + 2HCO5; = CaCOs3+ CO, + H,0

where 2HCQ is bicarbonate, CaGQs calcium carbonate, GGs carbon dioxide. It
can be seen from Equation 4.1 that,G©released as a byproduct of calcification. The
stoichiometry of Equation 4.1 holds true in freshwater dhelh one mole of COis
released per mole of CaG@eposited, however in the marine environment, only ~0.6
mol CG; is released to the atmosphere per mole of Ga¥posited because of the
buffering effect of seawater (Wolast al., 1980; Wareet al., 1991). In the marine

environment the remaining 0.4 mol of the £fOrmed is recombined with carbonate
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ions and water to form bicarbonate which remains invtager (hydrogen carbonate;
Equation 4.2; Zeebe and Wolf-Gladrow, 2001),

Equation 4.2
CO2a)

~Y 0.6 mo available for release to tl
Ca’* (ag) + 2HCO3aq) —> CaCOs (g + HO(ag) + CO2aq) atmosphere

Calcification

COxag) + CO5” (ag) + H2O@aq) > 2HCO3 ()

0.4 mo recombines to form aqueo
hydrogen carbonate

where 2HCQ is bicarbonate, CaGQs calcium, CQ@ is carbon dioxide and GO is
carbonate ion.

The fate of the remaining 0.6 mol of €8 under debate; Ghas been measured
passing across the air sea interface in the field @waPacific reefs (Gattuset al.,
1993; 1999; Frankignoullet al., 1994). Determination of this flux for reefs worldwide
and over a variety of time scales has yet to be addgugwentified, however the
current consensus is that reefs are a source eft€@he atmosphere (Barket al.,
2003).

The present flux of coral reef G@ the atmosphere is relatively small 0.02 — 0.08
Gt C as COyr! (Wareet al., 1991), however reef growth and flux of €@ the
atmosphere may be important on geological time scBexgér, 1982a; 2004b; Opdyke
and Walker, 1992). The response of reef growth to sea mseemay have played an
important role in the global carbon cycle on glacmérglacial timescales through the
basin to shelf partitioning of the global Cafx@servoir (Milliman, 1974; 1993; Berger,
1982a; 1982b; Keir and Berger, 1984; Opdyke and Walker, 1992; Opdyke, 2@00). A
sea level rose and flooded the continental shelves gluieglaciation, large shallow
areas became available for colonisation by coral ré&dsults from predictive global
habitat model experiments suggest that the area poterdgiedlyable for coral reef
colonization expanded by about 400 % between the lasaglaeximum (LGM) and
today (Kleypas, 1997). In order to remain in the photic z{iee maintain the
photosynthetic process of their algal symbionts ataaimmum) reef corals respond to

sea level rise by growing vertically upwards and ultinyapgbducing the magnificent
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structures easily visible in tropical regions today. Timerglacial increase in reef
carbonate sedimentation as a consequence of increasednagdation space created
by sea level rise should therefore have released aastibStquantity of CQ to the
atmosphere. This reef-released JLC&hould act as a positive feedback mechanism to
amplify deglacial atmospheric GGncrease and induce further warming, ice melt and
continued sea level rise. This is the basis of theak®eef Hypothesis (CRH, Berger,
1982a; Berger, 1982b; Keir and Berger, 1984; Opdyke and Walker, 1992jtifdng

the Holocene reef response to deglacial sea levelgiseucial if we are to a) fully
understand the global carbon cycle and predict possilbleef CQ scenarios and b)
predict possible future responses of reefs to anthropaigninduced sea level rise,
temperature rise and oceanic saturation states.

Presently the mass of the shallow water carbomatrvoir is not well constrained
(Opdyke, 2000) and the predictive IPCC (Houghetral., 2001) global carbon cycle
models do not contain a coral reef component. Estsnate Holocene CaCp
accumulation have been obscured by inaccurate estimétg®bal reef area and
dubious extrapolation of present day production values intblofmcene (Chavet al.,
1972; Milliman, 1974; 1993; Smith, 1978; Schlanger, 1981; Keir anddBel984;
Kinsey and Hopley, 1991; Opdyke and Walker, 1992; Iglesias-Rodrgjuglz, 2000).
Calculation of the mass balance of global reef caateohas been complicated by use of
different datasets, different assumptions regarding manipaladf the data and
inclusion of non-reef areas (Milliman, 1993). In light ohprovements in our
understanding of the stoichiometry of the calcificawacess and subsequent release
of CO, to the atmosphere (Waet al., 1991; Gattuset al., 1993; 1999; Frankignoulle
et al.,1994; Barkeet al.,2003) an increase in the number of Holocene drill cores and
guality of the reef area estimate (Spaldetal., 2001) it now necessary to re-evaluate
the contribution of reefs to Holocene atmospherie €ahcentration.

This chapter aims to i) investigate the evolution ofRloelrigues reef system; ii)
quantify the mass balance of reefal carbonate in théhBest Indian Ocean using
accretion rates calculated from geological data; @pdestimate the contribution of
Southwest Indian Ocean reefs to the global massdmlaf reef carbonate accumulated
during the Holocene and possible subsequent release 0foQ@e atmosphere, using
geological data from reef sequences taken both fronpubéshed literature and the

most comprehensive reef area estimate to date.
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4.3 Regional Environment

4.3.1 The Southwest Indian Ocean.

Early studies of the reefal formations in the Indiare&rcinclude those of Darwin
(1842), Sewell (1935) and Gardiner (1936). More recently geologivaktigations
have focused on Mayotte (Figure 4.1; Guilcletral., 1965; Colonnaet al., 1996;
Camoinet al., 1997; Dulloet al., 1998), Madagascar (Guilcher, 1956; 1958, Battistini,
1964; Camoinet al., 2004), the Mascarene Islands (Pichon, 1967; Faure and
Montaggioni, 1970; Montaggioni, 1970; Montaggioni, 1988; Montagg#&m Faure,
1997; Camoiret al., 1997; Camoiret al., 2004), the Seychelles (Braithwaig al.,
2000; Camoinet al., 2004), the Maldives (Stoddart, 1966; Davetsal., 1971) and
Aldabra Atoll (Stoddart and Yonge, 1971).
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Figure 4.1 Locations of coral reefs in the Indian Ocgaadified after Stoddart (1973); drafted by Kate
Davis).

The main sites of reef development in the Westedih Ocean are the Chagos-
Laccadive ridge, the Mascarene Plateau followed by thag&@fy Maldive and

Laccadive archipelagos (Stoddart, 1973). Seismic profiling etuidi the region have

89



Chapter 4 Coral Reef Sedimentation on Rodrigues and tegedndian Ocean and its Impact on the
Carbon Cycle

revealed reef carbonate thicknesses of up to 1.7 kthédo€hagos Bank, 1 km for Saya
de Malha and under 1 km for Amirantes and the Seych@escis and Shor, 1966;
Davies and Francis, 1964; Shor and Pollard, 1963; Mathews anesD&966), similar
to some Pacific atolls (Stoddart, 1973). These thick liorestaccumulations that form
atolls and submerged bank chains cap older volcanic struchaiedy in the north of
the Western Indian Ocean (Sheppard, 2000). The barrieriagth§ reefs further south
surround younger volcanoes for example, Mauritius and Baurithe bulk of reef
carbonate accumulated in Pleistocene and Holocens.time

In detail, the pattern of Holocene reef growth in aegivegion is sensitive to a
number of factors (e.g. substrate type, substrate momgphdlarbidity, terrestrial run off
and availability of larval recruitment centres). bititely, however, growth is controlled
by the creation of accommodation space through the codhkiffiects of hydroisostacy
and eustasy on regional sea level rise. The islahtlsecSouthwest Indian Ocean are
considered reliable sites for reconstructing eustatcleeel change because of their
relative tectonic stability during the Holocene and distafrom former ice-sheets
(negligible post-glacial hydrostatic rebound; Peltier, 19%mheck, 1993; Camoiet
al., 1997; Camoiret al., 2004). Sea level rise in the Southwest Indian Oceamgluri
Holocene transgression has been investigated using reetal@s at Reunion (La
Saline), Mauritius (Pointe aux Sables), Mayotte (Pamalsiizi), Madagascar (Grand
Récif, Toliara) and the Seychelles (Anse aux Pinshé&)l¢Camoiret al. 1997; Camoin
et al., 2004) and a submersible to study the fore slopes of MayBt®nnaet al.,
1996; Dulloet al., 1998). Sea level in the Western Indian Ocean was appabedy
110-115 m below its present level between 18 — 17 kyr BP (Qaebal., 2004). The
foreslopes of Mayotte record a rapid sea level riseesponding to meltwater pulse
MWP 1A at around 13.5 kyr BP similar to that identified bgirBanks (1989) in
Barbados and Bareit al. (1996) in Tahiti. However, Camogt al. (2004) did not find
sufficient evidence to support the occurrence of a skecoeltwater pulse, MWP 1B.
Sea level curves constructed using drill core data from iasyr Reunion, Mayotte,
Seychelles and Toliara indicates that, between 10 &nkly7 BP, sea level was rising at
approximately 6 mm ¥, after which the rate decreased to 1 — 1.5 muytil it
stabilised at its present level around 3 to 2.5 ka (Camioad., 1997; Camoiret al.,
2004). Thus, the Holocene sea level curve constructed usihgodes from Mauritius,
Reunion and Mayotte shows a continuous rise in sea iledighating that these small
oceanic islands subsided with the ocean floor as arbeadepressed by the increased
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volume of the water resulting from ice sheet melakdda and Lambeck, 1991,
Lambeck, 1993; Camoiet al.,2004).

Elevated reefs have been described from the Africast Eaast, the Red Sea,
Christmas Island, Madagascar, the granitic Seychellestl@dsouthern Seychelles
(Aldabra, Assumption, Astove, Cosmoledo, St Pierre@, Mascarenes, Mozambique
Channel, Southern shores of the Persian Gulf, We#t, |8di Lanka, Western Australia
and Indonesia (Stoddart, 1973; 1984; Pirazzoli, 1991; Eisenkbaaér 1993; Camoin
et al., 2004). Camoiret al., (1997) suggested that evidence for Holocene emergence
was missing from most Southwest Indian Ocean islantlbpugh evidence for
Holocene sea level high stands has been found elsevihethe Indian Ocean on
Madagascar, Farquhar Atoll and the Cocos-Keeling Islawdso{roffe et al., 1990;
Camoin et al., 2004). Camoinet al. (2004) attributed this regional variability to
differences in the response of the underlying substrdteetimcrease in water volume in
the ocean basin. As such the smaller islands (famele, Reunion and Mauritius)
subsided with the depression of the ocean basin as I oéghe increase in water
volume caused by the melting of polar ice, hence tremoievidence of higher sea
levels on these islands. Whereas the larger micrtreams (for example, Madagascar)
and the continental coasts (for example, Kenya and Moizg@ae) did not subside with
the ocean basin and as such recorded the redistriboftidre melt-water with a late

Holocene high stand recorded by coral growth.

4.3.2 Rodrigues

Rodrigues is located at latitude 19°43’S and longitude 63°25’tBeirSouthwest
Indian Ocean and features the best developed reefsiM#scarenes (Figure 4.2;
Montaggioni and Faure, 1980). Early reports on the geolodyodfigues gave brief
descriptions of the basalts and the general morpholodiynestone deposits (Higgin,
1849; Balfour, 1879; Snell and Tams, 1920; Lacroix, 1923). McDoegall. (1965)
were the first to examine in detail the volcanic natofehe island and the raised
limestone deposits reported by Balfour (1879). The island (~18.®kg and 6.5 km
wide) is surrounded by an almost continuous reef rim appréeiyn@0 km long and
constitutes a reef area of approximately 206.Krhe width of the reef flat ranges from
50 m in the north east to 2 km in the south west and escdoskallow (0.5 mto 4 m at

low water springs) lagoon, which measures from 50 m to 8 kia (fFigure 4.2).
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Figure 4.2 Map of Rodrigues showing locations of windwardad® 17) and leeward (8,14,15 and 18)
drill holes (black dots) and prominent algal ridge (gsbgding). Key: 1-Basalt (most of the island), 2-
aeolian dunes (mainly on Southern and Eastern co8stsjpdern reef flat, 4-lagoon channels (modified
after Faure (1974); drafted by Kate Dauvis).

The island rises from an elliptical submarine platf@pproximately 30 x 50 km across
at the 100 m water depth contour (McDougdllal., 1965; Uptonet al., 1967). The
submarine platform is thought to have been formed byflawes in the early Pliocene
that gave rise to a complex shield volcano which wasesplesntly truncated by marine
erosion to give the form of a guyot (McDougall al., 1965; Uptonet al., 1967;
Montaggioni, 1974). It has been suggested that this truncatedrpiatbuld have been
covered by an extensive coral bank (Gardiner, 1936; Ugtt@h, 1967). Rejuvenation
of basaltic lava flows built a small volcano to thast of the centre of the submarine
plateau between 1.5 — 1.3 Ma (McDougallal., 1965). The island presently reaches a
maximum height of 396 m at Mt Limon. The origin of thedRgues ridge upon which
Rodrigues Island is located is still debated (Mckenzie afate3¢1971; Morgan, 1978;
Bonnevilleet al., 1988), however it is agreed that Rodrigues does not havenen@n
origin with the other Mascarene Islands because it do¢die on the track of the

hotspot that created Mauritius and Reunion.
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Faure (1974) suggested that the channels which form discibiesnin the reef
rim (for example, Port Mauthurian Channel and Port Sud &st)be separated into
three morphologically distinct types; passes; outfaliel outer creeks; and reef
channels, inner creeks and reef pools. These discdms@mrmed by the erosion of
river valleys during the Pleistocene regressions gaveaisgographic highs and lows,
which subsequently became accentuated by Holocene reefhgrbaure (1974) also
noted the abundance of alcyonarians on the reefdtatouter slopes of the reef and a
reduction in erect branching corals within the reef chanaeds concluded that these
result from high turbidity and increased hydrodynamic energspectively.
Montaggioni (1974) reported spur and groove morphology (25 to 3@sne&low sea
level) on the outer slopes of high-energy windward tsobst noted its absence on
leeward sheltered coasts. Na@nal. (2000) describes depressions of between 15-45 m
diameter with depths of 6-10 m within the wide southerrd fie¢. The reef flat is
compact at the outer edge and is comprised of mainly edgal-flagstone and the outer
slope forms a steep wall down to approximately 10-25 m depéhne it meets a skeletal
sandy floor around most of the island (Faure, 1974; Montagdi974).

Within Rodrigues lagoon there are several small islandbe south and west of
the main island (Hermitage, Crab and Booby) which, like tmain island, are of
volcanic origin. The action of the south east trade simdirrents and swell has led to
the formation of several sand cays and banks (CoaalyS Combrani and Pierrot)
within the lagoon which only rise slightly above the lagsarface (Uptoet al.,1967).
There is no evidence of raised reef deposits on Rodrigukdilke other islands in the
Southwest Indian Ocean, a pattern of general and singeaubsidence during the
Holocene is assumed (McDougatl al., 1965; Uptoret al., 1967; Montaggioni, 1974).
Early reports suggested the presence of coralline limestprio 150 m above present
sea level on Rodrigues (Snell and Tams, 1920; Balfour, 1878yvettr, other
investigations have revealed this to be a cross beddedtdinee consisting of well
rounded bioclasts such as foraminifera, gastropod and echmoftagments of
probable Pleistocene age (McDougatllal., 1965). This aeolian deposit is formed on
the basalt basement along the south and east codsks isfand (Figure 4.1 and Plate
4.2) and is as much as 20 m thick in places. It was probaligetl during the
Pleistocene regressions (between 80-40 ka and 30-20 ka) byutieE2st trade winds
blowing carbonate sand generated by erosion of Pliestoeehdrom the lagoon onto
the island (Montaggioni, 1974). Gardiner (1936) suggested thatteday Holocene
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lagoon sediments are being transported in this way duringgslonv tides. The aeolian
limestone was only observed to occur up to 62 m abovéegehby McDougalket al.,

(1965) and has undergone considerable erosion inland culnginatan series of caves
and shallow holes. Today the aeolian limestone provadédding material for the island

population.
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The South-East trade winds usually occur between Jush®atober with speeds
of 7-10 km hi*, producing swells of up to 2 m amplitude (Naémal., 2000). During
the rest of the year winds are generally lighter armtlpce swells less than 0.5 m
amplitude. Rodrigues lies within the tropical cyclone belll is occasionally subject to
cyclones from the NNE with winds of 180-250 km'hgenerating swells of up to 6 m
height. Islands in the Southwest Indian Ocean are sudgect to long wavelength
austral swells from the south (Stoddart, 1973; Netiral., 2000). Tides are semidiurnal;
the spring tide range being approximately 1.2 m (Farrow aadd@r, 1971).

4.4 Materialsand Methods

In 2001 a field expedition to Rodrigues as part of 8ieals of Capricorn
programme recovered five drill cores using a portable hydratiiling rig with 7 cm
diametre tungsten and diamond tip drilling heads (Figure ZI&. portable drilling
system was designed to take cores right on the margheatef front, in areas that are
accessible only at low tide. The drilling gear and engwmese towed out to the drill
sites on the falling tides and drilling only took place duriog tides. In fact, at
windward locations drilling was only possible during spring twes. In the north east
(core 10) the coring was initiated within 3 m of the deep @ntpSt Francois passage,
in what is now a head coral facies, within the typstaf zone. Core 15 in the north was
also taken within metres of the drop off into the passagiee same facies. In the south
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east, core 17 was taken on the windward side of thedlatgal ridge, within the surf
zone, about 15 metres from the reef front. In all, t@oes were recovered from the
windward margin (cores 10 and 17), with a maximum depth oftpioen of 4 m. Four
cores were recovered from the leeward margin (8, 14, 15wih8je the maximum
depth penetration attained was 4.2 m. Recovery ranged2fsaim 63 %. The drill cores
were photographed and logged. Thin sections were made andinedam
petrographically. Radiocarbon dating was performed ccted corals from the base of
each core interpreted to have grown situ and to be free from intraskeletal
contamination. Accelerator Mass Spectrometry (AMS) wamdertaken at the
department of Nuclear Physics, the Australian Nationaivéisity. The dates were
corrected for isotopic fractionation, the marine resereffect (Indian OceanR= 153
+ 24) and converted to calendar years using the CALIBpdogramme (Stuiver and

Reimer, 1993). Errors are reported to 1

4.5 Reaults

The radiometric dating results suggest that Rodrigues eggdroached sea level
between 3.1 + 0.3 cal kyr BP and 1.3 + 0.2 cal kyr BP (T4lle In fact, the windward
margin apparently grew to within 2.5 m of present daylesesl by approximately 2.7 +
0.2 cal kyr BP (core 17). The leeward margin approached rmat#s sea level more
recently between 1.3 + 0.2 cal kyr BP (core 18, 2.2 m depttl)2.4 = 0.3 cal kyr BP
(core 14, 1.1 m depth). Rates of vertical accretion ferttip 4 m of the cores range
from 0.46 — 1.96 m ki (Table 4.1).

Table 4.1 AMS Radiocarbon dating results and accretios.rAgges corrected for isotopic fractionation
and the marine reservoir effeetR= 135 * 24) using the CALIB 4.4 Software programme (Stuvier and
Reimer, 1993). Accretion rates were calculated assumzegaage at the top of the core. DBS, depth
below surface; CA, conventional radiocarbon age; EQAirenmentally corrected ages; AAR, average

accretion rate.

Lab code Core Margin DBS CRA ECA AAR
no. (m) (kyr BP) (cal kyr BP) (m kyr?)
ANUA2225 8 Leeward 1.4 2.565+0.184 2.062+0.228 0.68
ANUA2226 10  Windward 3.7 3.371+0.182 3.052+0.258 1.2
ANUA2227 14 Leeward 1.1 2.856+0.182 2.366+0.260 0.46
ANUA2228 15 Leeward 4.2 2.642+0.184 2.147+0.210 1.96
ANUA2229 17  Windward 2.5 3.056+0.182 2.714+0.218 0.92
ANUA22210 18 Leeward 2.2 1.758+0.179 1.332+0.182 1.7
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The cored reef sequence ranges from 2 to 4.2 m thick andotlidenetrate the
Holocene-Pleistocene unconformity (Figure 4.3).
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Figure 4.3. Core logs for Rodrigues windward (10 and 17) anchtelef8, 14, 15 and 18) drill holes.

The cores from Rodrigues reveal four facies types; al@bgal bind-stone of
branching coral rubble and situ massive corals heavily encrusted and bound together

by coralline algae; a frame-stone of largersitu massive coral heads with occasional
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red algal crusts, and a pack-stone facies comprising reddmenching coral rubble
encrusted with coralline algae and packed together inié s@iss of poorly lithified
(grey brown) sediments and a rubble facies of loose k@gobranching coral rubble.
The bind-stone and frame-stone facies are found in dhetores whereas the pack-
stone facies is only present in those taken from tinelward margin. The cores from
windward margins are dominated by branching coral wherease tfrom leeward
margins contain significantly more coral heads. Thedward cores are composed of
coral-algal bind-stone and branching coral pack-stone fagigs small volumes of
branching coral rubble, the cores are virtually sand f&gnificant percentages of
coralline algae were found in core 17 at 2.7 m depth and1l¢be¢ 3.2 m depth. The
leeward margin cores (8, 14, and 15) were composed of n@ndy-algal bind-stone,
massive coral frame-stone and small volumes of bragchibble and sand. Core 18,
considered the true leeward core contained frame-stwhdiad-stone facies but was
dominated by sand.

4.6 Discussion

The radiometric dating results indicate that the Rp@s windward margin
approached within two metres of present day sea level apmpately 3 cal kyr BP
whereas growth along the leeward margin lagged by aboutal Kyr, only reaching
modern day sea level approximately 1.3 cal kyr BP. Thetss dae consistent with the
growth stabilisation event recorded on other Southwelah Ocean reefs of around 3
ka (Camoiret al.,1997; Braithwaitest al.,2000; Camoiret al.,2004) and the sea level
curves constructed for the region by Cameiral. (1997), Colonnaet al. (1996) and
Camoinet al. (2004). Furthermore, it appears that the approach to mddgreea level
of reefs in the Southwest Indian Ocean lagged behind tlidke Bacific Atolls and the
Great Barrier Reef, which typically reach sea lewatineen 6 and 4 kyr BP. This lag
may be a reflection of sea level behaviour in the difie ocean basins. Sea level rise is
believed to have stabilised around 5.5 to 5 kyr BP in thdi®and 6 kyr BP in the
Great Barrier Reef (Hopley, 1982) whereas in the Southimdsin Ocean sea level
stabilised only relatively recently (~3-2.5 kyr BP, Camegii al.,2004). The observation
that the windward margin approached present day sea lefak bhe leeward at
Rodrigues is consistent with global observations of tesfelopment (Daviest al.,
1985) and is believed to be associated with higher wave yemerghe windward
margin. The abundance of fast-growidgropora corals out-competing the slower
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growing massive corals in this region also contributefaster accumulation rates on
windward margins. Since reaching present sea level the gRedrireef margins have
probably prograded laterally particularly on the leewardgmaand much of calcium

carbonate produced by the reef today is transported tdéltlews lagoon, which is now

nearly full of sediment (it is possible to wade consatiée distances at low tide).

Rates of vertical reef growth within the top 4 m of Redrigues cores range from
0.46 to 1.96 m kyr' (Table 4.1). These slow rates of accretion are sinhilahose
observed from drill cores from other Southwest Indimean reefs of 0.4 to 1.1 m Kyr
(Montaggioni, 1988; Montaggioni and Faure, 1997; Canatial., 1997; Braithwaiteet
al., 2000). These slow rates are probably related to themmagfins being exposed to
increasing hydrodynamic energy conditions as they appedlamodern day sea level,
which led to an increasing abundance of wave-resistanslbut growing coralline
algae (Davies and Hopley, 1983; Adey, 1986).

The facies distribution observed in the Rodrigues ddlles is related to high
hydrodynamic energy as reefs approached modern-day sééHgnee 4.3) within the
last 3 kyr BP, the climax or growth stabilisation stafiee windward cores (10 and 17)
contain predominantly branching coral bound by thick layérsonalline algae and
poorly lithified sediments (coral-algal bind-stone andkpstone). The predominance of
slow growing coral-algal bind-stone facies of low porosiithin the top 4 m of cores
10 and 17 suggests a high-energy environment. The faciebuwtistni for the top 4 m of
Rodrigues cores is similar to that reported from Mauwg;tMayotte, Reunion and the
Seychelles although the degree of encrustation by corallyze is much higher in the
windward Rodrigues cores (Montaggioni and Faure, 1997; Cambial., 1997,
Braithwaiteet al.,2000). Camoiret al.,(1997) commented that the facies distribution in
the Southwest Indian Ocean reefs contrasts with th@aabbean and Pacific reefs in
that the branching coral facies predominates over thed bead facies throughout the
Holocene. Caribbean and Pacific reefs commonly exhibitcaession from branching
to massive coral head facies in the upper section ¢ ne@esponse to higher energy
conditions near the surface (Davies and Hopley, 1983g€ertal., 1994; Caboictet
al., 1995). All cores from Rodrigues contain massive coral h@adhe upper 4 m,
suggesting a similar facies succession to that found itnthe Pacific and Caribbean.
The lack of coral head facies and coralline algae & dbres from the Mauritius,
Reunion and Mayotte may reflect the fact that thesescwere drilled in moderately
exposed sites and up to 250 m behind the reef front whered®otlrigues windward
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cores were taken from an extremely exposed coast twdbe reef edge (Camoat al.,
2004).

Some authors have suggested that algal ridges are alm®anSduthwest Indian
Ocean reefs, possibly related to lower energy conditthnring the Holocene (Camoin
et al., 1997) or because seasonal shifts in the wind directiorepteatiese reefs from
receiving the constant surf necessary to construct thigheenergy features (Stoddart,
1973; Milliman, 1974; Camoiet al., 1997; Naimet al., 2000). However, a relatively
large algal ridge is prominent on Rodrigues on the windwaadgim between St
Francois Channel and Grande Passe which is one of ds¢ spectacularly well
developed algal ridges in the world. This ridge is most prooed where the reef is the
narrowest, in the central section of the eastermstcolrhe algal ridge then becomes
broader and less pronounced in the south east, wheregh&end leaves the coast of
the island and moves south towards Grande Passe passagé7ovas drilled within
this facies (Figure 4.2). The morphology of the algal ridg&adrigues is intriguing
because it appears as a very smooth ridge running pacatled¢ tshore and reef front,
with an elevation of approximately 1 m above the preseaf flat. It is located
approximately 7 m behind the present reef slope drop off whepyh be a consequence
of the reef growing laterally seaward since reachinglesesl. The reef probably grew
up to present sea level and the locus of maximum wave\efece created the present
algal ridge. Algal ridge structures have also been reporbed tine St Brandon Shoals,
Mahé in the granitic Seychelles and Chagos seaward ratsf fEheppard, 2000;
Jenningset al., 2000; Stoddart, 1973; Rajkumar and Parulekar, 2001). The presence or
absence of algal ridges in the Western Indian Ocearolsaply related to variations
with respect to the consistency of the south eadé tnands within the region. The reefs
of Rodrigues, St Brandon Shoals and the Seychelles dez the influence of the south
east trade winds for on average 3 to 4 months a year asheeefs further west
(Mauritius and Reunion) are only influenced by the southteadé winds for less than
one month a year (Stoddart, 1973).

The presence of large aeolian dunes on the southerreastern coasts of the
island suggests relatively arid conditions prevailed aslesee| fell and lagoonal sands
were exposed and mobilised. The width of the reef flRadrigues ranges from less
than 50 m in the east to 2 km in the south, compared tdlaegfidths of Mauritius and
Reunion of 25 m and 150 m respectively (Cametiral., 1997; Montaggioni, 1988).
Rodrigues has similar reef flat width to that of Magotthere Pleistocene reef deposits

99



Chapter 4 Coral Reef Sedimentation on Rodrigues and tegedndian Ocean and its Impact on the
Carbon Cycle

have been recovered at 21.5 m below surface (Guikehat., 1965; Camoiret al.,
1997). Indeed both Balfour (1879) and Davis (1928) commented thardkent reef
flat is too large to have been formed during the Holoceneand suggest that present
reef may cap a succession of reef generations. THecdrgs at Rodrigues did not
penetrate any Pleistocene deposits but we assume thaHdlocene-Pleistocene
unconformity occurs around 20 m depth on the basis of whHatosn from Mayotte,
Mauritius and Reunion (Montaggioni, 1988; Cameinal., 1997; Montaggioni and
Faure, 1997). The regional sea level curve indicates ¢hdesel was approximately 22
+ 3 m below present sea level at 9.1 kyr BP (Canatial., 2004) and drill core data
indicate that the initiation of reef growth at Maurtiand Reunion on the volcanic
basement was slow. However reef initiation at Maybtgan suddenly and quickly on
the karstified Pleistocene surface. This differencanitmation style and rate is possibly
due to substrate type. Corals readily colonise karstcagfand as such it might be
expected that the initiation of the Holocene reef atlfigues would show the same
pattern as that for Mayotte. If we assume Rodrigueslward reef growth was initiated
at approximately 9.5 kyr BP and accreted 20 m of carboediment by 3 + 0.3 kyr BP
(3.7 m depth), the reef would have accreted at an avessgyefr2.2 m kyi*. This value
is broadly consistent with average Holocene rateseffaccretion for Reunion (1.75 m
kyr 1), Mauritius and Mayotte (2 m kyf) (Camoinet al., 1997) and the Seychelles
(0.97-1.6 m kyr"; Braithwaiteet al., 2000). This rate was probably achieved by fast-
growing Acropora corals, which were replaced by an algal dominated fa@wh
vertical accretion rates of less than 2 m Ryms the reef approached modern sea level.
There is no evidence of raised beach deposits, emergaldbcaievated intertidal
notches in the aeolianites at Rodrigues, implying that island was not subject to
higher sea level stands during the Holocene. The lacklefated Holocene reef
deposits on mid-oceanic islands in the Southwest Ind@@a®suggests that they were
not influenced by hydroisostatic effects to the samenéxse the continental margins
(e.g. Africa) and microcontinents (Madagascar) during rtiost recent transgression
(Camoinet al.,1997). The submarine plateau at Rodrigues is approximately 3dden w
and 55 km long at the 100 m contour (McDouegalhl., 1965) and as such it is possible
that coral veneers could have colonised the slopes gflatl®rm around 18.4 kyr BP
and possibly formed significant accumulations between 488.5 kyr BP. This large

platform is undoubtly the site of accumulation ofgjarvolumes of carbonate sediment
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(in the form of a leeward accretionary wedge) shed leysreresently at sea level
(Davies, 1983).

4.7 Quantification of SW Indian Ocean Reef CaCO3; Sediment

Many of the published marine Cag®udgets use coral reef production values
(estimated by alkalinity method) to calculate corafr€aCQ accumulation and
subsequent C{release (Chavet al.,1972; Milliman, 1974; 1993; Smith, 1978; Kinsey
and Hopley, 1991, Iglesias-Rodriguet al., 2000). However converting present day
production values into accretion rates and using theragresent reef accretion in the
late to mid-Holocene is subject to large errors. Extedpwm present day values of coral
reef production to calculate a marine Ca@@dget over a full glacial-interglacial cycle
IS subject to gross inaccuracies because the loci ates rof neritic CaC®
sedimentation has varied greatly during the recent degitatiginsey, 1981; Daviest
al., 1985; Maclntyre, 1988; Montaggioni, 2000). Other Ca®@dgets include non-reef
and low productivity (lagoon) areas e.g. ooid shoals andbooate dominated
embayments, which have obscured the coral reef catitib(Milliman, 1974; 1993;
Smith, 1978; Opdyke and Walker, 1992). A more accurate wastitoate global coral
reef CaCQ@ accumulation is to measure changes in well-dated ceedl sequences
(Schlanger, 1981; Opdyke and Walker, 1992). Accumulation ratega @onservative
estimate of past coral reef accumulation ang §&ration because they only represent
retained CaC@(Kleypas, 1997) whereas use of production values fails douat for
less productive areas and potential erosive loss (Smitliasdy, 1976; Smith, 1978;
Hubbardet al.,1990; Milliman, 1993).

Using a collection of reef cores from the publishedditere, and the new data
from Rodrigues reported herein, it is possible to esartize average accretion rate and
average duration of accretion for Southwest Indiana@ceeefs. We calculate that
Southwest Indian Ocean reefs were accreting at amgaeate of 2.88 m kyt for an
average duration of 5032 years. This rate calculated fosdlhwest Indian Ocean is
higher than the average rate of sedimentation fofs,remid shoals and carbonate
embayments estimated by Opdyke and Walker (1992) of 1.6 it kprmalised to 5
kyr.

Reefs in the Indian Ocean cover an area of approxima&800 ki of which
mid oceanic fringing reefs and atolls in the Western dndODcean account for
approximately 18,530 kfr(Spaldinget al.,2001). Unfortunately, we could not find any
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data pertaining to the Holocene growth history of reefshenAfrican continent, Red
Sea and Arabian Seas. This may be due to their poor dewbmmn inaccessibility
(Stoddart, 1973).

The rate of sea level change during the last deglacidtas varied across the
globe because of geoid and tectonic deformations (LamhetkChappell, 2001). It
would be inaccurate to assume all the reefs in the ®estindian Ocean responded to
Holocene sea level rise in the same way, therefaeonly calculated the mass of
CaCQ using a reef area estimate associated with oceanid isteefs where accretion
rate data was available. This should give a good inditaifothe mass of Holocene
CaCQ accumulated by reefs within the Western Indian Oceztause the oceanic
island and atoll chains (the Mascarenes, the Chabesyialdives and Laccadives) are
the main sites of extensive reef development in thet&¥ve Indian Ocean (Stoddart,
1973).

The average Holocene accretion rate for Westernaindicean reefs was
combined with the most up to date and comprehensive reekatigaate for oceanic
islands in this region of 18,530 KiiSpaldinget al.,2001) to calculate a mass of CaCO
accumulated within the Western Indian Ocean during thiedéne (Equation 4.3).

Equation 4.3 M =CAD* AAR* RA* D* APRS

M is CaCQ mass balance, CAD is corrected average duration, AfeRarage
accretion rate (m ky), RA is reef area (kfii, D is density of CaCgX(g cn?), APRS is
average porosity reef sediments. The average densiggbfock CaC@is 2.9 g cm
with an average porosity for reefal sediments of 5tHeépley, 1982).

In order to put the average accretion rate into a Hamgeerspective, it is
necessary to apply a correction factor to accountherfact that although reefs in the
Western Indian Ocean were actually growing from approxindt ka to 0 ka (Camoin
et al.,1997; Montaggioni and Faure, 1997; Braithwaitel.,2000), there was a peak in
reef growth when the majority of reef Cag®as laid down. The calculated duration of
accretion at any one point on the platform is only 5 K¥ynis requires a rate calculated
over a smaller duration (corrected average durationb8@)/9000 = 0.6, this indicates
that any given platform surface was accumulating at dterage accretion rate
calculated from the dataset for approximately 60 % oftithe. For the other 40 % of
the time of actual growth between 9 ka and 0 ka the meefs probably growing at a
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much slower rate during the initiation and catch up to Iseal stages of reef
development. The mass of Cag&cumulated by ocean islands in the Western Indian
Ocean is estimated to be approximately 217 Gt Ga®@r 5,032 years during the
Holocene, corresponding to a flux of CaCiBto reef sediments of 4.3 x £onol yr.

This flux is small in comparison to the global carldenfluxes estimated by previous
authors using a variety of methods and including non-reef@amments (Table 4.2).

Table 4.2. Previous global flux estimates of Cg@fib reefs by various authors.
Author Year Global flux of CaCginto
reefs (16° mol yr?)

This study (Western Indian Ocean only) 0.043
Opdyke 2000 1.7
Milliman 1993 0.5
Opdyke and Walker 1992 1.4-1.9
Kinsey and Hopley 1991 1.1
Schlanger 1981 0.8
Smith 1978 0.6
Hay and Southam 1977 1.3

Assuming that 0.6 mol CQis released per mole of Cag@id down in the
marine environment (Wolastt al., 1980; Wareet al., 1991) it is estimated that
approximately 2.6 x I® mol yr* CO, was released by Western Indian Ocean reef
calcification over 5,032 years. At present, quantificabdnhe proportion of this CO
that passed across the air sea interface in the trggnedow marine environment to
result in an increase in Holocene atmospherig Gidcentration has yet to be measured
(Gattusoet al., 1993; 1999; Frankignoullet al., 1994; Barkeret al., 2003). If we
assume that all 0.6 mol of G@vailable for release were transferred to the athrersp
Western Indian Ocean reefs could have contributedast 57 Gt C©(0.003 Gt C as
CO, per year) to the atmosphere during the peak in their gr@@#4h kyr). It is
important to note that this value is conservativestBir it does not include drowned
reefs and those reefs which are yet to reach sea &vainerged limestone banks in the
Western Indian Ocean cover an area of approximately 140, 9®QStoddart, 1973).
These drowned banks and atolls presently lie at watehsletbetween 8-20 m, and
hence could have been sites of significant reef graduiting the early Holocene in
keeping with ReefHab model results which predict thatbal reef area during

deglaciation would have been much more extensive phawiously thought (Kleypas,
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1997). The discovery of reefs older than 10 kyr (submerged;ndxa and uplifted) adds
to a growing body of evidence to say that coral reefg Inaae played a significant role
in contributing to atmospheric G@rior to 10 ka. Firstly corals may be more thermo-
tolerant than previously thought and thus could have flbedsuring the deglaciation
before being outpaced by rapid melt-water pulses of sed dse which occurred at
approximately 11 ka and 14 ka (Montaggioni, 2000). Secondly, dfiate does not
include contributions from reefs fringing the African doant and the Red and Arabian
Seas. Thirdly, early and late Holocene reef accrafommitted because the estimates
only include contributions over the 5 kyr period of peak ett@n. For example, present
day reef flats produce on average 4 kg Ca@®yr* (Smith and Kinsey, 1976) of
which only 25 % is transported offshore, the rest accatesllas sediments within
lagoon systems (Hubbamt al., 1990). Previous mass balance calculations have not
included data from the Western Indian Ocean although e@rsaapproximately 11 % of
the global reef area today (Milliman, 1974; 1993; Kayanne, 1998as recently been
suggested that lagoonal and leeward accretionary wedge @atioms of carbonate
sediment reflect higher CaG@roduction during the Holocene than that presently
estimated by extrapolating present day production valuesthetgast (Ryaret al.,
2001). Using accumulation rates from reef drill coresasservative because they
record only sediments retained by reef framework. Howekie large accumulations of
sediments in lagoons and leeward accretionary wedges subgge€aCQ production
must have been much higher than that seen today an@tbatied by drill cores. These
accumulations may effectively have doubled the reef &yeaccretion in the early
Holocene (Ryaret al., 2001). Nevertheless, it is important to emphasize éhiah the
geologically significant C@release estimates associated with even these edtarekes
are dwarfed by the rates of current anthropogenic relea€€, of 6.3 + 0.4 Gt C as
CO; yr* (Houghtonet al., 2001; Western Indian Ocean Reefs released approximately
0.003 Gt C as COyrY).

4.8 Conclusions

The Rodrigues windward margin approached present day sea Ilével a
approximately 3 kyr BP, with the leeward margin reachieg level at about 1.5 kyr
BP. The facies and rates of accretion for the top df iRodrigues reef are consistent
with a high-energy environment dominated by slow growingliioeaalgae. There is a
prominent algal ridge feature on the windward reef fldicating persistent high-energy
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conditions probably related to the south east trade swifithe large aeolian dune
deposits on the Southern and Eastern coasts of Rodmglieate that the modern day
Holocene reef probably caps an older Pleistocene reddckhne accretion rates from
drill cores in the Western Indian ocean together witeef area estimate of 18,530%km
(Spaldinget al., 2001) indicate that oceanic islands in the region havenadeted at
least 217 Gt CaCfxduring the Holocene. From first approximations, this megresent
approximately 10 % of the global total for this period and sstggdat Western Indian
oceanic island reefs could have released approximately 5Z0ztto the Holocene
atmosphere. These estimates are calculated fromvedyatiew published drill cores
from the region and it is clear that there is aydagap in knowledge relating to the
evolution of Holocene reefs in the Indian Ocean. Afgreanderstanding of reef growth
and area in this region is required before a truly aceymature of CaC@accumulation
in the region can be established.
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Chapter 5

The Impact of Coral Reef CaCO3; Accumulation on Holocene

Atmospheric Carbon Dioxide Concentration.

Reference: Rees S. A., Opdyke, B. N. and P. A. Wilson (manuscsipbmitted
06.08.05) The Impact of Coral Reef CagCAccumulation on Holocene Atmospheric

Carbon Dioxide Concentratiolobal Biogeochemcial Cycles

5.1 Abstract

We present a re-evaluation of the contribution of lo@ef-derived carbon dioxide
(CO,) to the Holocene atmosphere. Our new estimates nsdkef accretion rate data
from cored coral reef sequences that we have compited the published literature.
The cumulative calcium carbonate (Caff@ccumulation within coral reefs globally
during the past 10 kyr BP is 7970 Gt (~ 0.1 Gt C'yabout half the flux of carbon to
both the global ocean from rivers and buried in deegeg@ents as CaGOThis mass
of CaCQ accumulation would have made approximately 2100 Gt @@ilable for
release to the atmosphere over the Holocene. Yetplbserved natural increase in
atmospheric C@concentration 10 kyr BP to pre-industrial revolutioomy a fraction
of this amount. The rate of this natural flux (~0.06 G450CQ yr 7 is dwarfed by the
anthropogenic flux of C©to the atmosphere (currently ~ 6.3 Gt C as @0). Present
day reefs release only about 0.3 % current anthropogenssiems and even the peak
Holocene reef flux amounted to only 1.4 % of present ddyapbgenic release.

5.2 Introduction

Ever since ice core records have demonstrated the clwselation between
changes in atmospheric @@oncentration and temperature on glacial-interglacial
timescales, the cause of the £gDhange has become the focus of much debate (Barnola
et al., 1987; Petitet al., 1999; Shackleton, 2000). Many mechanisms have been
hypothesized to explain the changes in atmosphericad@centration over the glacial-
interglacial cycle (Archeet al.,2000). However, no one mechanism appears capable of
fully explaining the magnitude of the observed changesmospheric CQ in the ice
core and sedimentary record (Broecker and Henderson, $#fi8an and Boyle, 2000;
Houghton et al., 2001). One of the hypotheses put forward to help explain the
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magnitude of the deglacial increase in atmospherig €@he Coral Reef Hypothesis.
This hypothesis proposes that the expansion and accelerdtioaral reef growth
during deglaciation acts as a positive feedback on atmosp8€©, concentration
because Cois released as a bi-product of calcification (Berger, 198282b; Berger
and Killingley, 1982; Opdyke and Walker, 1992; Walker and Opdyke, 1R@¥ypas,
1997; Opdyke, 2000; Ryaet al.,2001; Vecsei and Berger, 2003).
In the marine environment, upon calcification about 0.6 ofdCG; is liberated

per mole of solid CaC{deposited (Equation 5.1a). As a consequence of the buffering
effect of seawater, the remaining 0.4 mol of d@rmed recombines with carbonate
ions and water to form bicarbonate (hydrogen carbonab&}hwemains in solution
(Equation 5.1b; Waret al.,1991; Zeebe and Wolf-Gladrow, 2001).
Equation 5.1

(calcification)

_7 COxag)’
C&2+(aq) + 2H CO3-(aq)_» CaCOS (s) + Hzo(aq) + COZ(aq)

CO2ag)” + CO5”(a) + H2O(aq) > 2HCO3 (e

In Equation 5.1, 2HC® is bicarbonate or hydrogen carbonate, Ca@Ocalcium carbonate, GQs
carbon dioxide and Cf) is carbonate iorf 0.6 mol available for release to the atmosph*éﬁeé.l mol

recombines to form aqueous hydrogen carbonate.

The fate of the 0.6 mol of CQeleased has been debated. In many field studies on
reef ecosystems, Ghas been measured passing across the air sea inteyféloe
atmosphere (Smith and Pesret, 1974; Smith and Jokiel, 19t8sGettal., 1993; 1996;
1997; Frankignoulleet al., 1996, Kawahatat al., 1997; 1999; 2000; Suzulat al.,
1997). In some others the @ux appears to be in the opposite direction (atmospher
to ocean) (Kayanneet al., 1995; Yamamuroet al., 1995; Kraineset al., 1997;
Chrisholm and Barnes, 1998). This apparent fundamental péswe reflects the
overall health of the ecosystem being studied (Gattisd., 1999). CQ absorption is
expected in the case of unhealthy, stressed fringing egfesed to high nutrient
concentrations and turbidity (often the result of ampligenically induced terrestrial run
off and pollution). These polluted reefs are not represiest of the natural global
picture of Holocene reef growth because the stresssidcommunities are dominated
by non-calcareous photosynthesising green algae. These allgaeb CQ during
photosynthesis thus potentially drawing down the, €@ncentration in surface waters
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(Gattusoet al., 1999). Additional field studies are needed to refine thaupacof CQ

flux across the ocean-atmosphere interface for efltggpes worldwide over a variety of
time scales to incorporate, for example, seasoraigds (Frankignoullet al., 1994).
However, healthy coral reefs are a source of €@Qhe atmosphere and we assume that
all of the CQ produced by coral reefs is made available to the atmasgaeuation
5.1) and passes across the sea-air interface actingingk being equal, to increase the
atmospheric C@concentration (Waret al., 1991; Opdyke and Walker, 1992; Gattuso
et al.,, 1993, 1999; Frankignoulle and Gattuso, 1993; Frankignaetlla@l., 1994;
Kawahateet al.,1997; 2000; Barkeet al.,2003; Reest al.,2005).

5.2.1 A Note on the Coral Reef Hypothesis

Some authors have dismissed the Coral Reef Hypotagsisprocess contributing
to the deglacial atmospheric €fse observed in ice core records because it is sea-level
led and thus cannot explain the initiation of deglagsra(Mylroie, 1993; Broecker and
Henderson, 1998). But to some extent this misrepresemtbybothesis as originally
conceived because it was initially proposed as a posi@edback mechanism on
deglacial increases in the concentration of atmospl@@dgc as follows. As sea level
rose and flooded the continental shelves during the latiaiatpn, large shallow areas
became available for re-colonisation by coral reefertler to remain in the photic zone
(to maximise the photosynthetic processes of their afyahbionts) reef corals
responded to sea level rise by growing vertically. Duraadcification, CQ was
released lowering the surface ocean pH, the increaseeipattial pressure of GO
resulted in CQ escape to the atmosphere. The accommodation spatedciksasea
level rise allowed an increase in reef carbonatérsatation. This would have made a
substantial quantity of COavailable to the atmosphere amplifying the deglacial
atmospheric C@increase and inducing further warming, ice melt and contiseed

level rise.

5.2.2 Carbonate Budgets

Recent renewed interest in the role of the basishtdf fractionation of carbonate
during glacial interglacial cycles requires the massuizad of coral reef carbonate be
confidently quantified (Ridgwekt al.,2003; Coxalket al, 2005; Marchittcet al., 2005;
Ridgwell and Zeebe, 2005). Currently, most carbon cycle bsdgetnot include a
breakdown of the pelagic and neritic carbonate resesnend fluxes (Sigman and
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Boyle, 2000; Houghtoret al., 2001). Many studies have attempted to estimate the
contribution of calcium carbonate (CagQo the global carbon budget (Milliman,
1974, 1993; Hay and Southam, 19%mith, 1978; Berger, 1982a, 1982b; Kinsey and
Hopley, 1991; Kayanne, 1992; Opdyke and Walker, 1992; Milliman angl&rd 996;
Kleypas, 1997; Opdyke, 2000; Vecsei and Berger, 2003; Vecsei, 2004beRalk,
2005). Yet, the size of the Holocene shallow water cat®reservoir is still not well
constrained (Opdyke, 2000; Iglesias-Rodrigae¢zal., 2000; Vecsei, 2004a; Ridgwell
and Zeebe, 2005). Various methods have been employed ttatakglobal Holocene
CaCQ budget (see Vecsei, 2004a for a review). Most budgets have cadmuilated
using either i) CaC@sediment accumulation rates estimated from thedigtaphic
record (Opdyke and Walker, 1992; Opdyke, 2000; Rataal., 2001) or ii) modern day
reef productivity values measured using the alkalinity me{Bmith, 1978; Kinsey and
Hopley, 1991; Vecsei and Berger, 2003; Vecsei, 2004b). Howetenatss of CaCg@
fluxes, both production and accumulation have unceisgiaif at least 100 % (lglesias-
Rodriguezet al.,2000). Most uncertainties arise because various authorhbdvétle
choice but to i) manipulate recycled data of variable guahid resolution and ii) make
assumptions regarding the proportion of Ca@@duction that is retained within a reef
(Milliman, 1993).

5.2.3 Extrapolating Growth and Productivity Rates

Many budgets are inaccurate because they rely on dateofity a few regions of
the globe and extrapolate either production or accuronlatte data from one reef
province to another where no data are available. Fangea Milliman (1974) used
CaCQ deposition rates mainly from the Caribbean (Floridahdnas, Bermuda,
Jamaica, British Honduras but also Western Austraid ldawaii) to represent global
Holocene reef growth. This approach does not give adequatd gtmlerage because it
grossly under-represents the largest reef province in thiel vihe Indo-Pacific. Vecsei
(2004a) extrapolated production estimates from i) Eastfi@aeef flats to represent
reefs of the whole Pacific Ocean except the GreatiBaReef, ii) Southwest Indian
Ocean reef flats to represent all Indian Ocean reets iii) Atlantic fore-reefs to
represent all Indo-Pacific reefs. While the practiceertirapolation in this way may
have been necessary in the past it is clearly not loksmuse reef growth has varied
significantly in response to various factors including v‘ames in sea level rise,

substrate type, antecedent topography, sea surface temmperattrients, wave energy,
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light, turbidity, aragonite saturation state and larve¢ruitment (Kleypas, 1997,
Montaggioni, 2005; Lambeck and Chappell, 2001).

5.2.4 Productivity vs Accumulation

Various CaC@ budgets have used reef production values (estimated by the
alkalinity method, Smith and Kinsey, 1978) to calculateaktref CaC@accumulation
and consequent CQelease to the atmosphere (Cha&teal., 1972; Milliman, 1974,
1993; Smith, 1978; Kinsey and Hopley, 1991; Iglesias-Rodrigtie#., 2000; Vecsei
and Berger, 2003; Vecesi, 2004b). Productivity values represezdtammate of CaC®O
formedin situ during a specific time interval. Subsequently a fractibthis produced
CaCQ is lost because of erosion and dissolution and thésrwsy amount to 20 to 25
% of the carbonate produced (Hubbatdal., 1990; Milliman, 1993). But in practice
reef carbonate losses are still very poorly defined ¢iipfidleypas, 1997). The practice
of extrapolating modern day coral reef production valumés the past to calculate a
marine CaC® budget over a full glacial-interglacial cycle is alékely to be
misleading because of the effect of changes in ltdee and rates of coral reef
sedimentation during transgression (Kinsey, 1981; Dasteal., 1985; Kinsey and
Hopley, 1991; Montaggioni, 2000). Finally, implied vertical growates estimated
from net productivity rates are often substantiallydowhan accumulation rates seen in
the sedimentary record and may be in error by up to §&/%th, 1983; Davies and
Hopley, 1983). For example, the modern day accumulation irdéered by the
alkalinity method is approximately 3 m Kycompared to rates measured in reef cores
of up to 8 m kyi* (Davies and Marshall, 1980; Davies, 1983).

Milliman (1993) suggested that the key problem in estimatiegsttallow water
carbonate budget is documenting tbei and rates of production and accumulation
during the Holocene. A more conservative way to eséamedral reef CaC®
accumulation is to use accretion rates calculateth fradiometrically dated coral reef
cores, as opposed to productivity estimates. Accretesrrepresent only retained
CaCQ (net production) and are thus more representative ofOgacumulation
during the Holocene (Smith and Kinsey, 1976; Schlanger, 1981; Odyké&Valker,
1992; Reeet al., 2005). This method allows an estimate of the Ca@@ss balance to
be made from actual rates measured in the stratigraptucdrevoiding questionable
extrapolation temporally or spatially if one uses saell curves or predictive models.
Accumulation rates measured in the geological recay umderestimate the maximum
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potential reef accretion rate by up to 40 % (Davies anddypP83). Recently, Vecsei
(2004a) proposed that assumptions regarding the carbonatentcdfo) of reefal
sediments may lead to overestimates in calculatibas utilize accretion rate data.
Logistical problems associated with reef drilling and raditric dating mean that reef
growth is measured over relatively few points which mayd&i estimation of the
CaCQ mass balance (Hopley, 1982).

5.2.5 Variation in Holocene Accumulation Rates

Accumulation rates estimated from radiocarbon datedscfor late Holocene reef
sequences are slower than those for the early to wioeene. For example, modern
day accretion rates of 1.3 to 4.2 mkyn Panama contrast with rates of 7.5 to 10 m
kyr in the mid-Holocene (Glynn and Macintyre, 1977; Davies, 1988),at One Tree
Reef (Great Barrier Reef) early to mid-Holocene admmetates of 3 to 7 m kyr
contrast with current rates of 3 m RytKinsey, 1979; Davies and Marshall, 1980).
During the early Holocene, reefs catching up with sea leselwere generally covered
with at least 5 m or more of water. Therefore, alen&action of the CaC®produced
was lost to erosion caused by wave action near theus&ece and a greater fraction of
the sediment produced became incorporated into the reefwst than today. As reefs
approached modern day sea level the amount of accomomdptce is decreased and
excess production is transported leeward. The sedim@niately forms lagoonal sands
and leeward accretionary wedges (Rgaal.,2001). Reefs presently at sea level do not
accrete vertically because there is no space lefaicmmmodate this direction of
growth. Instead the dominant vector of accretion on modeefs is lateral. The
majority of the CaC@produced on modern reef flats is eroded and transportedrigew
where it is responsible for infilling lagoons and creaigeward accretionary wedges.

5.2.6 Global Reef Area Estimates

Past estimates of coral reef Ca&zcumulation during the Holocene have been
obscured by outdated estimates of global reef area anmhdlusion or exclusion of
non-reef areas such as carbonate banks and carbonatethnl embayments (Chase
al., 1972; Milliman, 1974, 1993; Smith, 1978; Keir and Berger, 1985; Kinsey and
Hopley, 1991; Opdyke and Walker, 1992; Iglesias-Rodrigteal., 2000; Vecsei and
Berger, 2003; Vecsei, 2004b). For example, Smith’s (1978) ceebhrea estimate (6 x
10° km®) was derived simply from estimates of shallow wateto(B0 m) areas in
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tropical regions, whereas Milliman (1974) calculated dglokef area (1.4 x f&m?) as

the area of reported atolls globally multiplied by tplas the area of the Great Barrier
Reef and the Bahamas. Neither of these two estinsatesn accurate estimation of
actively calcifying reefs of the present day and no ctimedor changes in reef area
was applied when these estimates were extrapolaiethm Holocene (Milliman, 1974,
1993; Smith, 1978). The most comprehensive reef area estimadate is that of
Spaldinget al. (2001) of 2.843 x 10kn? calculated using remote sensing techniques
and navigation charts. Spaldiagal’s (2001) reef area estimate defines the area of reef
near the sea surface shown on charts as breakingswidreereef flat and crest. This
estimate is conservative with respect to Ca@Ddget studies because it does not
include submerged reefs (drowned), reefal shoals, drownts] lsgoons or fore-reefs.

5.2.7 Our Approach

We present a new calculation for the global Holocearml reef CaC® mass
balance using published coral reef accumulation rate @hts.reassessment is made
possible by i) the increase in the volume and geographis@rage of accumulation
rate data available in the published literature and ii) €ve global reef area estimate of
2.843 x 10 kn? (Spaldinget al., 2001). The consequent flux of & the Holocene
atmosphere resulting from coral calcification is eatsd using the seawater buffering
factor (~0.6 mol CQ released for every mole of Cag@id down in the marine
environment) established by Waseal. (1991). We ignore the suggested slight increase
in this factor since the LGM (Frankignouk al., 1994). The present study improves
upon past estimates of the Holocene coral reef Ga@@ss balance and potential
release of C@to the atmosphere because it i) uses data from thegieall record
representative of reef growth during the Holocene (rbpolated present day values)
and ii) provides both a temporal and spatial perspectivheoflux of CaCQ into reefs

and release of CQo the atmosphere.

5.3 Materialsand Methods

Information regarding the ages‘C and U-Th) and depths of coral material
(interpreted as being in growth position when coredjnfrover 300 reef drill cores
(from 133 reefs worldwide) were compiled and manipulatedaioulate coral reef
accretion (growth or accumulation) rates throughoutHbtcene. Accretion rates are
calculated by dividing the thickness of the carbonaterssad by the time interval over
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which the sediments were deposited. The accretioneatiesated here relate to vertical
reef growth and are expressed in myin order to reduce errors associated with use
of second hand recycled data, we calculated accreties flom radiometric ages and
depth values, (the ‘raw data’, in each publication) tauensonsistency in methods of
calculation. Here, a ‘reef’ is defined as a three dsmnal structure comprised of
calcium carbonate sediment (rock, sands and muds) getebgt calcification of
scleractinian corals and coralline algae in the tropmoakine environment which
remains as solid CaG@nd is not dissolved, it does not include non-reef habftat
example, banks, platforms and carbonate dominated embtsyifitgeset al., 2005).
Reef accretion is defined as the sum of the operatwstructional and destructional
processes, net framework production (Davies and Hopley, 1983).

5.3.1 Calculation of the Global CaCO; Mass Balance
The mean accretion rates calculated were used toagstithe mass of CaGO
using Equation 5.2 (Rees al.,2005).
Equation 5.2
M=R*A*D*P

In Equation 5.2, M is the mass of Cag@rcumulated; R is the mean accretion
rate (m kyt'); A is reef area (kA) estimated from Spaldingt al. (2001); D is the
average density of coral reef Ca£@.9 g cnT, equivalent to 1.4 x £aqy CaCQ m3;
Kinsey and Hopley, 1991); P, the average porosity of caefl sediments is 50 %
(Kinsey and Hopley, 1991; Ryaat al.,2001).

5.3.2 Coral Reef Area

Various authors have used estimates of coral reetareaculate the global coral
reef CaCQ budget (Milliman, 1974, 1993Smith, 1978; Kinsey and Hopley, 1991;
Opdyke and Walker, 1992; Kleypas, 1997; Opdyke, 2000; Vecsei am@rB&003;
Vecsei, 2004b; Reex al.,2005). The magnitude of the coral reef area estimatesdiepen
on the author’s definition of coral reef area (Figbrg). To estimate the area of coral
reef authors have to decide which definition most apprgtyidescribes the part of the
reef they are interested in. Previous estimates 1@l ceef area are probably reasonably
correct however, accurate quantification of the glatsbonate budget can only be

achieved if the appropriate definition of coral reef asaased.
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"A" Zone - Extended Reel Area, of interest to fisheries

| "B" Zone - Integral Reef Area, of interest to geologists,
coastal planners

"C" Zone - Near Surface Reefs, of interest for tourism,
navigation, defence, and studies of maximal productivity

Figure 5.1 Three different definitions of “reef area'nffrByanet al, 2001). Zone A, the extended reef
area, is of interest to fisheries. Zone B, intege#f area which includes thick deposits of calcium
carbonate, is of specific interest to geologists, gemists, and coastal planners. Zone C, the central and
shallowest zone, is the near surface reefs thatasity imaged by satellite and is the definition used by
Spaldinget al. (2001) to estimate global reef area.

The present day coral reef area estimate used is a@dulrom remote sensing
and navigation charts (Spaldieg al., 2001), the reef flat area was defined as the dark
areas around a reef within a 1 %grid (see definition C, Figure 5.1 or definition C,
figure 3 in Spalding and Grenfell, 1997; Spaldetgal., 2001). This estimate defines
areas that are presently at the sea surface andnitludas the reef flat and crest areas
but not lagoons or leeward accretionary wedges. Spattirad’s (2001) estimate is
conservative because lagoon and leeward accretionary wedgges often contain
comparable amounts of Cag@® the reef margins (Ryaet al.,2001; Dickinson, 2004).
To allow regional comparisons of the response of reeftiyto sea level change to be
made, global reef coverage was divided into six reef presinGreat Barrier Reef
(GBR); Western Pacific Ocean (WPO); Atlantic-Carilbbbe@AC); Western Indian
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Ocean (WIO); Eastern Indian Ocean (EIO) and Easifie&cean (EPO; Figure 5.2;
Table 5.1).

Table 5.1. Reef area estimates used in the mass balalxgations® The Great Barrier Reef area
estimate is calculated using the Australian reef asémate from Spaldingt al. (2001), minus the area
of Ningaloo, the Houtman Abrolhos Islands, Christmaanidland Cocos-Keeling Islands (Sheppard and
Wells, 1988).” The East Indian Ocean reef area estimate is the $uwebareas of Ningaloo reef,
Houtman Abrolhos Islands, Cocos-Keeling Islands ands@hais Island (Sheppard and Wells, 1988).

Reef Province Reef Area (x 1km?)
Great Barrier Re€f 4.492
Western Pacific Ocean 9.894
Atlantic Caribbean Ocean 2.055
Western Indian Ocean 1.853
East Pacific Ocean 2.68
East Indian Oceah 4.04

Only reef area estimates (A) of those regions for winggresentative accretion
rate data were available were used to calculate the €a@€s balance (Table 5.1). The
global reef area calculated by Spaldetgal. (2001) is 28.43 x T0kn?; the total area
used in this study is 18.97 x “LBn?. This leaves 9.464 x {kn? of reef area not
represented, of which Indonesia is the largest unrepresenta (5.102 x fokn?).
This highlights the need for more drilling investigationsrldwide to be carried out in
areas not presently adequately represented with respeatragi@n rates, for example,
Indonesia, the Philippines and the East Pacific (Figw@e 5.

Data pertaining to Holocene coral reef growth on tifricAn continent, Red Sea,
Arabian Sea, Indonesia, Philippines, Brazil, Sri Lanka ladlia could not be found in
the published literature, hence these regions were atdodexl from our mass balance
estimate. Only sparse data were available for the IBd&n Ocean and East Pacific
Ocean. There are few drilling investigations relating ® time interval preceding 10
kyr BP. This is probably because many older reefs welanerged during the
transgression (for example, Barbados, Fairbanks (198@ndGCayman, Blanchoet
al., (2002)) and are therefore too deep to drill using small pertiidling rigs (Caboich
et al.,2003).
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The data available for reef growth before 10 kyr BP comm fuplifted reef terraces
(for example, Huon Peninsula, Chappell and Polach, 1991) amandful of deep
drilling studies (for example, Tahiti, Bart al., 1996). Reef growth during this time
interval is inadequately represented in the published tlitexacompared to the
Holocene, therefore we have not attempted to estimaizsa balance of CaG@r the

early deglaciation (19 — 10 kyr BP).

5.3.3 Calculation of Accretion Rates

Reefs are thought to grow most aggressively and extensalelyg their
windward margins (Davies and Marshall, 1980). The datasepitsminhere includes
data from both windward and leeward margins because bk area estimate of
Spaldinget al. (2001) represents shallow reef flat and crest areastbftbe leeward
and windward margins. Use of only windward margin accretiatesr would
overestimate the mass of Cagf@ccumulated. To be conservative we use mean
framework accretion rates, calculated from both windwand leeward margins. In
addition to sea level rise accretion rates are afteby environmental factors including;
substrate type; substrate availability; nutrient avditgbilarval recruitment; light;
turbidity; temperature; aragonite saturation state anhityalDavies et al., 1985;
Blanchon and Shaw, 1995; Kleypas, 1997; Montaggioni, 2005). Rectmlpotential
for single drill cores through modern reef flats to mepresent the accretion history of
an overall reef mass was elegantly highlighted in @&sesf numerical modelling
experiments of reef architecture (Blakeway, 2000; Blancaod Blakeway, 2003).
However, these studies conclude that there is littideace in the published literature

that reef coring artificially exaggerates accreticesa

5.3.4 Manipulation of Radiometric Ages

During the compilation of our new dataset it becamardbat very few authors
have reported thetC data in calibrated years. Indeed either explicitlpyinference
most data is reported as marine radiocarbon age. Addwis have dated coral cores
using the U-Th dating technique. Problems arise in using &ucretes determined by
the two methods because of the systematic offset batthe two methodsC ages are
younger than U-Th ages) established by Bardl. (1990). It was more convenient for
the purposes of this study to convert dates expressea aivsalute time scale to marine
radiocarbon ages. This was accomplished by converting a@dbages and U-Th ages
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to marine radiocarbon ages using the plots of Stuawvet Braziunas (1993). Marine
radiocarbon ages which had been converted to terrestadibcarbon ages by
subtracting 400 years were back corrected to the origimaherages by adding 400
years.

Two methods were employed to calculate the flux of GaiGto reef sediments
and the mass of GQwailable for release to the Holocene atmosphere.

5.4 Method 1: Comparison with Opdyke and Walker (1992)

We employed a global mean framework accretion ratendderepresentative of
the Holocene as a whole and the present day reetatieaate of Spaldingt al. (2001)
to calculate the mass balance of Holocene reefuralcarbonate. This method allows
us to compare our results directly with those of Opdyhe Walker (1992) and thereby
evaluate the effect of the updated dataset on the cesélcarbonate mass balance
(Table 5.2). Opdyke and Walker (1992) calculated a mean Hwdoneritic CaC@
accumulation rate using 220 rate values normalised to 5 kgticlirfor a variety of
carbonate systems including reefs, ooids, muds and sandsst@y (method 1)
calculates a mean coral reef carbonate accretienfiatn 1764 rate values (300 coral
reef sequences) normalised to 5 kyr duration (Table 5.2).tyiheal duration of the
phase of rapid accretion recorded in most Holocene aaefs is 5 kyr (Opdyke and
Walker, 1992; Opdyke and Wilkinson, 1993; Regsl., 2005). A Holocene coral reef
CaCQ mass balance was calculated using Equation 2, the consegigase of C@to
the atmosphere was estimated using the conversion factdoughtonet al. (1994;
Table 5.2).

5.5Method 2: Temporal and Spatial Variation within the Holocene

In order to compare our estimates of coral reet @h recorded atmospheric
CO, concentrations in ice cores (Indermukleal., 1999) we also calculated regional
mean framework accretion rates for 5 time slices witlhnHolocene. It was necessary
to assign accretion rates to a suitable intervainoé twhich would allow the pattern of
accretion rate variation to be established. The Haolaogas divided into 2 kyr time
slices (10 to 8 kyr BP; 8 to 6 kyr BP; 6 to 4 kyr BP; 4 to 2Birand 2 to O kyr BP).
This reflects a compromise between the desire to obtaigh resolution record of the
temporal changes in accretion rates through the Holoaedeonstraints of the growth
rate data available from the published literature. Theaygrowth pattern exhibited by
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Holocene reefs of the Australian Great Barrier Reedpsesented by the cartoon shown
in Figure 5.3a. The schematic sigmoidal growth curve shawgnitiation period of
slow growth followed by a period of accelerated growtlemwthe reef is keeping-up or
catching-up to sea level and the final maturation phase igmbilslow accretion rates
because of a lack of accommodation space, retardatigroath and possible facies
changes induced by increased hydrodynamic energy as thappmefiches the modern
day sea surface (Figure 5.3a; Davies and Marshall, 1980; Daneeslopley, 1983).
Although, this growth curve may only be representative wiaeh growth is mainly
biologically controlled and free from external physiocalchemical influences such as
terrestrial run off or anomalous sea surface tempawt(lDavies and Hopley, 1983;
Collins et al., 1993), it is reasonable to expect that these changeswrigrate should
approximate a bell-shaped curve when accretion rates dtedpémgainst time (Figure

5.3b).
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Figure 5.3. (a) Schematic of the hypothetical sigmajdawth curve (Davies and Marshall, 1980; Davies
and Hopley, 1983). (b) Schematic of the predicted bell-shapee of the changes in reef accretion rates
during the Holocene, reflecting the hypothetical groeurve in Figure 5.3a.

5.5.1 Time Slices

One objective of reef coring has been to establish ese=l turves for various
regions of the world. These studies require that coresvarry well dated and often
provide a high resolution record of reef growth (Bardl., 1996; Camoiret al., 2004).
However, dating procedures are expensive and time consunsrgresult, many of the
drill cores taken for other purposes report relativelw feadiocarbon ages. The

radiometric data available rarely fit into the 2 kiyne slice ‘bins’ neatly. Therefore, it
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was necessary to use discretion in ‘binning’ the accretites into the appropriate time
slice. It was essential to select accretion ratgdsutated over short durations (high
resolution data). Accretion rates calculated over pex@ods of up to 4 kyr were used to
i) allow more data to be included per time slice anddi)jeduce the uncertainties
associated with usind’C and U-Th measurements over very short time intervals
(Opdyke, 2000). Accretion rates calculated over long duragomsisually slower than
those calculated over short durations. This occurs Becetes calculated over long
durations are more likely to encompass periods of hiate &nd erosional events as
well as accumulation (Sadler, 1981; Opdyke and Wilkinson, 1098yke, 2000). This
observation is important when trying to assess thenaglation of a typical mass of
sediment where one would normally use rates determowexl longer durations.
However, we required a rate most accurately repreggaticretion during a 2 kyr time
slice. If low resolution data (accretion rates calted using durations longer than 4 kyr)
are used they may artificially suppress the higher docaretates in phase Il and
exaggerate the slower rates in phases | and Ill (Bg6t8a and b). This could
potentially obscure the true pattern and magnitude of Hodoaoral reef CaCO
accumulation. Elsewhere it has been noted that é¢twlgcene (8 to 6 kyr BP) reef
accretion rates are consistently higher than thosleeofast 3 to 2 kyr BP (Davies al.,
1985; Kinsey and Hopley, 1991; Ryanhal.,2001). It as therefore important to split the
Holocene into time slices to accurately calculategibbal CaCQ@ mass balance.

5.5.2 Statistical Manipulation of the Data

Reef accretion rates vary within a core; margin; eeef between reefs in the same
reef province, it is therefore necessary to calcldatate representative of the majority
of reefs in a province for each time slice. We madéwasstatistical assumptions as
possible. Trimmed mean accretion rates, the meanlatdduafter the removal of outlier
data, were calculated for time slices where 10 or nmmate values were available
(Figures 5.4 a-f). For time slices where less than ¥values were available the true
or arithmetic mean was calculated after removal ofviddal spuriously high rates
(Figures 5.4 a-f). For example, for the East IndianaDdeme slice 6 to 4 kyr BP, 7 rate
data were available; 0.73, 0.82, 0.98, 2.4, 4.8, 7.5 and 29.3'mGgral core accretion
rates usually fall within the range of 0 to 10 mkyfherefore, the rate of 29.3 m Kyr
was considered to be unreliably high and was therefoneved before the arithmetic

mean rate was calculated to reduce potential bias isntiadl dataset by extreme outlier
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values (Figure 5.4 e). Figures 5.4 a-f illustrate the vanan the rates calculated from
the literature. Figures 5.4 a-f also highlight the needniore radiocarbon dated cores to
be obtained which will enable a statistically robusitglation of mean accretion rates
for all of the time slices within each reef provincegufes 5.4 a-f highlight those

provinces and time slices for which few accretion ratlees, if any, are available. For
example, the time slice, 10 to 8 kyr BP, is under reptedenith respect to accretion

rate values in all of the reef provinces.

The mean accretion rates calculated are not definidites representative of each
time slice for each reef province, the rates may chapgeeciably as more drill core
data become available (Figure 5.5). However, we haveatéel to take as conservative
and methodical an approach to data manipulation as posEldemethods employed
here represent a first step towards revising the carbddmalget with statistically robust
data. In total, accretion rate data from over 300 resdsceepresenting over 130 reefs

globally were used to estimate the global Holocene@zaass balance (Figure 5.6).

5.5.3 Temporal Variation in Reef Area

The area available for reef growth has changed duringdli@cene in response to
sea level rise and other environmental factors includingidity, light, salinity,
nutrients and temperature. Kleypas (1997) used a predictive njRdefHab) to
estimate the changes in area available for reef grovath the LGM to present. Results
indicate that, as the continental shelves became ftbdgesea level rise, the area
available for reef colonisation increased rapidly tmaximum at 6 ka. Between 6 ka
and present, the area available for reef colonisatioredsed slightly to between 5.84
and 7.46 x 10km” The most recent estimate of Spalditgal. (2001) suggests that
present day reef area is 2.84 X kf’. To obtain a temporal perspective of the changes
in CaCQ accumulation through the Holocene, the proportionaingks in reef area
revealed by Kleypas’s (1997) ReefHab model were used to redbéneef province
area estimates for each time slice representing tie teamid-Holocene in Method 2
(Equation 5.2). For example, the ReefHab model predietsbgtween 4 and 6 kyr BP
the area available for reef growth was 106 % of predantreef area. To calculate reef
area for the GBR for the time slice 4-6 kyr BP, thespnt day reef area for GBR from
Spaldinget al (2001) of 44917 kiwas multiplied by 1.06 to give the reef area in the
GBR between 4 and 6 kyr BP (47612%nThe aim of this step was to reduce potential
errors associated with the extrapolation of the predaytreef area estimates back into
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the Holocene when attempting to calculate the Ga@€umulated during the early
Holocene. In the early Holocene, coral growth was redusechuse either less
accommodation space was available for coral colonisdélzmge areas of substrate had
yet to be flooded by the transgression) or the rateatesvel rise was too rapid for reef
growth to keep-up.

5.5.4 Comparison with the I ce Core Records

In order to put the coral reef GQelease into perspective with respect to the
Taylor Dome ice core record, the flux of €@vailable to the atmosphere per time slice
was converted into a decadal parts per million by volumegpghange in atmospheric
CO, concentration using the conversion factor of Hougletioal. (1994; Indermuhlet
al., 1999; Figure 5.7). The Taylor Dome ice core record dataep@ted as absolute
calendar ages; so we have converted these marine mddincages using the plots of
Stuiver and Braziunas (1993). The one-way flux of coraf 0, was plotted as a
cumulative decadal change in €@pmv) against the Taylor Dome record starting from
the initial concentration at 10 kyr BP, assuming tHhatother fluxes and reservoirs
associated with the atmospheric £@pol remained constant during the last 10 kyr
(Figure 5.7).

5.5.5 Porosity

Vecsei (2004a) proposed that inaccurate porosity estinaagesne of the main
sources of error in calculating the mass of reef Ga@Chas been suggested that the
porosity of reef sediments may range from 20 to 80 % s@inand Hopley, 1991;
Hubbardet al., 1998; Vecsei, 2004a). Assuming a porosity (P) value of 50r%etf
sediments may lead to overestimates of the massa@fQOf accumulated (Vecsei,
2004a). To estimate the effect of porosity variationtlosn amount of coral reef GO
released, Method 2 calculations were carried out usingspggvalue of 77 % estimated
by Hubbardet al. (1998) for high porosityAcropora palamatapen framework (Figure
5.7).
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5.6 Results

5.6.1 Method 1: Comparison with Opdyke and Walker (1992)

Using the same method as Opdyke and Walker (1992) we calauta¢an global
Holocene reef framework accretion rate of 1.2 mi*kgr global CaC@mass balance of
1650 Gt over 5 kyr duration and estimate that coral reetddcbave released
approximately 436 Gt of C{xo the Holocene atmosphere over 5 kyr (Table 5.2). All
other things being equal, this flux would have led to an @asgen atmospheric GO
concentration of 57 ppmv, with an average flux of 0.011 ppritvoy 0.024 Gt C as
CO; per year (Table 5.2).

Table 5.2. Global Mass and Flux of CagBstimated for the Holocene (Method i%lobal Holocene
mean accretion rate calculated from 1764 accretion cateplied from published literature, normalised
to 5 kyr duration.” Sum of reef area estimates for reef provinces fromdBpaet al. (2001) and
Sheppard and Wells (1988)Mass CaC® (Gt) accumulated in 5 kyr calculated using Equation %.2.
Flux CQ, available for release to the atmosphere resulting fcoral reef calcification, calculated by
applying Wareet al’s (1991) seawater buffering factor. 5 kyr is the gendwmhtion of reef growth
during the Holocene (Opdyke and Wilkinson, 1993; Reeal., 2005).° Calculated using conversion of
Houghtonet al. (1994) of 0.478 ppmv increase per Gt C released as CO

Mean Accretion Reef CaCQ Flux CaCQ CO,inb5 kyrd Total ppmv
Rate® Area® Accumulated 10" mol yr* Gt Changé
m kyr* km? Gt
1.2 189600 1650 0.33 436 57

5.6.2 Method 2: Temporal and Spatial Variation within the Holocene

Coral reef mean framework accretion rates have vabeth between reef
provinces (spatially) and through the Holocene (tempQréfigures 5.4 a-f, 5.5 and
5.6). All provinces show a similar overall pattern of @asing accretion rates through
the Holocene between 8 and 0 kyr BP (Figures 5.5 and 5dGacretion rate data
could be found to represent the East Pacific reef proyinoe to 6 kyr BP and the East
Indian Ocean prior to 8 kyr BP. The East Pacific needvince exhibits an unusual
pattern of variation in accretion rates through theoklehe, the mean accretion rate for
the 2 to O kyr BP time slice is higher than that fa 4hto 2 kyr BP time slice (Figures
5.5 and 5.6).
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Figure 5.4 a-f. Box plots of the variation in the acaretiate data used to calculate the trimmed and
arithmetic mean accretion rates for each time shiceeich reef province. (a) Great Barrier Reef, (b)
Western Pacific Ocean, (c) Atlantic-Caribbean, (dstrn Indian Ocean, (e) East Indian Ocean and (f)
East Pacific. The accretion rates used in the maasd®m calculations are represented by dotted lines
(trimmed means) and dashed lines (arithmetic meansuriltreken horizontal line indicates the median,
if it is the same as the trimmed or arithmetic mi¢éas not shown. The inter-quartile range for eachetim

slice is indicated by the vertical unbroken lines antlesudata indicated by filled circles.

130



Chapter 5 The Impact of Coral Reef Ca@@cumulation on Holocene Atmospheric Carbon Dioxide
Concentration

11

10 - —&— GBR [e)
AAAAAAAA O WPO
9 ———wv—— AC
81 —-=m— FEP
—-—O0—— EIO

Mean Accretion Rate (m ky}

0-2 2-4 4-6 6-8 8-10

Time Slice (Marine Age kyr BP)

Figure 5.5. Variation in mean framework accretion rakesugh the Holocene for each reef province
using Method 2. Time scale is marine radiocarbon a@gR G Great Barrier Reef, WPO — Western
Pacific Ocean, AC — Atlantic Caribbean, WIO — Westadian Ocean, EP — East Pacific Ocean, EIO —

Eastern Indian Ocean.

The accretion rates of both the Western Indian Oegainthe Great Barrier Reef
are lower for the 10 to 8 kyr BP time slice than far &to 6 kyr BP time slice, similar
to the hypothetical growth curves in Figures 5.3 (Figures 5055a86). The Western
Pacific reef province exhibits the highest mean accretite(9.98 m kyt) between 10
and 8 kyr BP (Figures 5.5 and 5.6). Rates of vertical acoreixhibit a positive
correlation with rates of sea level rise in the &nfgarrier Reef, Western Pacific Ocean,
Atlantic Caribbean, Western Indian Ocean and the Eastdian Ocean (Figures 5.6 a-
e). Higher vertical accretion rates coincide withidajates of sea level rise in response
to the increase in accommodation space available ébgrewth and the need for corals
to remain in the photic zone (Figures 5.6 a-e). Ratesrtital accretion decrease as the
rate of sea level rise slows or once sea levellstatliat its modern level. Figures 5.6 a-
f indicate the importance of the rate of sea levad on the rate of reef accretion. We
conservatively estimate the total amount of Ca@Gcumulated by coral reefs during
the Holocene to be 7970 Gt (Table 5.3).

The majority of CaC@ accumulation occurred in the early to mid-Holocene
between 10 and 4 kyr BP, Cag&zcumulation during the late Holocene (between 2 and
0 kyr BP) was much less significant (Table 5.3; Figure 5. Western Pacific
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province accumulated the majority of global CaQidring the Holocene (Figure 5.7;
Table 5.3). The global mass balance of Ca@€umulated through the Holocene is a
reflection of the pattern of variation in the acwoetrates (Figures 5.5, 5.6 and 5.7;
Table 5.3). The mean accumulation rates are, to fidgroisimilar between the reef
provinces, hence the regional contributions to theadlotass balance are dominated by
the area term (Figure 5.7; Table 5.3). The flux of,@G®ailable to the atmosphere
during the Holocene ranged from 7.31 to 1.32 ¥ ol yr* (643 to 116 Gt C@per 2
kyr time slice) between 10 and 8 kyr BP and between 2 &yd BP (Table 5.4).
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Figure 5.6 Variation in sea level curves (blue) and niemmework accretion rates (black) through the
Holocene for each reef province using Method 2. (a) GBagtier Reef (modified from Thom and Roy
(1983)’s relative sea level envelope (shaded area) fon eadt Australia and Larcombe al’s (1995)
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relative sea level curve for the Central Great BarfReef, between Hayman Island and Cape Tribulation,
established using 364 radiocarbon dates from a vaofetyaterials from across the shelf), (b) Western
Pacific Ocean (modified from Caboiel al’s (1995) New Caledonian relative mean sea level curge an
Bard et al’s (1996) Tahiti sea level curve both established usingmaetrically dated coral cores), (c)
Atlantic-Caribbean (modified from Fairbanks’s (1989) Barlsa@western tropical Atlantic) sea level
curve established using radiometrically dated coral chighty et al.’s (1982) western tropical Atlantic
sea level curve established using radiometrically dateal cores from a variety of locations, Toscano
and Macintyre’s (2003) revised Lighey al.’s (1982) sea level curve based on radiometrically dated coral
cores and mangrove peat samples and Blanchon’s (2005) steispeskea level curve for the Western
Atlantic), (d) Western Indian Ocean (modified from: Zindeal's (2003) sea level curve established
using radiometrically dated coral and lagoon sedimentscioeen Mayotte, Montaggioni and Faure’s
(1997) Mauritius Island sea level curve established usingmedrically dated coral cores from Pointe-
au-Sable reef and Coloneaal’s (1996) sea level envelope established using radioniBtrilzded coral
drill cores and submersible samples from Mayotte Ref@f) East Indian Ocean (modified from
Eisenhaueet al.’s (1993) sea level envelope (shaded area) for Morley Réedlhos Islands established
using radiometrically dated coral cores. The lower casgumes the corals grew at sea level, the top
curve assumes the corals grew at depth under waterY)dadsf Pacific (modified from Curragt al's

(1969) sea level curve for the Pacific coast of Mexi€aje scale is marine radiocarbon age.

Table 5.3. Reefal CaGQAccumulated in each Reef Province per Time Slice (Mbt2p® RP, Reef
Province; GBR, Great Barrier Reef;, WPO, Westernifita©cean; AC, Atlantic-Caribbean; WIO,
Western Indian Ocean; EIO, East Indian Ocean and EPD Paaific Ocearf. Reef area estimates from
Spaldinget al. (2001) and Sheppard and Wells (198Blote time scale is marine radiocarbon age (kyr
BP).

RP? RAP CaCQ Accumulated in each Reef Province per Time Slice Holocene
10" km? Gt cacq
20 42 64 86 108 Total
Gt
GBR 4.492 135.5 324.5 472.6 474.2 302.6 1709.4
WPO 9.894 189.4 459.3 1157.8 1150.2 1832.7 4789.6
AC 2.055 63.2 108.7 199.4 178.9 191.5 741.6
WIO 1.853 32.8 99.7 147.5 169.2 108.7 557.9
EPO 0.268 17.2 11.1 41.9 0 0 70.2
EIO 0.404 2.93 29.7 32.5 32.1 0 97.3
Global 18.97 440.9 1032.9 2051.7 2004.9 2435.4 7965.9
Total

The greatest flux of COto the atmosphere occurred between 10 and 8 kyr BP
(7.31 x 16* mol yr') and compares to only 1.32 x*3@nol yr* between 2 and 0 kyr BP
(Table 5.4). The total amount of GQ@vailable for release during the Holocene as a

consequence of coral reef calcification is 2100 Gb,G&hich, all other things being
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equal would have resulted in a 274 ppmv increase in Holoaemespheric C®
concentration (Table 5.4; Figure 5.8). Use of a reef piyra$i77 % instead of 50 %

yields significantly less C&xo the atmosphere (only 126 ppmv; Figure 5.8).

CaCQ, Accumulation (Gt)

2500
Holocene Total CaCQAccumulation - 7970 Gt
Holocene Total CQReleased - 2100 Gt
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Figure 5.7. Coral reef CaG@ccumulated in each reef province during each time s$itey Method 2.

Note time scale is marine radiocarbon age.

Table 5.4. C@Available for Release to the Atmosphere during théottme (Method 2)? Note time

scale is marine radiocarbon aéssuming all C@ available for release, calculated using the seawater

buffering factor of (Wareet al., 1991), passes across the air-sea interfacgalculated assuming

Houghtonet al.’s(1994) conversion of 0.0478 ppmv increase in atmospherijoc@@entration per Gt C

released as GO

Time Flux CG CO, Released Flux CG to Flux CG to Ppmv

Slice? to Atmospheré in Time Slice  Atmosphere Atmosphglréf Change

Ky BP e oyt Gt Gt C yrt PpmVyr
2-0 1.32 116.4 0.016 0.008 15.2
4-2 3.10 272.7 0.037 0.018 355
6-4 6.16 541.7 0.074 0.035 70.6
8-6 6.02 529.3 0.072 0.035 69.0
10-8 7.31 643 0.088 0.042 83.8
Global Holocene Total 2103 274.2
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Figure 5.8. ‘Coral reef Cerelease to the atmosphere compared to the actual clmaagedspheric CO
concentration measured in the Taylor Dome ice carerde(Indermuhlest al., 1999) and the present day
atmospheric C@concentration of 375 ppmv, arrow (CDIAC, 2005), assumindcatil-reef’ derived

CO, available for release passes across the air-séaicet. Filled circles indicate the effect of adding the
cumulative decadal flux of reef released A®the Holocene atmosphere to an initial concemwtmeadt 10

kyr BP (assuming that all other fluxes and reservoirs irencanstant). The conversion factor of
Houghtonet al. (1994) each Gt C as G(Gdded to the atmosphere corresponds to an increase in
atmospheric C® concentration of 0.478 ppmv. Open triangles indicate2Bie&o framework, 77 %

porosityAcropora palmataeef CQ flux (Hubbardet al.,1998; Vecsei, 2004a).
5.7 Discussion

5.7.1 Method 1: Comparison with Opdyke and Walker (1992)

Using Method 1 we calculate a mean accretion rater(alised to 5 kyr duration)
for Holocene coral reefs of 1.2 m Kyfrom over 1700 rate values (Table 5.2). This
compares with rates calculated by previous studies of 1.Byrh from over 60
carbonate sequences (Opdyke and Walker, 1992) and 1.1 + 0.5'raskinated from
220 rate values (Opdyke and Wilkinson, 1993; Opdyke, 2000) fotoshalater
carbonate environments including reefs, ooids, carbonateamdidand. Our new mean

accretion rate is consistent with the assertion ttmtmean Holocene accretion rate is
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well above the long term average carbonate sedimergtaxcrate of 0.014 to 0.03 m
kyr? (8 to 9 x 18 mol yr' or 14 to 30 m m.yi") (Wilkinson et al., 1991; Opdyke,
2000). These high rates indicate that the increase engiatial (Holocene) carbonate
deposition is likely to significantly affect both tiearbon and alkalinity budgets of the
ocean (Tables 5.2 and 5.5; Walker and Opdyke, 1995).

Table 5.5. Previous Estimates of Holocene Average iblekitcretion Rates? Neritic faciesincluding

coral reefs, ooids, mud and sand carbonate embayments.

Reference Year Carbonate Type Average Accretion Rate
(m kyr)
Method 1 Coral reef 1.2
Opdyke 2000 Neritic faci@s 1.1+05
Opdyke and Wilkinson 1993 Neritic facfes 1.1+05
Opdyke and Walker 1992 Neritic factes 1.6
Milliman 1974 Neritic faciel 0.4

The new Holocene mean accretion rate (1.2 rifkyields a global CaCQmass
balance of 1650 Gt CaG@t a rate of 3.3 x dmol CaCQyr™* (Tables 5.2 and 5.5).
This would have made approximately 436 Gt ,Cé@vailable for release to the
atmosphere over 5 kyr, at an average rate of 0.024 Gt Oag'€ This corresponds to
a 57 ppmv change in atmospheric £fncentration at an average rate of 0.011 ppmv
yr’t. This flux estimate compares favourably with the flux0dd2 ppmv y* calculated
by Kleypas (1997) using Milliman and Droxler's (1996) current ratecoral reef
CaCQ production (0.9 Gt CaCOyr?). Kleypas (1997) estimates that coral reef
calcification could have lead to a 295 ppmv change in atneogsp8Q concentration
since the LGM. The Holocene mass balance calculatedldifiod 1 is conservative
because it i) only represents reefal Cag@0ocumulated over 5 kyr of Holocene time,
and ii) incorporates a mean accretion rate that isdompared to peak growth rates

observed during the early to mid-Holocene (Figures 5.4 d-b&5).

5.7.2 Method 2: Temporal and Spatial Variation within the Holocene

5.7.3 Accretion Rate Variation
Coral reef mean vertical accumulation rates haveegdoth within the Holocene
and between different reef provinces of the world durireg Hlolocene, in agreement
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with reef drill core literature (Figure 5.5; Daviet al., 1985; Ryanet al., 2001,
Montaggioni, 2005). The variation in mean accretion rdtesugh time (Figure 5.5) is
consistent with the hypothetical sigmoidal growth curv®avies and Marshall (1980;
Figure 5.3). Reef carbonate accumulated fastest beti®and 4 kyr BP and slowest
between 2 and 0 kyr BP (Figure 5.5). The highest accredtes for the majority of reef
provinces encompass the Holocene climatic optimum leetv@eand 6 kyr BP, the so-
called global reef initiation period around 8 ka andrnaerval of rapidly rising sea level
between 18 and 6 ka (11.25 m RyFigures 5.5 and 5.6a-f; Daviesal., 1985; Davies
and Montaggioni, 1985; Ridgwedit al., 2003; Montaggioni 2005Reef growth in all
provinces slowed dramatically after 4 kyr BP, for examglie mean accretion rate for
the Great Barrier Reef province decreased from 3.7 thixgtween 6 and 4 kyr BP to 1
m kyr® between 2 and 0 kyr BP (Figures 5.5 and 5.6a). As reefstgraithin 2 m of
modern sea level, vertical growth was inhibited by & @icaccommodation space and
increased wave stress. In the Indo-Pacific sea leveheéaits current level around 6
kyr BP (Montaggioni, 2005), reef growth response to thrslz&a seen in a decrease in
accretion rates after 6 kyr BP in the Great BarrieefRand Western Pacific (Figures 5.4
a; b; 5.5; 5.6a and b). In the Atlantic Caribbean, seal lenly stabilised relatively
recently, reef accretion rates for this reef provirfteasa relatively constant range over
the Holocene and only decrease slightly after 2 kyr(BBures 5.4; 5.5 and 5.6¢;
Toscano and Macintyre, 2003).

5.7.4 Atlantic vs Pacific Controversy

It has been suggested that, throughout the Holocene, ¢fe atthe Atlantic-
Caribbean accreted more rapidly than those of the aifeBtacific (Adey, 1978; Kinsey,
1981). The mean accretion rates computed here do not supp@tiggestion (Figures
5.5 and 5.6a-f). In fact, we find that the accretion rédeshe Western Pacific province
are higher than those of the Atlantic-Caribbean providoeng the early to mid
Holocene (10 to 4 kyr BP) ranging from 9.98 to 4.16 m'kgnd 5.02 to 3.45 m kyr
respectively (Figures 5.5 and 5.6a-f). Our findings support the thiatrthe controversy
can be traced to the erroneous comparison of accreti®s recorded in Atlantic-
Caribbean reef cores with predicted rates calculated xnapwlating present day
productivity values into the Holocene for the Westernflea&insey, 1981).

The rate of sea level rise in the Western Pacifieadovas rapid between 10-6 kyr
BP and sea level stabilized at its modern level aroungt @R, this is reflected in the
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pattern of vertical accretion rates (Figure 5.6 b) hinAtlantic Caribbean sea level rise
was slower than that of the Western Pacific Ocean guhe Holocene, modern sea
level being reached within the last 1000 years (Figures 5.6 bcanflhe slower
continual sea level rise may explain the relativebwslr reef accretion rates in the
Atlantic Caribbean compared to the Western Pacific Qcean

5.7.5 East Pacific Reef Province

East Pacific reefs show, on average, the lowest ddole accumulation rates
(Figures 5.5 and 5.6). There is a lack of drill core dat&fmst Pacific reefs prior to 6
kyr BP. This is because the majority of the shelfasren this province were only
flooded between 7 and 6 kyr BP and reef initiation appréagged transgression by
about 1 kyr (Figures 5.6a-f; Macintyed al., 1992; Corteset al., 1994). The mean
accretion rates for the East Pacific do not follow ttypothetical sigmoidal growth
curve shape outlined above (Figures 5.3a; b, 5.5 and 5.6di6ating that factors other
than sea level rise have played a significant roldetermining the growth potential of
these reefs. The factors limiting the growth potentigtast Pacific reefs (e.g. Pacific
coasts of Panama and Costa Rica) include a lack ofeml@etcarbonate structures, the
occurrence of severe El Nino warming events, annual upgedf cool nutrient rich
waters, a shallow and fluctuating thermocline, a limitednber of coral species,
turbidity and siliciclastic sedimentation and a relkely narrow continental shelf (Cortes
et al., 1994). The lack of accretion rate data for the East iPac#sulting from
environmental disturbances, reinforces the view that aeefetion is not only a

reflection of relative sea level variations (Montaggj 2000; 2005).

5.7.6 Accretion vs Productivity

The practice of extrapolating present day productivity valbask into the
Holocene has often led authors to be understandablycesrservative when choosing
values to represent past reef growth. For example, éVexsd Berger (2003) and
Vecsei, (2004b) used 1 kg Ca@®?yr (1 G) to represent productivity between 6 and
0 kyr BP and only double the modern day productivity value (24@@m?yr’; 2 G)
to represent global reef production between 8 and 6 kyr &P main phase of reef
accretion (Figures 5.3a and b and 5lB)contrast, Smith and Kinsey (1976) indicate the
mean productivity rate for modern day fore-reefs to be 4CkGQ m? yr' (4 G;
equivalent to 3 to 5 m kyrvertical accretion). It has been suggested that reefsein
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early to mid-Holocene could have exhibited production raéeser to 10 kg CaG®n*
yr! (10 G equivalent to 7 to 10 m Kywertical accretion) (Kinsey, 1981; Ryanal.,
2001). Although Vecsei and Berger’s (2003) values of 1 to 2 kgoga® yr™ (1 to 2
G), equivalent to approximately 1 to 1.5 m kyrertical growth, are in agreement with
our mean accretion rate for the 2 to 0 kyr BP timeesMe find that these low rates are
not representative of reef accretion in the earlynid-Holocene (Figure 5.5). Davies
and Hopley (1983) calculated, from reef drill cores, thalbcene accretion rates for the
Great Barrier Reef vary between 1 and 16 mt‘kyith a mode of 4 to 6 m kyr Indeed,
Vecsei (2004a) acknowledges that the Ca@f@duction of individual reefs is not well
known and that global carbonate production can only be ¢rtsiessed. Perhaps a
better estimate of production for the early to mid-Helee would be 4 to 10 G,
(equivalent to 3 to 7 m kyr vertical accretion) because the majority of the mea
accretion rates that we calculated for this time (i to 4 kyr BP) fall within this
range (Figure 5.5). Our dataset suggests that using modern privgduedilues to
estimate Holocene CaGUluxes will underestimate the true accumulation odfre
CaCQ in the early to mid-Holocene by up to an order of magieit The values that
Vecsei and Berger (2003) use to represent reef production Ca&g m?yr'; 1 G)
may be suitable for the last 2 kyr but they are nptegentative of production during
the early to mid-Holocene (between 10 and 4 kyr BP; Figle 5.

5.7.7 Spatial and Temporal Variation in CaCOs production

The pattern of variation in the mean accretion raédsulated here (Figures 5.4 a-f
and 5.5) compares favourably with the hypothetical sigatodirves of Davies and
Marshall (1980; Figure 5.3). Globally the majority of doraef carbonate was
accumulated during the early to mid-Holocene (Figure 5.M@. rEef area estimate has
the greatest influence on the final Ca0®ass balance and estimate of,GWailable

for release and this highlights the need for confidentlkemeef area estimates.

5.7.8 Our Estimates Compared to previous Budgets

The two methods employed here calculate different §lomal reef CaC@mass
balance estimatg3ables 5.3 and 5.4). This is to be expected because itipgled data
were manipulated in different ways, Method 1 used a ladlgtaset (1764 rate values
normalized to 5 kyr duration) to estimate a mean Hole@cumulation rate. Whereas

Method 2 disregards low resolution data (rates calculated durations longer than 4
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kyr) but incorporates a temporal perspective. Previotim&®s of the carbonate flux
into neritic sediments range from 0.03 to 0.23 *3*1fol yr! and our estimates fall

within the upper limits of this range (Table 5.6).

Table 5.6. Global Coral Reef CagBlux Estimates® average Holocene flux estimated to be 0.8 ®10
mol CaCQ yr. ®? Western Indian Ocean reefs onfyreef only carbonate accumulation of 0.504 **10
mol CaCQyr™.

Author Year Flux of CaCg(x 10~ mol yr")
This study Method 1 0.33
This study Method 2 0.22-1%22
Reeset al. 2005 0.043
Vecsei 2004b 0.3
Vecsei and Berger 2003 0.3
Ridgwell et al. 2003 0.03 and 0.015
Ryanet al. 2001 1.3
Opdyke 2000 1.7
Kleypas 1997 0.6
Milliman and Droxler 1995 0.7
Munhoven and Francois 1996 1.45
Walker and Opdyke 1995 2-2.3
Munhoven and Francois 1994 1.1
Milliman 1993 0.5
Opdyke and Walker 1992 1.4-1.9
Kayanne 1992 0.03
Kinsey and Hopley 1991 1.1
Keir and Berger 1985 1.4
Schlanger 1981 0.8
Smith 1978 0.6
Hay and Southam 1977 13
Milliman 1974 0.5

Our estimated fluxes of CaG@nto reefs compare favourably with previous work but
our estimates focus on only coral resénsu stricttand represent the best constrained
coral reef mass balance to date (Table 5.6). Previousbhatswe studies have included
wider neritic facies, for example, ooids, carbonate snadd sands (Milliman, 1993;
Opdyke and Walker, 1992; Vecsei and Berger, 2003). Our new é&stimgie a better

indication of the mass balance of reefal CgCG@cumulation and flux of COto
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atmosphere than previous estimates because we use i)otiee acturate reef area
estimate of Spaldingt al. (2001), ii) a larger dataset of reef only data (to whiehréef
area estimate relates) and iii) is not subject to pateetrors associated with the
practice of extrapolating modern day productivity values latckthe Holocene.

5.7.9 Glacial-Interglacial Lysocline Depth Changes

Critics of the coral reef hypothesis have argued thahats of neritic carbonate
deposition are too large to be reconciled with the deggegimentary record. Increases
in coral reef CaC@deposition leads to a reduction in the surface ocediorcate ion
concentration, which when transferred, by ocean mixinghe deep ocean leads to a
shoaling of the lysocline to restore the ocean pH. Bigpaf the lysocline increases the
area where dissolution of deep sea carbonate sedinemirso Changes in the
preservation of CaC in deep sea cores record changes in lysocline depth. During
interglacials, when coral reef sedimentation is higte depth of the lysocline is
shallower and deep sea carbonate sediments are pooryvecksConversely, during
glacial periods, when the shelves are exposed and theagadable for coral reef
growth is significantly reduced, the lysocline deepens &wsing deep sea carbonate
preservation.

Past estimates of increased neritic carbonate acctiorutance the LGM required
a change in the depth of the lysocline of between 1 anoh ZQpdyke and Walker,
1992; Archer and Maier-Reimer, 1994; Walker and Opdyke, 1995; Ridgwell.,
2003). Evidence from deep sea sediment cores reveal angavghabal glacial
interglacial (for the last 800 kyr) lysocline depth chaof@®nly approximately 0.4 to
0.8 km (Farrell and Prell, 1989). Many authors refer to tldsrépancy to refute the
Coral Reef Hypothesis (Archer and Maier-Reimer, 1994; Sigmnd Boyle, 2000).
Contrary to these assumptions, cores from the westguatorial Pacific and Atlantic
infer local lysocline depth changes of up to 2.1 km (&als1983; Berger and Keir,
1984; Farrell and Prell, 1989). The results of a coupled naddké global carbon cycle
proposed that significant rapid deepening of the lysoclinenguniterglacials may not
necessarily be preserved in the deep sea sedimentaord r@Nalker and Opdyke,
1995). These investigations call into question the assumphainthe sedimentary
record provides irrefutable evidence to dispute the magnitudieetiect of coral reef
accumulation on the global carbon cycle.
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Opdyke and Walker (1992) estimated that the flux of Cat@neritic sediments
(1.4 to 1.9 x 18 mol yr') would have caused the lysocline to shallow by
approximately 1.5 km. Here we estimate that coral ralefise could have accumulated
0.33 x 16° mol CaCQyr*during 5 kyr duration (Method 1) or between 0.22 and 1.2 x
10" mol CaCQ yr* (average 0.8 x 18 mol CaCQ yr’; Method 2) during the
Holocene (Table 5.5). Using Opdyke and Walker's (1992) modeltseas a guide we
note that our new coral reef mass balance estinvewetd have resulted in lysocline
depth change of between 0.5 and 1 km, more consistenttwatideep sea record
(Farrell and Prell, 1989).

5.8 Unaccounted for Carbonate and Potential Sources of Error

5.8.1 Under-Represented Reef Areas

Figure 5.2 highlights the regions of the world where theepatdf Holocene reef
growth is still under represented with respect to radiomedated drill cores,
specifically Indonesia, the Red Sea and the Arabian. G reefs of the Red Sea,
Arabian Gulf and Gulf of Aden comprise an area of appnasgly 2.16 x 1 kn?
(Spaldinget al., 2001), Indonesian reefs cover approximately 5.102 “<kf. These
areas, which account for approximately 26 % of globalaeed, are not included in our
coral reef CaC@mass balance. Kinsey and Hopley (1991) estimated th&dteSea,
South East Asia and the Persian Gulf currently producex3B® t CaCQ yr (3.2 x
16® mol yr?), approximately one third of global Cag@®roduction, using Smith’s
(1978) reef area estimate and conservative productivity saRiegl and Piller (1999)
suggest that Northern Red Sea coral carpets accretiesraaige from 1 to 2 m Kyr
They propose that coral carpets may accumulate propaltifomore carbonate than
coral reefs because of their greater aerial extenteindtion of sediments.

5.8.2 Leeward Accretionary Wedge and Lagoon Carbonate

The methods used to estimate the global mass balaneefat CaCQ@ in this
study are conservative because accretion rates eryd sediment accumulated within
the reef margins (windward and leeward). Once reefs appre@ahlevelin situ
sediment accumulation is reduced by lack of accommauaiiace and erosion as a
result of increased hydrodynamic energy near the sdaceurLarge volumes of
sediment are eroded and transported to leeward infillingoleggand forming leeward

142



Chapter 5 The Impact of Coral Reef Ca@@cumulation on Holocene Atmospheric Carbon Dioxide
Concentration

accretionary wedge features (Ryatral.,2001). Erosion of modern day reefs, presently
at sea level, commonly removes between 10 and 25 % otatmnate sediment
produced; most of which is transported to leeward (Hubkaral., 1990; Milliman,
1993). The mass of carbonate within lagoons and leewardtiac@ary wedges implies
that productivity was much higher during the early to mid-idete than that measured
on reef flats today (Ryaet al., 2001; Dickinson, 2004; Rees al., 2005). Ryaret al.
(2001) proposed that leeward accretionary wedges maytiedigcdouble the area of
reefal carbonate accumulation implying a doubling of thesqmt reef area estimate
(2.843 x 16 kn?; Spaldinget al.,2001) to 5 x 1Dkn?. Interestingly this doubled area
estimate agrees with Kleypas’s (1997) ReefHab model prediofigpresent reef area
between 5.82 and 7.46 x>lkn?. Spaldinget al’s (2001) reef area estimate is derived
from only shallow, physically well developed reefs and @spnts only reef flats and
crests (the areas of highest productivity) it does notideclagoon or reef slope areas

and is therefore considered conservative (see Figur&yanet al.,2001).

5.8.3 Unaccounted for Tropical Carbonate

In the context of the global Holocene shallow waBaCQ mass balance our
estimates are conservative because they do not inclinde oéritic carbonates, for
example, ooids, carbonate embayments, mud, sanddalmledabioherms. Together,
the first three of these carbonate sediment typessinmated to have a combined area
of between 2 and 5 x 1&n? and are estimated to add 0.44 **1fol CaCQyr* to
the total nertic CaCOflux (Opdyke and Walker, 1992; Opdyke, 2000). It has been
suggested that the amount of Ca@@thin Halimedabioherms may be comparable that
of the reef platforms in the Great Barrier Reef pmoei (Flood, 1984; Marshall and
Davies, 1988). Presently the aerial extent and contribtt@imedabioherms make to
the global carbonate budget are still unknown (Millimbk993; Reesgt al., 2005).

5.8.4 The Reef Area Estimate

Spaldinget al. (2001) do not indicate the error range for their reed astimate,
this precludes the inference of error for our estimatetie CaC@ mass balance and
CQO, available to the atmosphere. However, if we tevgéftiuse Spaldingt al’s (2001)
assertion that the reef area estimate will probabtyemceed 3 x Tokn? given further
refinement, this estimates a + 6 % error in the resd astimate and gives at least a 6 %
error to our estimates (Tables 5.3 and 5.4; Figures 5.5.8)dAssuming an error of +
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6 % we calculate the amount of Cag&ecumulated during the Holocene is 7970 + 478
Gt CaCQ. This would have released 2100 + 126 Gt,@®the Holocene atmosphere
resulting in an increase in the atmospherie €@hcentration of 274 + 16 ppmv.

5.8.5 Coral Reef Accretion prior to 10 kyr BP

Our estimates of the deglacial Caf@ass balance and GUlux to the
atmosphere are conservative because only data pertainimg lest 10 kyr BP has been
used. The discovery of reefs older than 10 kyr BP (sulpmde drowned and uplifted)
and those in marginal environments indicates that reef growety have been more
prolific prior to 10 kyr BP than previously thought (Kleyp&897; Montaggioni, 2000;
2005). For example, submerged reefs have been documentextida FHawaii, Grand
Cayman, Great Barrier Reef, Mayotte and Barbados (Bamel Montaggioni, 1985;
Macintyreet al., 1991; Blanchon and Shaw, 1995; Dudibal., 1998; Blanchoret al.,
2002; Websteet al., 2004; Camoiret al., 2004). Indeed Montaggioni (2000; 2005)
identified 4 reef generations since the LGM, RGO (23 to 18BB), RGI (17.5 to 14.7
kyr BP), RGII (13.8 to 11.5 kyr BP) and RGIII (10 to O kyr)B#hich were interrupted
by meltwater pulses when sea level rise outpaced reeftlyrand drowned the reef
growth phases. Montaggioni (2005) interestingly points catt tbef generations RGI,
RGII and RGIII roughly coincide with rapid atmospheric Q@treases. Accretion rates
for the time interval prior to 10 kyr BP associated wstibmerged reefs (Mayotte,
Camoinet al., 2004), deeper drill holes (Barbados, Fairbanks, 1989; &aatl, 1990;
Tahiti, Caboichet al., 2003) and uplifted terraces (Huon Penninsula, Chappell and
Polach, 1991) have not been included in this assessmenisbeitee data are too few
and may not be globally representative. Kleypas’s (1997)Haeemodel predicted the
area of these late Pleistocene reefs would probabiyttale been between 20 % (17
kyr BP) and 60 % (11 kyr BP) of present day reef area.

5.8.6 Sea-Air Flux of CO,

The fate of the 0.6 mol of Gproduced by the deposition of 1 mole CaGstill
debated, we have assumed that the 0.6 mol &Qilable does pass across the air-sea
interface (Equation 5.2). It is possible that not allhef available C®is released to the
atmosphere, however, even if it remained in solution ildjonevertheless, affect the
atmospheric C@concentration by having a negative effect on the oceapacity to
absorb more CQ(Frankignoulleet al.,1994).
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5.8.7 Reef Porosity Variation

The assumption that reef framework porosity is 50 % may be globally
representative and may lead to the Ca@@ss balance being overestimated (Kinsey
and Hopley, 1991; Hubbamt al., 1998; Vecsei, 2004a). Here we chose 50 % porosity
because it allowed us to compare our results with tbbpeevious authors (Kinsey and
Hopley, 1991; Opdyke and Walker, 1992; Opdyke, 2000; Ryah,2001; Reest al.,
2005). Kinsey (1981) proposed that rapid reef growth is usuadydensolidated and
creates a higher porosity framework than slow reef growo illustrate the potential
error associated with the variation in reef porositydbeal reef mass balance and flux
of CO, to the atmosphere were recalculated assuming a poroki77 % (open
triangles, Figure 5.8). This modification yields only 126 pp8®, released to the
atmosphere during the Holocene (Figure 5.8). The assumgtih% porosity may be
considered realistic if the carbonate sediments dtasithin reef lagoons and leeward
accretionary wedges are taken into account. These setirhave been shown to be of
approximately equal volume to the reef platform itsall ancluding these re-deposited
sediments could effectively cancel out any underesiomatif porosity within the reef
itself (Ryanet al.,2001; Dickinson, 2004).

5.9 Coral Reef CO,Flux to the Atmosphere

The greatest flux of C£xo the atmosphere is estimated to have occurred batwe
10 and 4 kyr BP and ranges from 0.088 to 0.074 Gt C asy€O(Table 5.4). Our
estimated flux of C as CQeleased to the atmosphere between 2 and 0 kyr BP (0.016
Gt C as CO yr) compares favourably with Waet al’s (1991) estimate for present
day reefs (0.02 to 0.08 Gt C as £P™) calculated using productivity measurements.
Yet, Wareet al’s (1991) calculations utilized Smith’s (1978) reef area esérttx 16
km?) which is double Spaldingt al’s (2001) estimate (2.843 x 1@n7). Combining
the productivity values used by Waeeal. (1991) and the reef area estimate of Spalding
et al. (2001), we calculated that present day reefs releasedetiv01 and 0.04 Gt C as
CO, yr' to the atmosphere. It is important to note that thig estimate, like Waret
al.’s (1991) initial estimate, does not account for carborasses to erosion and
dissolution and therefore overestimates the true fluk@f to the modern atmosphere.
However, our estimate of 0.016 Gt C as,;@©" between 2 and 0 kyr BP compares well
with the new range calculated here (between 0.01 and 0.34a61CQ yr''; Table 5.4).
Our calculations were estimated using accretion ratesasd for the last 2 kyr, when
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the majority of reefs had already reached modern dalesel and reef morphology and
community composition were probably very similar to firesent day situation. Our
estimates of the fluxes of G@o the atmosphere during the early and mid-Holocene
(0.088, 0.072 and 0.074 Gt C'yfor time slices 10 to 8, 8 to 6 and 6 to 4 kyr BP
respectively) are higher than those for late Holo¢er16 Gt C as COyr' between 2
and 0 kyr BP; Table 5.4). Reefs in the early Holocene\geowing at a faster rate and
trying to keep-up or catch-up with sea level rise, reef droslbwed in the late
Holocene as reefs grew within 2 to 3 m of sea level a®esalt of increased
hydrodynamic energy near the surface (Figure 5.5; DaviédHapley, 1983; Ryamt
al., 2001). The fluxes of CQcalculated here (0.016 to 0.088 Gt C as, @3; Table
5.4) are comparable to the average Holocene flux cadollay Kleypas (1997) using
the ReefHab model (0.048 Gt C asG®"). The total amount of COreleased to the
Holocene atmosphere by reef calcification is estimaddaze 2100 Gt C®(573 Gt C as
CO,), which is more than double Vecsei and Berger's (2003) asirf225 Gt C as
CQOy). This is probably because Vecsei and Berger (2003) weyecemservative in

their choice of production estimates used in their daticns.

5.10 Coral Reef CO,flux compared to | ce Core Records

The total amount of COreleased by coral reef calcification during the Hofece
corresponds to a 274 ppmv cumulative change in atmosphé¥ic aSsuming no
compensatory sink. This figure is similar to that estimabgdKleypas's (1997)
ReefHab model of a 295 ppmv change since the LGM (Figure Bi&).cumulative
concentration of reef derived G@as plotted against the Taylor Dome ice core record
using 10 kyr BP as a starting reference atmosphericoG@xentration and assuming all
other components of the carbon cycle remained the ¢aimere 5.8). Our estimated
CO, change, assuming no compensatory sink (274 ppmv) exceedsatige recorded
in the Taylor Dome ice core record of 20 ppmv for the Heec by an order of
magnitude (Indermuhlet al.,1999). The coral reef-derived @@ould not have simply
pooled in the atmosphere, indeed there is no pulse of @@Qhe magnitude we
calculate, recorded in the Taylor Dome ice core re¢bigure 5.8). The atmospheric
CO; reservoir is dynamic; any increase in one reservoiflusr will be mediated by
other processes or reservoirs within the carbon cyategxample, one third of the
anthropogenic release of @@o the atmosphere has already been absorbed by the
oceans (Houghtoet al., 2001). Indeed several carbon cycle models have combined
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coral reef growth with other components of the carbgale, for example, calcium
carbonate compensation, continental silicate rock heegg and terrestrial
biosphere/vegetation re-growth, in an attempt to expflath the deglacial ice core and
deep sea sedimentary records (Archer and Maier-Reid®94; Munhoven and
Francois, 1994; 1996; Ridgwedkt al., 2003; Marchittoet al., 2005). A recent global
atmosphere ocean-sediment, carbon cycle modelling stuslyntacated that a large
volume of early Holocene reef released,@0uld have been absorbed by an increase in
terrestrial biosphere re-growth (Ridgwetlal.,2003; Vecsei and Berger, 2003; Vecsei,
2004b).

5.11 Coral Reef and Anthropogenic CO, Fluxes

It has been suggested that the coral reef fiQ to the deglacial atmosphere is
trivial on a geological time scale given the erronmtgrassociated with the global €0
budget because it approximates only 0.4 to 1.4 % of theogratpenic flux (Waret al.,
1991). If we compare the magnitude of the coral reef fitx reefs and the atmosphere
with various other natural fluxes and reservoirs,fieidint picture emerges, (Tables 5.7
and 5.8).

Table 5.7. Comparison of our Coral Reef carbon fluxas wiher Natural Carbon Fluxes during the
Holocene? Gt C yr™.

Flux Pg Cyr? Reference

River input dissolved CaG{o ocean 0.2 Holmen, (1992); Sigman and

Boyle, (2000)
DIC surface ocean to deep ocean 1 Holmen, (1992); Signaan an

Boyle, (2000)

Deep ocean CaGQo burial 0.2 Holmen, (1992); Sigman and
Boyle, (2000)
CaCQinto coral reefs 0.1 Method 2
Coral reef CQinto atmosphere 0.06 Method 2

The flux of carbon into coral reef carbonate is hlé flux of carbon into the ocean
from riverine input and half the burial of carbon as Ca@Cthe deep ocean during the
Holocene (Table 5.7). It is also clear that the amotinauidon locked-up in coral reefs
and released to the atmosphere by coral reef calaificaturing the Holocene are
comparable to the amount of carbon in the present degstaal biosphere and surface
ocean DIC (Table 5.8).
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Table 5.8. Comparison of our coral reef carbon makmba with other Natural Reservoirs during the
Holocene?® Gt C.

Reservoir Pg € Reference
Atmosphere 600 Holmen, (1992); Sigman and Boyle,
(2000)
Present day atmosphere as,CO 720 Powlson 2005
Surface ocean DIC 700 Holmen, (1992); Sigman and Boyle,
(2000)
Deep Ocean DIC 38,000 Holmen, (1992); Sigman and Boyle,
(2000)
Sediments and crust (Ca,Mg) CaLO 48,000,000 Holmen, (1992); Sigman and Boyle,
(2000)
Terrestrial 2100 Holmen, (1992); Sigman and Boyle,
(2000)
Increase in the terrestrial biosphere since 700-1350 Sigman and Boyle, (2000); Adams
the LGM et al. (1990); Crowley, (1995)
Present day soil reservoir (organic carbon) 1500 Powlsoh 20
Present day carbon in vegetation 600 Powlson 2005
Coral reef CaCgXincrease in the size of the 956 Method 2
reservoir during the Holocene)
Coral reef CQincrease in atmosphere 574 Method 2

Currently, most carbon cycle models and budgets do nhidean independent
coral reef component (Sigman and Boyle, 2000; Hougbktoal., 2001). The current
rate of coral reef Corelease calculated by this study is approximately 0.3 pesient
day anthropogenic fuel emissions of 6.3 + 0.4 Pg €(loughtonet al., 2001). The
flux of CO, estimated here may be minor in comparison to the presghropogenic
flux, however, it is intimately related to atmospbe@0O, and the ocean carbonate
system, as such accurate quantification is a pre-regjusiunderstanding the global
carbon cycle (Milliman, 1993; Ridgwedk al.,2003; Ridgwell and Zeebe, 2005).

5.12 Future Work

This study (Method 2) is an improvement on past budget stbdiesuse i) it is
calculated using only coral reef data, ii) the datasetagm over 300 reef sequences
from 133 reefs and has global coverage, iii) it htésngoral perspective, the Holocene
has been spilt into 2 kyr time slices, iv) it incorpesthe proportional change in reef
area associated with the transgression (Kleypas, 1997)iantd utilizes the most
accurate and up to date reef area estimate (Spadtieig2001).

Future improvements in the global mass balance coulsch®ved by breaking
down each of the reef provinces into smaller regiorsexample, splitting the Western
Pacific into North Western and South Western Patdialistinguish between various
reef types of this vast province. The north Westernfiegdapan) consists of mainly
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fringing reefs whereas the south Western Pacific is dated by atolls. Splitting the
Atlantic-Caribbean into East and West Caribbean wouldwalélucidation of the
different responses to reefs with different ecologeampositions (Macintyre, 1988;
Kleypas, 1997). Future refinement of the marine Ca®G@dget will only be made
possible by future drilling investigations and a comprehensivaktoavn of the reef
area estimate which encompasses details of each meaf region and reef type.
Although the CQ estimated here is small compared to, for exampleamkigropogenic
flux it is significant relative to other similar natufalxes and it is important to note that
these reef ecosystems have an uncertain future (Kdey@d., 1999; Feelyet al.,2004).
The role coral reefs play in both the global carbgcle and climate system should be
included in modelling studies predicting future £X0enarios.
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A Review of the Significance of Halimeda Bioher m Carbonatein the
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Reference: Rees S. A., Opdyke, B. N., Wilson, P. A. and T. $teak (manuscript
submitted 25.08.05) A Review of the SignificanceHafimedaBioherm Carbonate in
the Global Budget revisite@oral Reefs.

6.1 Abstract

Since the correlation between carbon dioxide {d€évels and global temperatures
was established in the ice core records, quantifying th@aonemts of the global carbon
cycle has become a priority with a view to constraimmapels of the climate system.
The link between the marine carbonate budget and atmispb€y levels draws
attention to the fact that this budget is still notcadeely quantified. In fact, it has been
suggested thdtlalimedabioherms on the shelf of the Northern Great BaiRieef may
contain an equal or greater volume of carbonate thanrd¢lefs themselves. The
guantitative significance to the marine carbonate budfj¢heocalcareous green alga
Halimeda in particular is still poorly understood. We estimabattthe Halimeda
bioherms on the outer shelf of the Northern Greati®aReef contain at least as much
(and up to 400 % more) Ca@QBediment as the adjacent ribbon reef facies. This
finding, along with other discoveries of extensive biotarfeatures in other parts of
the world (Java Sea, Timor Sea, Caribbean) highlighasfdhbt that this part of the
carbonate budget needs further investigation.

6.2 Introduction

6.2.1 Carbonate Budgets

The role of neritic carbonate within the global carbgale is yet to be adequately
quantified (Ridgwell and Zeebe, 2005). Documenting the loci atesrof carbonate
production and accumulation during the Holocene is thed&epantifying the shallow
water carbonate budget (Milliman, 1993). Recently, Reed. (Ssubmitted manuscript)
estimated that coral reefs have accumulated approxinéy Gt CaC@over the last
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10 kyr BP at an average rate of 0.8 Gt CaG®". It is widely accepted that the
calcareous green algslalimedais a prominent contributor of carbonate to reef sedime
facies in the tropics, howevdtalimedabioherms remain one of the main reservoirs of
unaccounted for carbonate (Hillis-Colineax, 1980; Drew ahdl AL1983; Phippst al,
1985; Milliman, 1993; Freilet al, 1995; Steneck and Testa, 1997; Hillis, 1997).

Milliman (1993) estimated thatHalimeda bioherms presently accumulate
approximately 0.15 Gt CaGOyr™ globally. This estimate was based on estimated
numbers ofHalimeda meadow crops per year and the assumption that, globally,
bioherms cover an area of 5 x*1kn?. Hillis (1997) attempted a first budget for
modern dayHalimedameadows using estimates of lagoon, ridge and bioherm agea a
Halimedacrops per year (Smith and Kinsey, 1976; Smith, 1978; Mihini®93). Hillis
(1997) estimated that globblalimedabioherm production is presently 0.4 Gt CaCO
yr'!, approximately 8 % and 83 % of the global carbonate anal ceef carbonate
production respectively. Despite these early attemptsdeétermine aHalimeda
carbonate budget, the global distribution, aerial rexend role ofHalimeda in the
global carbon cycle have yet to be precisely quadtifite both the present day and the
past (Milliman,1993; Ree®t al, 2005).

Here we attempt to determine the quantitative relationbbigveenHalimeda
bioherm and coral reef derived carbonate accumulatedgdtire Holocene on the outer
shelf of the Northern Great Barrier Reef Province gisiata from seismic profiles, reef
drill cores andHalimeda bioherm piston and vibrocore cores from the published
literature (Ormeet al, 1978; Davies and Hopley, 1983; Davigtsal, 1985; Orme,
1985; Davies and Marshall, 1985; Marshall and Davies, 1988; Onth&alama, 1988;
Wolanskiet al,, 1988).

6.2.2 Halimeda

Halimedais a genus of macroscopic calcareous green algae (Celdepales;
Chlorophyta; Hillis, 1997; Heywardt al, 1997). The bushy plants are composed of
numerous calcified (60-80 % Cag)dlat segments between 0.5-3 cm wide which are
joined at un-calcified nodes (Drew, 1993). The calcified sagmare shed as part of the
growth - senescence cycle by disintegration of the s\gbeew, 1993; Hillis, 1997).
Halimedaare found in a variety of habitats from mangrove prop rwotke reef front,
are common on coral reefs and can create complexabaithich serve as a refuge,

nursery grounds and food for a variety of organisms (Hiltdineaux, 1986a; Hillis,
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1997; Steneck and Testa, 1997; Heywatrdl, 1997).Halimedahave been in existence
since the Cretaceous and are presumed to have contributsef sediments for at least
the last 65 Ma (Elliot, 1965; Johnson, 1969; Hillis-Colineal880; Hillis, 1997).
Indeed it has been proposed that modern bioherms are seemhiof phylloid algal
bioherms of late Paleozoic reefs that presently swttydrocarbon reservoirs (Bai al,
1977; Wray, 1977; Drew and Abel, 1988; Kirklaetl al., 1993). Thirty species of
Halimedaare recognised worldwide of which 19 taxa can be found @Gtkat Barrier
Reef (Drew and Abel, 1988; Heywaed al, 1997). Various different terms have been
used to describe the range of different structuregentdayHalimedasediments (Table
6.1).

Table 6.1 Terms used to descrilbtalimedasediment formations.

Term Definition Reference Year

Bioherms mounds which have relief above the sea floor but Davies and Marshall 1985
which do not exhibit a clear framework and which exist
in a relatively low energy environment

Meadow inter-reefal areas of luxuriahtalimedavegetation Drew and Abel 1988
Mounds or  discrete circular mounds bfalimedadebris that Drew and Abel 1988
Banks sometimes coalesce into ridges

Drapery vertical meadow of loose sprawling plants that hang Freileet al. 1995

over the cemented escarpment ledges

6.2.3 Halimeda Bioherms

Significant accumulations oHalimeda debris have been found worldwide.
Actively accretingHalimedabioherms have been described in exposed and protected
environments in the Eastern Java Sea, Indonesia on Hatukamg Bank (K bank)
(Robertset al, 1987a; b; 1988; Phipps and Roberts, 1988). These bioherms are
approximately 20 to 30 m thick, locally 50 m high and are comma@hkm wide.
Vibrocores reveal that they are composetialimedapackstone with foraminifera-rich
carbonate mud and exhibit accumulation rates varying fromt@.84 m kyi* (Roberts
et al, 1987a; b; Roberts and Phipps, 1988). Hateal (1988) discovered extant
Halimedabioherms 20 to 30 m in height (some reaching as high as 1étatriprm an
almost continuous band, approximately 125 km long, in watehsgeyt40 to 50 m in
the Southwest Caribbean (Nicaraguan Rise, Miskito CHanfidese banks are
composed of coarse poorly cemented packstones and gnesistd largely dead

disarticulatedHalimeda segmentsHalimedarich gravel deposits up to 15 m in relief
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with accumulation rates averaging 0.2 mkyrave been described on the Fly River
Delta, Gulf of Papua New Guinea (Hare$ al, 1996). A series of 8 submerged
carbonate platforms, which range in size from 0.05 to 4%) knthe Timor Sea, North
Western Australia were found to be dominatedHayimedabank deposits (Heywaret
al., 1997). Cores from these banks reveal that over 80 %eofothl sediment was
Halimedadebris.

6.2.4 Halimeda Bioherms of the Great Barrier Reef

Maxwell (1968) estimated that approximately 10 to 30 % ofebké surface in the
Great Barrier Reef is composed ldélimedarubble and that 5 to 65 % of the inter-
reefal sediments are derived frdtlalimeda The majority ofHalimeda meadows are
located between the latitudes of 10°30’S and 15°35’S (Far ¢idéin Breat Barrier Reef
to Northern Great Barrier Reef) on the outer shaifdepths of between 20 and 40
metres below sea level (Figures 6.1 A and B; Drew and, Al883; 1988). Seismic
profiling studies have revealed the absenceHafimeda bioherm deposits in the
Princess Charlotte Bay and Bathurst Bay areas, jusih obiizard Island (Figure 6.1
B; Orme, 1983; 1985). Whereas, further north, seismic psofdeeal the presence of
bioherms in the region adjacent to Lloyd Bay and thekhad River, between North
Lloyd Island and Hibernia Entrance and between Restaréland and Second Small
Reef (12°47'S, Figure 6.1 B; John S. Jell, personal commiongasignificant (1.5 to
14 m thick)Halimedadeposits have also been found within the Swains Reef [Bamp
(20°53'S to 22°24’S) of the Southern Great Barrier Reef (i#lx 1973; Searle and
Flood, 1988). Radiocarbon dating of sediments from thett8pm of the Swains Reef
bioherms reveal accretion rates of between 2 and 3.5rthduring the last 5 kyr
(Searle and Flood, 1988).

Halimedabioherms have been investigated in detail using seismidipgofecho
sounding, vibro and piston coring and grab sampling in twons of the Northern
Great Barrier Reef, Lizard Island and Cooktown (Figwes and 6.3; Ormet al,
1978; Orme, 1985; Davies and Marshall, 1985; Phgipd., 1985; Orme and Salama,
1988; Marshall and Davies, 1988). Seismic investigations in thardLilsland region
(between latitudes of 14°27’'S and 15°02’S) reveal the presdreodensiveHalimeda
bioherms behind the ribbon reefs. These bioherms are ugkno \8ide, 100 km long
and can reach thicknesses of 18.5 m at a depth of 25 m keldevel (Figure 6.2;
Ormeet al, 1978; Orme, 1983; Flood and Orme, 1988; Orme and Salama, 1988). The
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bioherms are composed bffalimeda packstone and wackstone and reach maximum

thickness of 18.5 m in the east but are less well develmpihe west.
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meadows are located between the latitudes of 10°30’S and 1%F26’Ear North Great Barrier Reef to

Northern Great Barrier Reef).

The Lizard Island region bioherms are formed of ridged mmounds separated by
hollows and channels, livingalimedavegetation is found on the tops of the bioherms.
Radiocarbon dating of the peat surface immediately belt@svbioherms reveals that
they were formed during the Holocene (radiocarbon agepeba sample 10,070 £ 180
yr BP) and were initiated some 1.5 kyr before the neabtapn reefs (Orme, 1985).
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Figure 6.2. Lizard Island region, Northern Great BarrieefR Area enclosed by grey dashed lines

indicates the extent ¢lalimedabioherms revealed by seismic profiling (Oreteal, 1978; Orme, 1983;
Orme and Salama, 1988), the grey stippled area indicatesgh®f bioherm coverage which averages 10

m thickness and was used in the calculations herein figmbdifter Admiralty Chart Aus 373).

On the outer shelf east of Cooktown (between latitutl#40’'S and 15°46’S)
discrete biohermal complexes are found lying 1 to 2 km diréethind the ribbon reefs
(Figure 6.3; Davies and Marshall, 1985; Marshall and Davies, 198&se were
initially identified as Big Bank, Ribbon Bank and NoBhank. Subsequently Big Bank
was split into three separate banks (Ribbon Banks Bd3jpand renamed along with
Ribbon Bank (Ribbon Bank 5) with respect to the adjacéon reefs (Figure 6.3;
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Davies and Marshall, 1985; Marshall and Davies, 1988; Wolaeskal, 1988).
Individual bioherms are composed of numerous sub-conicainds (100 to 250 m
wide) of unconsolidated sediments between 15 and 20 m &f, neldividual bioherms
can cover an area of several kilometres square (llesid Davies, 1988; Wolansét

al., 1988).
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Figure 6.3 Cooktown region, Northern Great Barrier Rgedy stippled areas indicate locations of

Halimedabioherms; North Bank and Ribbon Banks 2-5 (modified dfterGreat Barrier Reef Marine
Park Authority Map BRA Q 155 February 1992).

The tops of the bioherms are covered by a forest oihgadége Caulperaand
Halimeda) which effectively traps and stabilises the sedimé&ddiocarbon dating
vibrocores of the bioherms reveal that the bioherms wlieastively accreting and
vertical accretion rates have ranged between 1 and 3tndkying the last 5 kyr. The
bioherms are composed dominantly Héilimedg cores extracted from the bioherms
reveal acarbonate content averaging 75 %, the remaining 25 % cesspiine grained
terrigenous material (Marshall and Davies, 1988).

In summary, theHalimeda bioherms in the Northern Great Barrier Reef are

restricted to outer shelf areas, have thicknessesgetamt and productivity rates
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comparable to and cover areas larger than individual oeeés(Davies and Marshall,
1979; Drew, 1983; Drew and Abel, 1983; Marshall and Davies, 1988)as been
suggested that the mass of CaG@diment within theHalimeda bioherms may be
greater than those of the adjacent reef platforda(F 1984; Hillis, 1997).

6.2.5 Mechanism of Formation

The mechanisms dflalimedabioherm formation are still debated, although it is
generally agreed that their existence is related to lipgelf nutrient rich water (Drew
and Abel, 1985; 1988; Phipes al, 1985; Robertst al, 1987a; b; 1988; Marshall and
Davies, 1988; Wolansleat al, 1988; Phipps and Roberts, 1988; Drew, 1993; Hatris
al., 1996). TheHalimedabioherms in the Northern Great Barrier Reef are thotmht
have been able to form because jets of up-welled nuti@nioceanic water intruded
onto the outer shelf through the narrow passages bettheeribbon reefs and formed
eddies in the relative shelter behind the reefs (Dred/ Abel, 1985; Marshall and
Davies, 1988). Up-welling is thought to be the result oBemoulli Effect, with strong
tidal currents lifting nutrient rich water over the sh&lfs approximately 50 m below
modern day sea level (Wolansiial, 1988; Drew and Abel, 1988). This up-welling is
only possible over sills at least 45 m below sea ldezice the assertion that local shelf
bathymetry plays a significant role in controlling thenfation of the bioherms (Drew
and Abel, 1988; Wolanslat al, 1988).

Up-welling was not the only factor that affected thenfation of Halimeda
bioherms in the Great Barrier Reef. The absenddatimedabioherms in the Princess
Charlotte Bay region is probably related to the inputufial mud from the Normandy
River system, which reduces light levels and smothegetation (Drew and Abel,
1988). In the Southern Great Barrier Reef signifiddalimedadeposits in the Swains
Reef Complex have been associated with an influxdfient rich water onto the
platform as a result of convergence of the ocean dsrifesm the Capricorn Channel
and the Coral Sea (Maxwell, 1968; Searle and Flood, 1988).

6.2.6 Coral Reefs

A reef is defined as a three dimensional structure efuwral carbonate sediment
(rock, sands and muds) generated by Scleractinian coralscaralline algae
calcification occurring in a tropical environment whiclmeagns as solid CaCGCand is

not dissolved, it does not include non-reef habitats inotudianks, platforms and
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carbonate dominated embayments (Rekesl, 2005). The coral reefs of the Great
Barrier Reef have been extensively investigated sincenttidate 18' Century (Hopley
and Davies, submitted manuscript, for a review). Reetkinvthe Great Barrier Reef
province vary considerably in size and form, Holocend geawth is represented by
only a thin veneer, 10 to 20 m thick, commonly on top of kahsistocene substrates
(Thom and Orme, 1976; Daviest al, 1977; Hopley, 1982). Coral reef drilling,
radiometric dating and seismic profiling techniques have leeaployed to study the
reefs of the Lizard Island and Cooktown regions (Daweieal, 1977; 1985; Hopley,
1977; 1978; 1994; Harvey and Hopley, 1981; International ConsorfiuwnGreat
Barrier Reef Drilling, 2001; Reest al., submitted manuscript). These investigations
reveal that the Holocene ribbon reefs of the Lizaldnd and Cooktown regions are
approximately 9.5 m and 15 m thick respectively. Reesal (unpublished data)
estimate that the coral reefs of the Great BarReef (North and Northeastern
Australia) accumulated 1700 Gt Cagduring the last 10 kyr BP, approximately 21 %
of the global Holocene coral reef CaCfass balance.

6.3 Study Area

6.3.1 The Great Barrier Reef

The Great Barrier Reef (GBR), a high energy epiHoemntal shelf edge reef
system, is the largest reef system in the world cogexmarea of approximately 49 000
km? and comprises nearly 3000 individual reefs (Figure 1 B; Daafes Marshall,
1980; Spaldinget al, 2001). The foundations of the Great Barrier Reef vimtmated
around 600 ka ago in the mid-Pleistocene and consist oktrmiof carbonate and
terrigenous sediment accumulated during a successiomoaliig and emergence of the
continental shelf (International Consortium for Grdzarrier Reef Drilling, 2001;
Dunbar and Dickens, 2003). The Great Barrier Reef shelfnsedis exhibit a broad
semi-meridonal lithofacies zonation of terrestriativkd siliciclastic sediment on the
inner shelf and an outer shelf dominated by carbonate dgpo&@rme and Flood,
1980; Dunbar and Dickens, 2003). The shelf is generally coveregpbbgxamately 2 to
3 m of sediment except in areas of high carbonate depusftir example, reefs and
Halimedabioherms (Orme and Flood, 1980).
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6.3.2 Northern Great Barrier Reef

The Northern Great Barrier Reef extends from 9°S $8,1i6is the shallowest part
of the Great Barrier Reef with depths commonly less #0 m below sea level and is
generally narrow, between 24 and 60 km wide (Maxwell, 19681eCand Flood, 1980;
Orme, 1985). This region of the Great Barrier Reefharacterised by an almost
continuous line of shelf edge ribbon reefs, varying from 2&okm in length and
between 300 and 450 m wide (Orme and Flood, 1977; 1980; Kinsey, 1@, F
1984).

The Lizard Island Region is located approximately 270 knthnof Cairns, no
major rivers discharge into this part of the GreatrBaReef shelf (Figure 6.2; Flood,
1984). This area of the Great Barrier Reef province hasrth-south trending line of
granite continental islands (Lizard Island; North Dii@e Island and South Direction
Island) which are surrounded by fringing reefs. It is on@ aimall number of areas
where fringing reefs can be found growing adjacent & rtiainland coast e.g. Cape
Tribulation (Johnson and Carter, 1978; Oreteal, 1978; Partain and Hopley, 1989).
Drilling, radiocarbon dating and seismic profiling investigas across the outer ribbon
reefs, Carter and Yonge (15 km east of Lizard Island)ateiat these reefs reached
modern sea level by approximately 5.4 kyr BP and 5.2 kyr éPectively and that
modern sea level was reached by 5.5 kyr BP (Harvey apteidal981; Hopley, 1994;
Hopley and Davies, submitted manuscript). The Holoceastetene unconformity
lies at approximately 19.3 m below the reef flat of thekb&ef at Yonge Reef and 19
m below the reef flat of the leeward edge of Carterf Rdarvey, 1977a; b; Hopley,
1977; 1994; Harvey and Hopley, 1981; Hopley and Davies, submgadiscript).
Seismic profiling also reveals discontinuity surfaceal®mut 10 m below the reef flat on
the windward margins of Carter reef and two mid-shedfs,eNymph and Three Isle
(Figures 6.2 and 6.3; Harvey, 1977a; b; Oehal, 1978).

In the Cooktown region (immediately east of Cooktdiself), a transect of reefs
have been drilled including Boulder Reef, Williamson Reef Ribbon Reef 5 (Figure
6.3; Davieset al, 1985; International Consortium for Great Barrier RBeilling,
2001). Radiocarbon dating indicates that reef growth in tbgion was initiated
between 6.3 and 8.4 kyr BP on Pleistocene foundatiotspdhs ranging from 15 to 17
m below the reef flat. Modern day sea level was astad in this region by 6.5 kyr
BP, the reefs reached modern day sea level between 5.6. Akyr BP (Thom and
Chappell, 1975; Stoddaet al, 1978; Chappebt al, 1983).
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6.4 M aterials and M ethods

6.4.1 Reef Area

A 1 kn? grid was used to estimate the area of the ribbon nedfsth the Lizard
Island and Cooktown regions from the Great Barrier Rémfine Park Authority map
BRA Q 155 February 1992 (Figures 6.2 and 6.4).
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. 1 i A
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/ : ‘4 . ". 3
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Island [
— 40’
Granite Island Shoal Areas
: Reefs Halimeda Bioherms

Figure 6.4 Schematic diagram showing how the area cowsrélde Halimedabioherms and the coral
reefs in the Lizard Island Region was estimated usindm?Igrid. The grey dashed line indicates the
area on the outer shelf wheralimedabioherms are present, the grey stippled area inditaéearea
where the bioherms are at least 10 m thick. The blaekily stippled areas indicate the shallow coral
reef flats.

The areas of the ribbon reefs in the Lizard Island@moktown regions are estimated to
be 18.5 krfi and 20.5 krhrespectively (Figure 6.4; Table 6.2). The thickness of the
Holocene ribbon reefs is estimated from drill corestfigr Cooktown region (Daviext

al., 1985) and from both drill cores and seismic profiling &sidn the Lizard Island
region (Daviest al, 1977; Hopley, 1977; 1994). These studies reveal that thageve
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thickness of the Holocene ribbon reefs is 15 m and 9.5 ihdoCooktown and Lizard

Island regions respectively.

6.4.2 Reef CaCO;
The mass of CaCOfor the ribbon reefs in each region was estimated using
Equation 6.1.

Equation 6.1 M=(A*T)*2)*D*P*C

Where M is the mass of carbonate sediments; A isama (km) estimated using a 1
km? grid (Figure 4; Great Barrier Reef Marine Park AuthoritapmBRA Q 155
February 1992); T is the average thickness of the Holodbhen reefs (m); 2 is the
factor used to correct reef volume for material exgubrio the leeward accretionary
wedge and lagoon facies. Recent seismic profiling of aiisReef, Southern Great
Barrier Reef, reveals that sediment accumulationghese facies, may effectively
double the area used to calculate the mass of carbaithie reef systems (Ryaet al,
2001). D is the density of coral reef CafJ@.9 g cnt; Kinsey and Hopley, 1991); P is
the average porosity of coral reef sediments (50 %nRyal, 2001); C is the average
carbonate content of coral reef sediments, this tameffectively be ignored because
we assume the carbonate content of coral reefs 10®86. The mass balance of ribbon
reef CaCQ estimated by equation 1 is shown in Table 6.2.

6.4.3 Halimeda CaCO;
The mass oMHalimeda bioherm CaC® for both regions was estimated using
Equation 6.2.

Equation 6.2 M=A*T*D*P*C

Where M is the mass of carbonate sediments; A isebin area (kf); T is the average
thickness of thédalimedabioherms (m); D is the average density of CaCX9 g cn;
Kinsey and Hopley, 1991); P is the porosity of the biohexdinsent which we assume
to be 50 %; C is the average carbonate content diahenedabioherms (75 %; Orme,
1985; Marshall and Davies, 1988).
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6.4.4 Bioherm Area

To estimate the mass bfalimedabioherm CaC@it was necessary to estimate
their approximate area using previous seismic profiling, ecdhndng and grab
sampling studies for the Lizard Island (Oreteal, 1978; Orme, 1985) and Cooktown
regions (Davies and Marshall, 1985; Phigtsal, 1985; Marshall and Davies, 1988;
Wolanski et al, 1988).Halimeda bioherms in the Cooktown region appear to form
more or less discrete mounds behind each of the rildsis. rThe area covered by the
Lizard Island region bioherms is harder to assess betlaegdorm a series of sinuous
ridges and banks, these effectively blanket the otdf with thicknesses varying from
4 to 19 m over relatively short distances (Oreteal, 1978; Orme, 1985; Orme and
Salama, 1988). Estimating the areal extent of the biohesnalso hampered by the
sparcity of published seismic profiles. A 1 %igrid was used to estimate the area of
bioherms which are consistently reported to have a thickofes8 m or more (Figures
6.2 and 6.4). We estimate that the areas occupiéthbynedabioherms are at least 184
km? and 118 krhfor the Lizard Island and Cooktown regions respectiyElgure 6.4;
Table 6.3).

6.4.5 Cooktown Region Bioherms

The average thickness of each bioherm in the Cooktogworravas estimated
from seismic and echo sounding profiles and descriptiorthe published literature
(Figure 6.5; Davies and Marshall, 1985; Phiggisal, 1985; Marshall and Davies,
1988). To interpret the seismic profiles which display tiiekness of sediment in
milliseconds, a figure of 1500 mswvas used to represent the velocity of the acoustic
pulse following the methods of previous authors (Oetnal, 1978; Ryaret al, 2001).
The thickness of each of the bioherms is not unifoirardfore the proportional area
covered by sediment of varying thickness was consideresh whtimating of the mass
balance of sediment by splitting the bioherms intoelsojFigure 6.5). For example, half
of the area of a bioherm may be approximately 11.25 m tkibkreas the other half
may be only 3.75 m thick (Ribbon Bank 3, Table 6.3). The m&ssediment was
calculated by assuming that the bioherm sediments appr@xanbhox shape with the
area of each bioherm (width x length) multiplied by tberesponding thickness (Figure
6.5). Some bioherms were split into two boxes to egerthe appropriate volume of the
bioherms as a whole e.g. Ribbon 3a, 2b (Figure 6.5; Table 6.3).
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Figure 6.5a Seismic profile éfalimedabioherm, Ribbon Bank 3, behind Ribbon Reef 3 in the Gwakt
region (modified from Marshall and Davies, 1988 (Figure 6.&filprB)). The black dashed rectangles
(3a and 3b) outlines how Ribbon Bank 3 was split into two $dneorder to calculate the volume of
carbonate sediment. b The mass of sediment was catigely estimated by assuming that the bioherm
sediments approximate a box shape with the area of eablermm (L x W) multiplied by the
corresponding thickness (T). ¢ the volume of 3a was caémllay multiplying the area (La x W; 12.5
km?) by the thickness of the bioherm (T, 11.25 m; Table 6.3hedvolume of 3b was calculated by
multiplying the area (Lb x W; 12.5 Knby the thickness of the bioherm (Tb, 3.75 m; Table &Bg

volume of Ribbon bank 3 is calculated as the sum of baxes 8 3b.

6.4.6 Lizard Idand Region Bioherms

Seismic profiling in the Lizard Island region revealstttize thickness of the
Halimeda deposits varies between 4.3 and 19 m, the majority obibleerms are
between 10 and 19 m thick, averaging 14.5 m thick (Oetnal, 1978; Orme and
Salama, 1988). We conservatively assume the average dbglof theHalimeda

deposits in the Lizard Island region to be 10 m (Table 6.3).
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6.4.7 Carbonate Content

The carbonate content of the bioherms has been investigat vibrocoring
studies in both the Lizard Island and Cooktown regionsné) 1985; Marshall and
Davies, 1988). Marshall and Davies (1988) estimated, fromtyw&mm vibrocores
taken in the Cooktown region, that the carbonateerdrnwithin the bioherms averages
approximately 75 %. Four vibrocores from the Lizard Islaggian, reveal that the
carbonate content (acid soluble) within the top 4 m ofoibberms varies between 73
and 99 % (Orme, 1985). A fifth core taken from the edge obdtiee bioherms reveals
that the carbonate content of the bioherms increpsmEgessively upwards above the
peat substratum, varying between 20 and 90 % (core 92; Orme, Y@8%ssume that
the carbonate content of the bioherms in both regiwn& %. The variation in the
carbonate content of the bioherms in the Lizard Islagin, between 20 and 90 %,
was used to estimate the potential error in the catbomass balance for this region
(Table 6.4).

6.5 Results and Discussion

We estimate that the ribbon reefs of the Lizard @land Cooktown regions cover
areas of approximately 18.5 and 20.5°kand comprise approximately 0.52 and 0.92 Gt
CaCQ respectively (Table 6.2).

Table 6.2. Dimensions and Mass of Ribbon Reef GaCO

Region Ribbon reef Reef area Thickness Mass CaCQ(Gt)
(km?) (m)
Lizard Island Day 5.75 9.5 0.16
Carter 5.75 9.5 0.16
Yonge 6.75 9.5 0.19
Total 18.5 0.52
Cooktown Ribbon 5 5 15 0.22
Ribbon 4 5 15 0.22
Ribbon 3 4.5 15 0.2
Ribbon 2 5 15 0.22
15-072 0.25 15 0.01
15-073 0.75 15 0.03
Total 20.5 0.92

The Halimeda bioherms of the Lizard Island and Cooktown regions coveasaof
approximately 184 and 118 Krand comprise approximately 2.06 and 0.86 Gt GaCO
respectively (Table 6.3).
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Table 6.3. Dimensions and MassHilimedaBioherm CaCQ@
Region Bioherm complex Area Thickness Mass CaC@
(km?) (m) (G
Lizard Island Lizard Island region 184 10 2.06
Total 184 2.06
Cooktown Ribbon 5a 8.4 8.25 0.07
Ribbon 5b 9.1 3.75 0.04
Ribbon 4a 21 6 0.14
Ribbon 4b 14 3.75 0.06
Ribbon 3a 12.5 11.25 0.16
Ribbon 3b 12.5 3.75 0.05
Ribbon 2a 20 11.25 0.25
Ribbon 2b 20 3.75 0.08
Total 118 0.86

Thus, we estimate that ratio of ribbon reef Ialimeda bioherm CaCe@ is
approximately 1:4 and 1:1 for the Lizard Island and Cooktoegions respectively. If
we assume that the carbonate content of the Lizdadd region bioherms ranges from
20 to 90 %, we estimate that the mass balant¢tabmedabioherm CaC@is between
0.55 and 2.5 Gt (Table 6.4). The ratio of ribbon rediadtimedabioherms CaC@may
vary between 1:1 to 1:5 depending on the carbonate coafetite Lizard Island
bioherms (Table 6.4; Figure 6.6).

Table 6.4. Mass of CaGQAccumulated by the Ribbon Reefs aHdlimedabioherms of the Lizard
Island and Cooktown regions during the Holocémrange between 0.55 and 22%ange between 1:1 and
1:5.

Region Reef CaCp HalimedaCaCQ (Gt) Ratio of Reef :
(Gt) HalimedaCaCQ
Lizard Island 0.52 24 1:4°
Cooktown 0.92 0.86 1:1
20 mEEm Ribbon Reef
1.8 A [ Halimeda Bioherm
1.6
= 14
)
g 12
R 10
3 1
0.6
0.4
0.2
0.0 -

Lizard Island Region Cooktown Region
Figure 6.6 Mass of carbonate sediments accumulated whithirildbon reefs anHalimedaBioherms of

the Lizard Island and Cooktown Regions of the NortheeaGBarrier Reef.
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6.5.1 Reefs vs Bioherms

The Halimedabioherms contain at least as much (and up to 400 % mo€pLCa
sediment as the adjacent ribbon reefs in the NortGeeat Barrier Reef (Table 4). This
finding is in agreement with assertions thalimedabioherms contain more carbonate
sediment than the adjacent reef platforms (Flood 1984is4diolineaux 1986b;
Marshall and Davies, 1988; Freile and Hillis, 1997). Theoraffi reefal to bioherm
CaCQ varies within the Northern Great Barrier Reef provifcem 1:1 in the
Cooktown region to 1:4 in the Lizard Island region. Tlaiation in the ratio is a
consequence of the differences in the thicknesses aedt eftthe bioherms in the two
regions. For example, in the Lizard Island region lifeherms form a series of large
ridges which traverse most of the outer shelf, withaaerage thickness of 10 m
(maximum 19 m) and an area of at least 184.kwihereas the Cooktown region
bioherms form discrete mounds behind each ribbon reefmatkimum and minimum
thickness of 11.25 and 3.75 m respectively, they cover a oechbarea of
approximately 118 kfm The size differences in tHdalimedabioherms in these two
regions is the result of the morphology of the shé#cting the growth potential of the
Halimeda The formation of the bioherms is related to up-wgliof nutrient rich waters
from the Coral Sea. The timing and amount of watguding onto the shelf during the
Holocene is controlled by sea level rise and the dimessof the reef passes
(bathymetry and width). For example, Wolanksial (1988) suggest thdfalimeda
Ribbon Bank 5 is small because it only received nutriémtsn one reef passage
whereas the larger banks (bioherms) behind Ribbon Reefari] 8 were each fed by
two passages (Figure 6.3). The absence of bioherms behind RRigledri, Lena Reef
and Ribbon Reef 6 and Pearl Reef results because éineell are either too wide or
too shallow to induce sufficient upwelling to support biohdewelopment. Wolanslet
al. (1988) suggested that the presence of ribbon reefs at4elkst long and reef
passages less than 1 km wide and 40 to 45 m deep are nefestaydevelopment of
bioherms.

6.5.2 Carbonate Budget

Reeset al (submitted manuscript) estimate that the coral refetseoGreat Barrier
Reef (North and Northeastern Australia) accumulated 1%0ZaGQ over the last 10
kyrs. This mass balance of Cag£@as estimated using the reef area estimate of 4.492 x

10" kn? calculated using Spaldireg al’s (2001) reef area estimate for Australia minus
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the area of Ningaloo Reef, the Houtman Abrolhos tidaChristmas Island and Cocos-
Keeling Islands (Sheppard and Wells, 1988). If we assunteOtBbamol of CQ is
available for release to the atmosphere per mole &fGgaleposited in the marine
environment (Wareet al, 1991; Zeebe and Wolf-Gladrow, 2001), tHalimeda
bioherms of the Lizard Island and Cooktown regions hadpthitential to release 0.54
and 0.23 Gt Ceto the atmosphere during the last 10 kyrs respectivedyidrs studies
have indicated that the bioherms may have begun to gepeior to the initiation of
reef colonization of topographic highs on the shelf @afl and Davies, 1988). It has
been suggested that the locus of carbonate depositioneoNdithern Great Barrier
Reef shelf shifted from bioherm development (betweenrtD&5 kyr BP) when the
shelf was initially flooded, to coral reef developmenewhhe eroded karst remnants of
the Pleistocene ribbon reefs were transgressed anddsasvsites for Holocene reef
colonization (Hopley, 1994). The common delay in reef maktion of newly flooded
topographic highs within the Northern Great Barrier Regirigbably related to high
nutrient levels which would have favouréthlimeda growth (Davieset al, 1985;
Marshall and Davies, 1988; Hopley, 1994). IndeeHiadimedarich limestone unit,
several meters thick and indicative of high nutrient eviehs been found at the base of
many Holocene reef sections within the Great BarrieefRncluding; Raine, Yonge,
Boulder, Britomart, Redbill, Cockatoo and One Tree Reefp{élo and Davies,
submitted manuscript). It has been proposed that changeseianic circulation or
climate then favoured the development of coral reefsopngraphic highs between 8
and 4 kyr BP (Daviet al, 1985).Halimedabioherm development may have been
reduced during the main phase of reef growth. Once theckimdoribbon reefs had
attained a sufficient height in relation to sea levké area behind the ribbon reefs
would have again become sheltered enough to allalimedabioherm development
which continues to this day (Davies and Marshall, 1985;sh&l and Davies, 1988;
Hopley, 1994). If this model of Holocene shelf evolution csrrect, Halimeda
calcification within the Northern Great Barrier Rawéy have released a pulse of LO
to the early Holocene atmosphere.

Kinsey and Hopley (1991) estimated that the ribbon reefdh@fGreat Barrier
Reef cover on average 16.4 kifusing data from Carter Reef and Ribbon Reef 9).
Using Kinsey and Hopley's (1991) estimate of the totabacovered by the Great
Barrier Reef ribbon reefs (approximately 1081%kmassuming the thickness of the

ribbon reefs to be 10 m and the conservative ratieeff to Halimedabioherm CaCg
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of 1:1 (Table 6.4), we estimate that tHalimedabioherms of the Great Barrier Reef
have accumulated at least 32 Gt CaQidring the Holocene. This estimate for the
Great Barrier Reef province, along with evidence fronsmsie profiling studies
worldwide, give an indication of the amount of cardenaresently unaccounted for in
global carbonate budgets (Robeetsal, 1987a; b; 1988; Phipps and Roberts, 1988;
Hine et al, 1988; Harriet al, 1996; Heywaret al, 1997.

6.5.3 Halimeda Distribution

The extent oHalimedabioherm formation within the Great Barrier Reef province
has yet to be adequately assessed. Detailed bathymetnjglisg has revealed that
Halimedasediments make up to 5 to 65 % of the inter-reefal sedéman the outer
shelf of the Great Barrier Reef Province (Maxwell, 1983)ew and Abel (1983)
estimated that 2000 Knof the Great Barrier Reef province seabed is carpetéd wi
Halimeda vegetation. Standard monochrome aerial photographseofath northern
Great Barrier Reef (between 12.3°S and 13.5°S) revegirdsence of dark circular
patches approximately 300 m in diameter. These patchesimigadly interpreted as
submerged reefal shoals, however, it has also been seggéwmt they could be
Halimedabioherms (Drew and Abel, 1988; Hopley, 1978). Seismic proftiagsects
of the Northern Great Barrier Reef (from Lloyd Islato Hibernia Entrance and from
Restoration Island to Second Small Reef) in the regajacent to Portland Roads and
the Lockhart River reveal the presence of substaradimedabioherms on the outer
shelf in this region (J. Jell, personal communicatk004). Given reports of luxuriant
Halimedameadows principally at 20 to 40 m below sea level on tleat@arrier Reef
(Drew, 1983; Drew and Abel, 1985), Hillis (1997) suggested thas iikely that
additionalHalimedabioherms will be discovered. Hillis (1997) also proposed tlense
Halimedaaccumulations on the North-eastern Brazilian shedfy be reinterpreted as
bioherms (Vicalvi and Milliman, 1977). If the ratio bfalimedabioherm to coral reef
carbonate on the shelf of the Northern Great BaReef is even partially applicable
globally then the accurate assessmentHalimeda distribution, through seismic
profiling and vibrocoring, is a prerequisite to a comprehensiderstanding of the

marine carbon cycle.

176



Chapter 6 A Review of the SignificanceHdlimedaBioherm Carbonate in the Global Budget
revisited

6.6 References

Ball, S. M., Pollard, W. D. and J. W. Roberts (1977) Ingmace of phylloid algae in development of
depositional topography — reality or myth. In S. H.gErdA. P. Weiss, J. B. Saunders (ed&gefs
and Related Carbonates — Ecology and SedimentofagyAss. Petrol. Geol. Tulsé,239-259.

Chappell, J., Chivas, A., Wallensky, E., Polach, H. Ad @& Aharon (1983) Holocene paleo-
environmental changes, Central to North Great BaResf inner zoneln Aust. Geol. Geophys,
223-235.

Davies, P. J. and J. F. Marshall (1979) Aspects of Holoasfegrowth-substrate age and accretion rate.
Search10, 276-279.

Davies, P. J. and J. F. Marshall (1980) A model of epiicental reef growthNature 287, 37-38.

Davies, P. J. and D. Hopley (1983) Growth facies and groates of Holocene reef in the Great Barrier
Reef.BMRJ Aust. Geol. Geophys,,237-251.

Davies, P. J. and J. F. Marshall (198%8limedabioherms - low energy reefs, northern Great Barrier
Reef.Proc. 5" Int. Coral Reef Congr. Tahith, 1-7.

Davies, P. J., Marshall, J. F., Thom, B. G., Harwdy, Short, A. D. and K Martin (1977) Reef
development Great Barrier Reffoc. 3% Int. Coral Reef Symp. Mian, 332-337.

Davies, P. J., Marshall, J. F. and D. Hopley (1985) Relakips between reef Growth and sea level in
the Great Barrier Reeroc. 5" Int. Coral Reef Congr. Tahit8, 95-103.

Drew, E. A. (1983Halimedabiomass, growth rates and sediment generation oninettfs central GBR
province.Coral Reefs2, 101-110.

Drew, E. A. (1993) Production of geological structures bygtleen algddalimeda SPUMS J23, 2, 93-
102.

Drew, E. A. and K. M. Abel (1983) Biology and sedimentol@md geography of the vast inter-reefal
Halimedameadows within the Great Barrier Reef provirCeral Reefs?, 101-110.

Drew, E. A. and K. M. Abel (1985) Biology, sedimentologgd geography of the vast inter-reefal
Halimedameadows within the Great Barrier Reef ProvirReec. 5th Int. Coral Reef Congr. Tahiti
5, 15-20.

Drew, E. A. and K. M. Abel (1988) Studies btalimedal. the distribution and species composition of
Halimedameadows throughout the GBR provinGaral Reefs6, 195-205.

Dunbar, G. B. and G. R. Dickens (2003) Massive silistatadischarge to slopes of the Great Barrier
Reef Platform during sea-level transgression: comsgdrom sediment cores between 15°S and
16°S latitude and possible explanatidbsd. Geol.162, 141-158.

Elliot, G. F. (1965) The interrelationships of some Crdacs Codiaceae (calcareous algae).
Palaeontology8, 2, 199-203.

Flood, P. G. (1984A geological guide to the northern Great Barrier Réafstralasian Sedimentologists
Group Field Guide Series No. 1 Sydney Geological Socikefyustralia

Flood, P. G. and G. R. Orme (1988) Mixed siliciclastic/ondtesediments of the northern Great Barrier
Reef province Australia. In L. J. Doyle and H. H. Robdeds), Carbonate—Clastic Transitions
Developments in Sedimentology, 42, Elsevier, Amsterdam, pp20b

Freile, S. and I. Hillis (1997) Carbonate productivityHglimedaincrassate in a land proximal lagoon,
Pico Feo, San Blas, PanarRaoc. 8" Int. Coral Reef Symp. Panania,767-772.

177



Chapter 6 A Review of the SignificanceHdlimedaBioherm Carbonate in the Global Budget
revisited

Freile, D., Milliman, J. D. and L. Hillis (1995) LeewardnkamarginHalimedameadows and draperies
and their sedimentary importance on the western GidzdrBa bank slop€oral Reefs14, 27-33.

Harris, P. T., Pattiaratchi, C. B., Keene, J. Balriimple, R. W., Gardner, J. V., Baker, E. K., CéleR.,
Mitchell, D., Gibbs, P. and W. W. Schroeder (1996) Late ernaty deltaic and carbonate
sedimentation in the Gulf of Papua foreland basin: respmnsea-level changd. Sed. Res66,
4801-48109.

Harvey, N. (1977a) The identification of subsurface digmonities of the Great Barrier Reef, Australia
between 1% and 17S, using shallow seismic refraction techniquirec. 3° Int. Coral Reef Symp.
45-51

Harvey, N. (1977b) Application of shallow seismic refracttechniques to coastal geomorphology: a
coral reef exampleCatena 4, 333-339.

Harvey, N. and D. Hopley (1981) Radiocarbon ages and magpalf reef tops in the Great Barrier
Reef between 14°39'S and 20°45'S: Indicators of shelf neaies®&Proc. 4" Int. Coral Reef Symp.
Manila, 1, 523-530.

Heyward, A., Pinceratto, E. and L. D. Smith (19Bif) Bank Shoals of the Timor Sea: an Environmental
Resource AtlasAustralian Institute of Marine Science & BHP Petuoie pp 115.

Hillis-Colinvaux, L. (1980) Ecology and taxonomy dilimeda primary producer of coral reefédv
Mar. Bio.,17, 1-327.

Hillis-Colineaux, L. (1986a) Deep water populationddalimedain the economy of an AtolBull. Mar.
Sci., 38, 155-169.

Hillis-Colineaux, L. (1986bHalimedagrowth and diversity on the deep fore-reef of Enewettdl.A
Coral Reefs5, 19-21.

Hillis, L. (1997) Coralgal reefs from a calcareous grega glerspective and a first carbonate budget.
Proc. 8" Int. Coral Reef Sympl, 761-766.

Hine, A. C., Hillock, P., Harris, M. W., Mullins, HL., Belknap, D. F. and W. C. Jaap (198&)imeda
bioherms along an open seaway: Miskito Channel, NicaraBise, SW Caribbean Sezoral Reefs
6, 173-178.

Hopley, D. (1977) The age of the Outer Ribbon Reef Surfacmat Barrier Reef, Australia: implications
for hydrostatic modeld?roc. 3rd Int. Coral Reef Symy2, 23-28.

Hopley, D. (1978) Geomorphology of the reefs and reahdd Great Barrier Reef north of Lizard Island.
In Workshop on Northern section of Great Barrier Ré&feat Barrier Reef Marine Park Authority
Townsville, pp 129-252.

Hopley, D. (1982)'he geomorphology of the Great Barrier Reef: Quaternary developaof coral reefs
John Wiley, NY.

Hopley, D. (1994) Continental shelf reef systems. IWRG. Carter and C. D. Woodroffeds),Coastal
Evolution. Late Quaternary shoreline morphodynam@ambridge University Press, Cambridge, pp
303-340.

Hopley, D. and P. J. Davies (submitted manuscript) |@madlrilling on the Great Barrier Reef and

adjacent islands.

178



Chapter 6 A Review of the SignificanceHdlimedaBioherm Carbonate in the Global Budget
revisited

International Drilling of Consortium of the Great BarriReef (2001) International Consortium for Great
Barrier Reef Drilling 2001 New constraints on the origfrihe Australian Great Barrier Reef: results
from an international project of deep coriigeology 29, 483-486.

Johnson, J. H. (1969 review of the Lower Cretaceous alg&eof Contrib Colarado School of Mines
No 6, Golden Colorado, pp 180.

Johnson, D. P. and R. M. Carter (19%&dimentary framework of mainland fringing reef development,
Cape Tribulation Area Great Barrier Reef Marine Park Authority Techniddemorandum
GBRMPA-TM-14: 4-17.

Kinsey, D. W. (1979)Carbon turnover and accumulation by coral reefénpublished PhD Thesis
University of Hawaii, pp 248.

Kinsey, D. W. and D. Hopley (1991) The significance of coeafs as global carbon sinks — response to
greenhousePal. Pal. Pal.(Global and Planetary change secti@9),363 — 377.

Kirkland, B. L., Moore, C. H. Jr. and J. A. D. Dicksdqh993) Well preserved aragonite algae
(Eugonophyllum U'doteacepdorm the Pennsylvanian Holder Formation. Sacramentanitans,
New Mexico.Palaios 8, 111-120.

Marshall, J. F. and P. J. Davies (1988limedabioherms of the Northern Great Barrier Re@aral
Reefsf, 139-148.

Maxwell, W. G. W. (1968Atlas of the Great Barrier RedElsevier, Amsterdam.

Maxwell, W. G. H. (1973) Sediments of the Great BarrieefR€hapter 10. In O. A. Jones and R.
Endean (edsBiology and Geology of Coral ReefBeology 1, Academic Press, New York, pp 410.

Marshall, J. F. and P. J. Davies (1988limedaBioherms of the Northern Great Barrier Re@éral
Reefs6, 139-148.

Milliman, J. D. (1993) Production and accumulation of calciambanate in the ocean: budget of a hon-
steady stateGlobal Biogeochem Cy, 927 — 957.

Orme, G. R. (1983) Shallow structure and lithofacies ofNbghern Great Barrier Reef. In J. T. Baker,
R. M. Carter, P. W. Sammarco and K. P. Stark (dés)¢. Great Barrier Reef ConflICU Press
Townsville, pp 135-142.

Orme, G. R. (1985) The sedimentological importancéHalimedain the development of back reef
lithofacies, Northern Great Barrier Reef (AustralRjoc. 5" Coral Reef Symp Tahif, 31-37.

Orme, G. R. and P. G. Flood (1977) The geological histbtheo Great Barrier Reef: a reappraisal of
some aspects in the light of new eviderRmac. 3rd Int. Coral Reef Symp. Miar8j,7-43.

Orme, G. R., Flood, P. G. and G. E. G. Sargent (1978) Setiitian trends in the lee of outer (ribbon)
reefs, Northern region of the Great Barrier Reef/lPice. Phil. Trans. R. Soc. Lond, 291, 85-99.
Orme, G. R. and P. G. Flood (1980) Sedimentation in thet Bezaier Reef Province, Adjacent Bays and
Estuaries. In R. A. Henderson and P. J. Stephenson (€Hs),geology and geophysics of

Northeastern AustraliaGeological Society of Australia Inc, Queensland Son, pp 419-434.

Orme, G. R. and M. S. Salama (1988) Form and seismidgséaity ofHalimedabanks in part of the
Northern Great Barrier Reef Provin€goral Reefs6, 131-137.

Partain, B. R. and D. Hopley (198®)orphology and Development of the Cape Tribulation Fringing
Reefs, Great Barrier Reef, Australl@BRMPA Tech. Mem. T.M21, pp 45.

179



Chapter 6 A Review of the SignificanceHdlimedaBioherm Carbonate in the Global Budget
revisited

Phipps, C. U. G., Davies, P. J. and D. Hopley (1985) Thshology ofHalimedabanks behind the
GBR east of Cooktown, QldProc. 8" Int. Coral Reef Symp. Tahif, 27-30.

Phipps, C. V. G. and H. H. Roberts (1988) Seismic charstits and accretion history éfalimeda
bioherms on Kalukalukuang bank eastern Java Sea (Indpr@&sial Reefs6, 149-159.

Rees, S. A., Opdyke, B. N., Wilson, P. A. and L. K. dfdfi (2005) Coral Reef sedimentation on
Rodrigues and the Western Indian Ocean and its impact ocatben cyclePhil. Trans. R. Soc.
Lond. A,363, 101-120.

Rees, S. A., Opdyke, B. N., Wilson, P. A., Fifield, L. &d V. Levchenko (submitted manuscript)
Holocene Evolution of the Granite based Lizard Island aad@®illivray Reef Systems, Northern
Great Barrier Reef.

Rees, S. A., Opdyke, B. N. and P. A. Wilson (submittedusenipt) The Impact of Coral Reef CagO
Accumulation on Holocene Atmospheric Carbon Dioxide Cotraéion.

Ridgwell, A. J. and R. E. Zeebe (2005) The role of theailorbonate cycle in the regulation and
evolution of the Earth systeriarth Planet. Sci Lett234, 299— 315

Roberts, H. H. and C. V. Phipps (1988) Proposed oceanograpliiclsan modern Indonesian Reefs: A
Turn-offf Turn-on Mechanism in a Monsoonal Settifgoc. 6" Int. Coral Reef Symp. Australia,
529-534.

Roberts, H. H., Aharon, P. and C. V. Phipps (1988) Morpholmgg sedimentology ofalimeda
bioherms from the eastern Java Sea (IndonéS@al Reefsg, 161-172.

Roberts, H. H., Phipps, C. V. and L. Effendi (198Falimeda bioherms of the eastern Java Sea,
IndonesiaGeology 15, 371-374.

Roberts, H. H., Phipps, C. V. and L. Effendi (1987b) MorphploflargeHalimedabioherms, eastern
Java Sea (Indonesia): a side scan sonar S&&ty-marine Letf.7, 7-14.

Ryan, D. A., Opdyke, B. N. and J. S. Jell (2001) Holocedarsnts of Wistari Reef towards a global
guantification of coral reef related neritic sediméptain the HolocenePal. Pal. Pal, 175, 1-12.

Searle, D. E. and P. G. Flood (198&limedabioherms of the Swain Reefs — Southern Great Barrier
Reef.Proc. 6" Int. Coral Reef SymB, 139-144.

Sheppard, C. and S. M Wells (1988pral reefs of the world. Vol 2. Indian Ocean, Red Sea and Gulf
IUCN, Conservation Monitoring Centre. International Union €onservation of Nature and Natural
Resources, Switzerland.

Smith, S. V. (1978), Coral reef area and the contributibrreefs to the processes and resources of the
world’s oceansNature 273, 225-226.

Smith, S. V. and D. W. Kinsey (1976) Calcium carbonate ptashuyccoral reef growth and sea level
changeScience194, 937-939.

Spalding, M. D., Ravilious, C. and E. P. Green (200byld Atlas of Coral Reef&repared at the UNEP
World Conservation Monitoring Centre. University of Galinia Press, Berkeley, USA.

Steneck RS, Testa V (1997) Are calcareous algae impodaeets today or in the past? Symposium
summaryProc. 8" Int. Coral Reef Sympl, 685-688.

Stoddart, D. R., McLean, R. F., Scoffin, T. P., Th@nG. and D. Hopley (1978) Evolution of reefs and
islands, Northern Great Barrier Reef: synthesis atefpretationPhil. Trans. R. Soc. Lond., B84,
149-159.

180



Chapter 6 A Review of the SignificanceHdlimedaBioherm Carbonate in the Global Budget
revisited

Thom B. G., and J. Chappell (1975) Holocene sea-levieisveeto AustraliaSearch 6, 90-93.

Thom, B. G. and G. R. Orme (1976) Shallow structure efsréom coring. In D. R. Stoddart and M.
Yonge (Convenors)The northern Great Barrier Reef a meeting for discussidistr 4. The Royal
Society (London).

Vicalvi, M. A. and J. D. Milliman (1977) Carbonate sedirtstion on the continental shelf off southern
Brazil, with special reference to the benthic foraneirafAm. Ass. Petrol. Geol, 313-328.

Ware, J. R., Smith, S. V. and M. L. Reaka-Kudla (1991)aCaefs: sources or sinks of atmospheric
CO,. Coral Reefsl, 127-130.

Wolanski, E. J., Drew, E. A., Abel, K. M. and J. Q&r (1988b) Tidal jets, nutrient upwelling and their
influence on the productivity of the algdalimeda in the Ribbon Reefs, Great Barrier Reef.
Estuarine Coastal and Shelf $S&6, 169-201.

Wray, J. L. (1977)Calcareous algae, developments in palaeontology and stratigraph¥lsevier
Scientific Publishing Company, Amsterdam, Oxford, NewkYo

Zeebe, R. E. and D. A. Wolf-Gladrow (2002, in Seawater: Equilibrium, Kinetics, Isotop&dsevier
Oceanography Series, Amsterdam.

6.7 Acknowledgments

This research has been supported by the National Envirorieesetirch Council
(NERC); the Royal Society and the Earth and Marinerges Department, Australian
National University, Canberra. We would especially like thank John Davis for
assisting in field expedition operations, Dr John J@&ll supplying various seismic
profiles of the Great Barrier Reef, the Lizard IslaRésearch Station and Staff
(particularly Bob Lamb for his patience and enthusiasmmduiieldwork attempts), the
Australian Museum and the Great Barrier Reef MaRagk Authority.

181



Chapter 7 Conclusions

Chapter Seven

Conclusions

Plate 7.1 Photograph of Lizard Island windward maagid South Island.
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7.1 Conclusions

The theme of this thesis is the evolution of Holocezefs and their role in the
global carbon cycle. Chapters three and four investity@élolocene evolution of three
previously unstudied reefs, Rodrigues, Lizard Island and Mag@y Reef. The
accretion rates calculated from radiometric dating arfils obtained from drill cores
through these reefs were combined in a global datasecdteon rates compiled from
the published literature. This dataset was used to estimzd@ accretion rates for reef
provinces and time slices within the Holocene. Thesenraeeretion rates were used to
determine the global Holocene coral reef CgQ@ass balance and flux of GO
available for release to the Holocene atmosphere. &hapt investigates one of the

remaining presently under-examined parts of the carbegatemHalimeda bioherms.

7.1.1 Lizard Idand and MacGillivray Reef

. The windward margin at Lizard Island started growing approx 4. BR on an
assumed granite basement at a depth of 4.5 m below fHatead approached
present day sea level approximately 4 kyr BP.

. Growth of the windward margin at MacGillivray Reeésvinitiated by 7.6 kyr
BP and reached present day sea level by approximately SEPkyfhe leeward
margin at MacGillivray was initiated by 8.2 kyr BP (at gttheof 15 m below
the reef flat) on an assumed granite basement, onlhirgamodern sea level
within the last 500 years.

. Rates of vertical accretion ranged from 1.4 to 5.8 mi kgt MacGillivray and
from 0.5 to 1 m kyT at Lizard Island. In both cases higher accretiorsratere
associated with the early stages of reef growth betBekeand 5.6 kyr BP.

. Rates of vertical accretion slowed to 1.4 mkgs reefs approached within 2 m
of modern day sea level.

. The absence of Pleistocene reefal deposits in the dama MacGillivray Reef,
indicates the possibility that the shelf in this regmay have subsided relative
to modern day sea level by at least 15 m since the tasgiacial (125 ka).
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7.1.2 Rodrigues Idand

The windward and leeward margins of Rodrigues fringing repiraached
present day sea level at approximately 3 and 1.5 kyr BP resjectThe
relatively low rates of vertical reef growth withihet top 4 m of the Rodrigues
cores, ranging from 0.46 to 1.96 m kyr are probably related to the reef
margins being exposed to increasing hydrodynamic energytmonsdas they
approached modern day sea level.

There is a prominent algal ridge feature on the windwaed ftat indicating
persistent high-energy conditions probably related tsdhgh east trade winds.
The presence of large aeolian dune deposits on theesowthd eastern coasts
of Rodrigues Island indicate that the modern day Holocesieprobably caps an
older Pleistocene reef.

Western Indian Ocean coral reefs have accumulatddaat 217 Gt CaCO
during the Holocene. From first approximations, this magpresent
approximately 10 % of the global total for the last 10 kyd suggests that
Western Indian Ocean reefs could have released approybat&t CQ to the

Holocene atmosphere.

7.1.3 Carbonate Budgets

Coral reef accretion rates have varied spatially witteef provinces and
temporally during the Holocene in response to variousofacincluding sea
level rise, turbidity, substrate type, proximity to ldrk@cruitment centres, light,
salinity, nutrients and temperature

Maximum reef accretion occurred between 10 and 4 kyr BP (64%2aGQ).
During this time the area available for reef growth wasaty increased by
rapidly rising sea level flooding the continental shelsesating accommodation
space for corals to grow into. This increase in tlea @vailable for reef growth
is reflected in faster vertical accretion rates exhibiby all reefs in the early to
mid-Holocene compared with the late Holocene. Aroungr6BP modern sea
level had either been reached or the rate of searieedhad slowed and the area
available for reef growth was reduced. Between 4 and BRythe reduction in
coral reef accommodation space available for reefvfjroresulted in less
carbonate accumulation compared to the early to midddeoe (1474 Gt
CaCQ).
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The pattern of global CaGGaccumulation temporally is a reflection of the
variation in accretion rates from all reef provinceseTprimary factor
influencing the magnitude of the contribution of individueéf provinces to the
global CaC@mass balance is reef area.

This thesis conservatively estimates the Holocenmlceef CaC@ mass
balance to be 7970 + 478 Gt Cag#fhich would have made 2100 + 126 GtLO
available for release to the atmosphere since 10 kyiTBiB.may have resulted
in a 274 + 16 ppmv change in the atmospheriec G&hcentration.

The cumulative calcium carbonate (Caff@ccumulation within coral reefs
globally during the past 10 kyr BP (7970 Gt; ~ 0.1 Gt C)yis about half the
flux of carbon to both the global ocean from riversl auried in deep sea
sediments as CaGOThe amount of carbon locked-up in coral reefs and
released to the atmosphere by coral reef calcificatimng the Holocene are
comparable to the amount of carbon in the present dasteal biosphere and
surface ocean DIC.

The CQ available to the Holocene atmosphere from cordl cakeification of
274 ppmv is large in comparison with the observed inereaatmospheric CO
concentration between the LGM and pre-industrial ngvah of 80-100 ppmv.
Some factor or combination of factors must have sersea sink for this coral
reef released COpossibly terrestrial vegetation re-growth (Figure 7.1).
Currently, most carbon cycle models and budgets do nioide@n independent
coral reef component. This study is an improvement @b arbonate budget
studies because i) it is calculated using only coral ra&d, di) it employs an
extensive dataset with global coverage, iii) it hasraporal perspective, iv) it
incorporates the proportional change in reef area assdciavith the
transgression and vi) it utilizes the most accurate andougate reef area
estimate.

The anthropogenic flux of GQo the atmosphere (currently ~ 6.3 Gt C as CO
yr') is huge in comparison to natural Holocene reef emissigHolocene
average ~0.06 Gt C as €@ ™), present day reefs release only 0.3 % current
anthropogenic emission and even the peak Holocene veedifhounted to only
1.4 % of present day anthropogenic release. The currenbfaboral reef CQ
release calculated by this study is approximately 0.3 % ebemt day
anthropogenic fuel emissions of 6.3 + 0.4 Pg € yr

185



Chapter 7 Conclusions

. Future improvements in the global mass balance couldtbevad by breaking
down each of the reef provinces into smaller regionslistinguish between
various reef types of this vast province. Refinement®ttlarine CaC®budget
will only be made possible by future drilling investigationd arcomprehensive
breakdown of the reef area estimate which encompaskasls d¢ each reef in a
region and reef type.

7.1.4 Halimeda Bioherms

. The ribbon reefs of the Lizard Island and Cooktown megiacomprise
approximately 0.52 and 0.92 Gt Cag£x@spectively.

. The Halimeda bioherms of the Lizard Island and Cooktown regions aiant
approximately 4.11 and 1.15 Gt Cag£x@spectively.

. The ratio of coral reef tlalimeda bioherm CaC@sediments varies from 1:1 to
1:4 on the Northern Great Barrier Reef. Haimeda bioherms contain equal to
(and up to 400 % more) CaG®ediments than the adjacent ribbon reefs in the
Northern Great Barrier Reef.

. The Halimeda bioherms make up a significant proportion of the outelf she
carbonate budget of the Northern Great Barrier Reef.

. Assuming the area of northern Great Barrier Reef Ribbefs is 1081 kfnthe
Halimeda bioherms of the northern Great Barrier Reef haveuractated
approximately 48.3 Gt CaG@uring the Holocene.
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Figure 7.1 Ocean carbon cycle. Units of reservoigs;CGP(Gt C) and fluxes; Pg C yr(Gt C yrh)
estimated for the 1980’s (Houghtenal., 2001, IPCC, Figure 3.1c). Filled lines indicate natfltedes,
dotted lines indicate fluxes of carbon as CaCarows, lines and figures in red are those calculaged b
this PhD project. The values in brackets indicate Huwfluxes have varied during the Holocene. DIC
represents dissolved inorganic carbon Q00> and HCQ. GPP represents gross primary production;
NPP represents net primary production (that left aftepiration). DOC is dissolved organic carbon,
POC is particulate organic carbon. The Ca@€cumulated on the shelf (coastal sediments, 0.3 Rg C y
) represents CaGOproduced plankton and detritus, 0.1 Pg C weturns to the pool of DIC by
dissolution. The report does not indicate if the flux of@g3C yr* of CaCQ to coastal sediments is due
to corals or to plankton. We calculate that the flux afsGCCaC@into coral reefs is 0.1 Pg C¥during

the Holocene this could have ranged between 0.03 and 0.15 Py @ petween 0.22 to 1.2 Gt CaGO
yr'). We estimate that coral reefs accumulated 956 Pg'CagrCaC@ during the last 10 kyr.
Calcification releases 0.6 mol G@vailable for release to the atmosphere which wenasti 0.06 Pg C
yr! is available for release to the Holocene atmospHere.mol of CQ released by calcification
recombines with carbonate ions and water to fornarbmnate, we estimate that this constitutes a
Holocene flux of 0.04 Pg C yrback to the DIC pool.

7.2 Future Work
In light of this project | suggest the following topics fature investigation;

. Additional reef coring expeditions to a) expand knowledge areas presently
under represented, b) to investigate reef growth prior t&kytOBP and c) to
explore submerged (drowned/give-up) reefs.

. For Holocene reef research to combine seismic profilnthraef drilling to obtain
an accurate 3-D picture of Holocene reef structuredefsrworldwide and of all
reef types.

. For reef area estimates to be broken down to reveatdhtribution of each reef
and reef type to the global total.

. Investigate the global distribution, structure and tempmatiern of accumulation
of CaCQ within Halimeda bioherms.
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