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Abstract Three emergent subfossil reef flats from the
inshore Keppel Islands, Great Barrier Reef (GBR), Aus-

tralia, were used to reconstruct relative sea level (RSL).

Forty-two high-precision uranium–thorium (U–Th) dates
obtained from coral microatolls and coral colonies (2r age

errors from ±8 to 37 yr) in conjunction with elevation

surveys provide evidence in support of a nonlinear RSL
regression throughout the Holocene. RSL was as least

0.75 m above present from *6500 to 5500 yr before

present (yr BP; where ‘‘present’’ is 1950). Following this
highstand, two sites indicated a coeval lowering of RSL of

at least 0.4 m from 5500 to 5300 yr BP which was main-

tained for *200 yr. After the lowstand, RSL returned to
higher levels before a 2000-yr hiatus in reef flat corals after

4600 yr BP at all three sites. A second possible RSL

lowering event of *0.3 m from *2800 to 1600 yr BP was
detected before RSL stabilised *0.2 m above present

levels by 900 yr BP. While the mechanism of the RSL
instability is still uncertain, the alignment with previously

reported RSL oscillations, rapid global climate changes and

mid-Holocene reef ‘‘turn-off’’ on the GBR are discussed.

Keywords Sea level ! Holocene ! Great Barrier Reef !
Microatoll ! Uranium–thorium ! Reef hiatus

Introduction

It is indisputable that coral reefs are under increasing

pressure from anthropogenic influence globally (Pandolfi

et al. 2003; Veron et al. 2009). Nevertheless, natural pro-
cesses have equally affected reef development throughout

geological history, and coral reefs worldwide have suffered

significant disturbances and hiatuses prior to anthropogenic
influence (Buddemeier and Hopley 1988; Hughes and

Connell 1999; Smithers et al. 2006; Perry and Smithers

2011; Hamanaka et al. 2012; Toth et al. 2012). Deter-
mining the driving mechanisms of previous reef distur-

bance events is not only vital to interpreting Holocene reef

histories, but allows for improved understanding of the
future trajectory of reefs under changing climatic and

environmental conditions.
Eustatic sea level (ESL) transgressive/regressive cycles

are one of the primary controls of coral reef expan-

sion/contraction throughout the Quaternary (Kennedy and
Woodroffe 2002; Hopley et al. 2007). Whereas ESL is

dominated by changes in ice sheet volume and global steric

variations, relative sea level (RSL) at any given coastline is
governed by ESL contributions, as well as regional glacio-

hydro-isostatic and tectonic effects (Lambeck and Nakada

1990; Lambeck 1993; Lambeck et al. 2014), water redis-
tribution (Mitrovica and Milne 2002) and climate
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(Hamanaka et al. 2012). At near-field sites (close to former

ice sheets and melt water), glacio-isostatic influence on
RSL is dominant; however, at far-field locations (distant

from major ice accumulations), RSL at centennial to mil-

lennial timescales is mainly controlled by hydro-isostasy,
equatorial ocean syphoning and steric effects which can

produce significant spatial and temporal variability over

just a few hundred kilometres (Lambeck and Nakada 1990;
Mitrovica and Milne 2002).

Geophysical modelling of the regional response to glacio-
hydro-isostatic processes has resulted in the identification of

distinct zones of globally predicted RSL throughout the

Holocene (Clark et al. 1978; Pirazzoli and Pluet 1991). The
islands and reefs of the inshore Great Barrier Reef (GBR),

proximal to themainlandQueensland coast are characterised

by rapidly rising RSL from the early to mid-Holocene, cul-
minating in a RSL highstand of ?1 to ?3 m by *5000 yr

before present, after which significant meltwater contribu-

tion from the large northern hemisphere ice sheets ceased
(Clark et al. 1978; Nakada and Lambeck 1989). Evidence of

this highstand along the Australian east coast (AEC)

between 7000 and 5000 yr before present (yr BP; where
‘‘present’’ is 1950) is widespread and widely accepted

(Hopley 1980; Chappell et al. 1982; Chappell 1983; Woo-

droffe et al. 2000; Lewis et al. 2008; Yu and Zhao 2010;
Leonard et al. 2013), although the magnitude and precise

timing of the highstand are yet to be unequivocally refined

(see Lewis et al. 2008, 2013 for comprehensive reviews of
Australian sea level throughout the Holocene).

Inshore reef development on the GBR reflects the rapid

early to mid-Holocene RSL rise with coral initiation fol-
lowing inundation of the shallow Pleistocene shelf from

*8500 yr BP, followed by rapid reef accretion in either

‘‘catch up’’ or ‘‘keep up’’ modes of growth until *5500 yr
BP (Neumann and Macintyre 1985; Kleypas and Hopley

1992; Smithers et al. 2006; Perry and Smithers 2011;

Camoin and Webster 2015). After *5500 yr BP, however,
both RSL and reef growth histories become increasingly

ambiguous. Whether RSL regressed smoothly (Chappell

1983) or oscillated/stepped down (Baker and Haworth
2000; Baker 2001; Lewis et al. 2008) on the AEC fol-

lowing the mid-Holocene highstand has been a contentious

issue for over four decades. Indeed, different statistical
treatments of the same sea level (SL) data suggest that

either regression mode is equally likely (Woodroffe 2009).

At the same time, stratigraphic hiatuses in coral reef cores
and a lack of reef initiation in the northern and southern

inshore GBR have been documented from 5500 to 2800 yr

BP, suggestive of significant environmental change at this
time (Perry and Smithers 2011). Perry and Smithers (2011)

proposed that a reduction in vertical accommodation space

due to slowly falling RSL in synergy with changes to
environmental conditions at inshore locations (e.g.,

temperature, rainfall and shore progradation) limited sig-

nificant reef aggradation/progradation in the mid-Holo-
cene. However, such a synchronous and broad-scale

response is suggestive of either a more abrupt change in

RSL than currently proposed for the GBR (Chappell 1983),
or that rapid and wide-scale climatic and environmental

change was the primary driver of reef ‘‘turn-off’’ (Budde-

meier and Hopley 1988).
While rapid changes or oscillations in RSL during the

Holocene have been proposed for the AEC, they are most
often dismissed as artefacts of the proxies used and

uncertainties of age error calculations (Perry and Smithers

2011). To obtain a temporally continuous record, it is often
necessary to incorporate dissimilar SL indicators, or SL

indicators from large latitudinal ranges, into a single

interpretation potentially obscuring subtle variations
(Chappell 1983; Sloss et al. 2007; Lewis et al. 2008, 2013).

Additionally, directly comparing or combining data from

separate studies is problematic as: (1) the reference datum
and the absolute elevation of the indicators used may dif-

fer; (2) inconsistent methods between studies are used to

establish elevation and age; (3) large age errors may be
associated with dating techniques, e.g., for 14C dating,

substantial age errors up to ±500 yr may be introduced if

temporal changes in atmospheric production rates as well
as global and regional marine 14C reservoir effects are

taken into consideration (McGregor et al. 2008; Yu et al.

2010; Hua et al. 2015); and (4) the environmental context
of the indicators is critically important but is often difficult

to interpret and commonly not reported.

The primary objective of this study was to determine
whether low-magnitude RSL instability could be detected

using highly precise uranium–thorium (U–Th) dating tech-

niques from multiple sites in a tectonically stable far-field
region. To refine our interpretation, we used a single SL

proxy (coral microatolls) from multiple reefs in the same

region. In addition, we obtained samples of non-microatolls
to relate dated microatolls to reef flat development at their

time of growth. This sampling regime allowed for both intra-

and inter-site comparisons of equivalent data, thereby
increasing the confidence in the absolute RSL signal versus

single reef geomorphological effects. This study is the first

comprehensive evaluation of Holocene RSL and reef flat
history in the Keppel Islands, a region for which data have

been notably absent (Hopley et al. 2007; Lewis et al. 2013).

Materials and methods

Regional setting

The Keppel Islands are a group of continental islands
located on the inner shelf of the southern GBR,
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Queensland, Australia (23"100S, 150"590E; Fig. 1). The

islands are located in a macro-tidal setting with a maxi-
mum tidal range of *5 m. The region experiences a sea-

sonally dry tropical climate in which most (on average

60 %) of the rainfall typically occurs in the short wet
season between December and March (Bureau of Meteo-

rology 2011). Inter-annual variability is also high, with

long dry periods often followed by episodic high rainfall
associated with tropical cyclones or monsoonal lows

(Brooke et al. 2008) which are modulated by complex
interactions between the El Niño Southern Oscillation

(ENSO) and Pacific Decadal Oscillation (Rodriguez-

Ramirez et al. 2014). Due to frequent disturbance events
(e.g., cyclones, flood plumes), the modern Keppel Islands

reefs are dominated by fast-growing arborescent Acropora

spp. (Electronic Supplementary Material, ESM S1 Keppel
Islands).

Three islands with evident emergent reef flats containing

fossil corals and microatolls in growth position were vis-
ited from 19 to 23 June 2013 at low tide: North Keppel

Island (NKI); Great Keppel Island (GKI); and Humpy

Island (HI; Fig. 1). All sites had seaward-sloping reef flats
with no evidence of significant reef rims. Microatolls of

various sizes (diameter range 40–250 cm; Fig. 2; Table 1)

were targeted to allow for the detection of possible shorter
phases of RSL instability that may not be recognised if

only the largest microatolls were sampled. The elevation of

the microatolls above the fossil reef substrate was up to
0.4 m but much of the former substrate was overlain by

thick unconsolidated mixed siliciclastic/carbonate sedi-
ments (Fig. 2a) or infilled with authogenic carbonate sands

(Fig. 2d). At HI (microatolls n = 12; non-microatolls

n = 10) and GKI (microatolls n = 8), elevations were
taken using a Magnum-Proshot 4.7 laser level and Apache

Lightning 2 receiver and referenced against replicate

timed-still tide levels. Due to limited time to access the reef
flat at low tide at NKI, microatolls (n = 13) were measured

directly against still water level within groups that had

elevation differences \5 cm. All elevations were deter-
mined using tide gauge data from Rosslyn Bay (Station-

150 E

15 S

23 S

Kilometres

0 100 200

Great Keppel
       Island

Humpy Island

Yeppoon

23  10’S

Broad
 Sound

Palm 
Islands

Kilometres

0 2

Fitzroy River

North Keppel 
  Island

Rosslyn Bay

a

b

Fig. 1 a Queensland, Australia, showing the Great Barrier Reef (in grey) and the location of the Keppel Islands. Blue line is 200 m isobath; the
continental shelf is shaded in blue. b Locations of the Keppel Islands (North Keppel, Great Keppel and Humpy Islands) and fossil reef flat sites
(black stars)
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024011A; Fig. 1) provided by Maritime Safety Queensland

and reduced to metres relative to present which we defined
as the height above local mean low water spring tide

(MLWS; 0.76 m above lowest astronomical tide for the

Keppel Islands), the level to which microatolls are con-
strained by the air–sea interface (Scoffin et al. 1978;

Smithers and Woodroffe 2000; Murray-Wallace and

Woodroffe 2014).
Even though conditions were calm on all days (\5 knot

winds; mean sea level pressure MSLP *1000 hPa), we
acknowledge that measuring the absolute elevation of

microatolls by referencing to timed-still tide levels is

imprecise, mainly related to possible time lags between
tide gauge location and our sites. Although the difference

in tide time in the Keppel Islands is only ±5 min from the

mainland (which was taken into consideration when cal-
culating heights), to avoid underestimating methodological

errors we calculated the average standard deviation of tide

heights within a half-hour period of our sea level tie points,
which resulted in errors of\0.1 m. The standard deviation

of replicate tie points at each site was\0.05 m even when

the time difference was in excess of an hour between
measurements. We therefore assigned a conservative error

of ±15 cm to our measurements to incorporate both

sources of potential error. It must be noted, however, that
the error of the relative position of each coral sample to

each other within each site is minimal and is a function of
the laser level (accuracy of ±1.0 mm/30 m; HI and GKI)

or relative position to each other (\0.05 m; NKI).

Samples of coral were collected with a hammer and
chisel from the centre of each coral microatoll where the

elevation and diameter were recorded (Table 1). Samples

were also taken from the centre of non-microatoll fossil
colonies at HI (n = 10) to determine reef flat development.

Fig. 2 a Microatoll at Great Keppel Island. Note thick unconsoli-
dated sediment surrounding sample. b Modern reef seaward of relict
reef at Great Keppel Island dominated by branching Acropora spp.
c Surface morphology of Cyphastrea sp. microatoll demonstrating

radiation of corallites from the centre of the colony. d Large
microatoll at the seaward edge of North Keppel Island reef (survey
rod is *1.3 m)
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The flat, upper surface of the centre of the coral microatoll

where the corallites were observed to radiate (Fig. 2c)
represents the surface of the colony that was originally

constrained by the air–sea interface and was used to justify

our sampling strategy. Furthermore, personal observations
and previous dating trials have revealed that the centres of

microatolls and corals are generally less prone to bio-ero-

sion and detrital inclusions allowing for more precise U–Th
age determinations.

Uranium–thorium dating

Samples were prepared for U–Th dating by Multi-Collector
Inductively Coupled Mass Spectrometry (MC-ICP-MS) at

the Radiogenic Isotope Facility, the University of

Queensland, using methods described in Clark et al. (2012,
2014b). Full laboratory methods are described in detail in

ESM S2 U–Th methods. Samples of coeval material with

different levels of cleaning protocol were measured for age
validation of replicate samples and to determine local

detrital 230Th/232Th ratios using 230Th/232Th–238U/232Th

isochrons (ESM Fig. S1). Sample ages were calculated
using the decay constants of Cheng et al. (2000) using

Isoplot/Ex software (Ludwig 2003) and corrected for ini-

tial/detrital 230Th using a two-component mixing correc-
tion scheme described by Clark et al. (2014a).

Results

Uranium–thorium age data

Measured 232Th for the corals collected from the Keppel

Islands was variable, with 98 % of samples ranging
0.08–12.41 ppb (72 % \3.5 ppb) suggesting small to

negligible initial 230Th and/or non-radiogenic detrital 230Th

contamination in most of the samples collected (Table 1).
Elevated 232Th (25.72 ppb) and a low 230Th/232Th ratio

(6.84) were determined for sample GKI007, indicating

significant contamination with detrital 230Th and justifying
the removal of this sample from further analysis (removal

of this data point did not affect interpretation). All samples

appear to have remained a closed system supported by
d234U values falling within analytical error of the modern

seawater value of 146.8 ± 2 % and uranium concentra-

tions similar to previously reported values for pristine
coral, ranging 2.6–3.5 ppm (Henderson 2002; Cobb et al.

2003; Shen et al. 2008; Clark et al. 2012; Leonard et al.

2013). The average detrital 230Th/232Th ratio obtained from
the Keppel Islands isochrons (0.62 ± 0.14; ESM Fig. S1)

is close to the 0.64 ± 0.04 ratio reported by Clark et al.

(2014a) for massive Porites colonies at the Palm Islands
(Fig. 1), a comparable inshore site *650 km north of the

Keppel Islands. Three replicate isochron samples used for

age validation (GKI003, GKI004 and GKI005) are all
within age error of the reported U–Th age of the final ultra-

cleaned sample (ESM Fig. S2).

Age elevation

Keppel Islands corrected 230Th ages of corals and
microatolls [n = 42; reported hereafter as years before

present (1950)] ranged from 6864 to 968 yr BP, although
distributed discontinuously throughout this time (Table 1).

Reef flats had developed at all three sites by the mid-

Holocene, yet no reef flat samples at any site were dated
between *4600 and 2800 yr BP. All elevations are

reported relative to MLWS tide height to which open-water

microatolls are constrained and therefore considered rep-
resentative of height above/below present RSL.

Humpy Island is the smallest island and reef flat of the

three sites investigated in this study. The modern leeward
reef lies 150–350 m from the emerged reef flat, which is

situated in a small embayment on the southwest of the

island (Fig. 1; ESM Fig. S3). The oldest microatoll at this
site was Cyphastrea spp. (6209 ± 27 yr BP) at 0.4 m

above present; however, large branching corals were pre-

sent as early as 6800 yr BP (Fig. 3; Table 1). Both
microatolls and non-microatolls are found from *6200 to

5500 yr BP at *0.7 m above present suggestive of a fully

developed reef flat (Fig. 3). Four Porites sp. microatolls
dated between *5300 and 5100 yr BP are *0.4–0.7 m

lower than their older counterparts (Fig. 3) with no corals

found above this elevation for this period. After 5100 yr
BP, only two late Holocene microatolls *0.2 m above

present at *970 yr BP are found at this site.

On Great Keppel Island (Fig. 1, ESM Fig. S4), the
modern reef is located almost perpendicular to a rocky

headland at the seaward edge of an embayment on the

south-west of the island and is dominated by branching
Acropora spp. (Fig. 2b). The relict emergent reef is located

*50 m towards the shore from the living coral zone and is

partially covered by mixed siliciclastic/carbonate sediment.
Only one mid-Holocene sample (GKI 009) was dated at

*6500 yr BP at 0.52 m above present. While more mid-

Holocene samples are most likely present at GKI, the
occurrence of relatively thick unconsolidated sediments

means that they are probably only intermittently exposed

(Fig. 2a). The remaining samples from GKI are all late
Holocene from 2800 to 1400 yr BP. Microatolls are 0.3 m

above present at 2856 yr BP, -0.07 m at 1640 yr BP,

0.05 m at 1550 yr BP and 0.17 m at 1468 yr BP (Fig. 4a).
At North Keppel Island (Fig. 1, ESM S5), modern coral

growth is mainly constrained to the reef slope, with small

Acropora spp. recruits and a few ponded modern

Coral Reefs

123

Author's personal copy



microatolls (living tissue\5 cm on the edge of the colony;

ESM Fig. S6). Fossil microatolls at NKI are *0.8 m above
present sea level from 5800 to 5700 yr BP and 0.4 m above

present sea level between 5350 and 5125 yr BP. From 5000

to 4600 yr BP, microatolls are *0.7 m above present sea
level after which no further reef flat corals were found

during this study at NKI (Fig. 4a).

Discussion

High-precision U–Th age-elevation data from corals and
microatolls in the Keppel Islands provides evidence in

support of a nonlinear RSL regression throughout the

Holocene on the southern GBR. Our study is based on 42
U–Th dates obtained from in situ fossil microatolls
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Fig. 3 Uranium–thorium (U–Th) age-elevation data for microatoll
and non-microatoll samples from Humpy Island, Great Barrier Reef,
Australia. Solid symbols are microatolls (elevation errors of
±0.15 m); open symbols are non-microatoll samples. As non-
microatoll corals are not constrained equally by the air–sea interface,

positive elevation errors are given as C0.35 m. Elevation is metres
(m) above present mean low water spring tide. U–Th ages are years
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(note that some age error bars are smaller than symbol width)
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(n = 32) and relict reef flat corals (n = 10) from three

continental islands. This is the first account of centennial-
scale RSL instability documented from multiple reefs

within the same region.

Mid-Holocene (6500–4600 yr BP)

Models of glacio-hydro-isostatic response of RSL predict a
highstand of ?1 to ?3 m for the inshore GBR in the mid-

Holocene (Clark et al. 1978; Chappell et al. 1982; Lambeck
and Nakada 1990). The earliest microatoll samples in the

Keppel Islands are 0.4–0.5 m above present

*6500–6200 yr BP and *0.7 m by 6000 yr BP (Figs. 3,
4). Elevations of non-microatoll corals from HI suggest

that the highstand was likely reached just after *6200 yr

BP; however, determining absolute RSL from non-mi-
croatolls is not possible (Fig. 3a). The highstand in the

Keppel Islands is both later and lower than previously

proposed highstands on the AEC [e.g., 1.0–1.5 m at
7400 yr BP (Sloss et al. 2007) and 7000 yr BP (Lewis et al.

2008)]. However, these previous highstand data must be

treated with caution as they are based on either a limited
number of radiocarbon ages obtained from supratidal

deposits, for which upper elevation ranges are difficult to

determine (Sloss et al. 2007), or recalibrated radiocarbon
data from a number of different studies utilising different

methods and indicators (Lewis et al. 2008). Early reef

initiation in the Keppel Islands may have been inhibited by
conditions unsuitable or marginal for coral growth due to

the movement of the coastal terrigenous sediment wedge

(TSW) and/or resuspension of pretransgressive sediments
(Larcombe and Woolfe 1999). Nevertheless, RSL appears

not to have peaked in the southern GBR until after 6200 yr

BP. Microatoll elevations designate the lower height esti-
mate of RSL, commonly *0.5 m lower than fixed bio-

logical indicators (FBIs, e.g., tubeworms and oyster beds;

Lewis et al. 2008) or more when compared to mangrove
deposits (Sloss et al. 2007), which makes our data com-

parable to previous elevation reconstructions.

Following the highstand in the Keppel Islands, two sites
(HI and NKI) show a rapid coeval fall in RSL of 0.4–0.7 m

at 5500 yr BP, with no microatolls or corals found above

0.4 m between 5300 and 5100 yr BP. This lowering of
RSL cannot be explained by a lack of accommodation

space as microatolls reform at NKI at higher elevations

(0.6–0.7 m) from 5000 to 4600 yr BP at more landward
locations on the reef flat (Fig. 5). Although ponding must

be considered when interpreting the return to higher RSL

after 5100 yr BP, we consider this unlikely. A shore-to-sea
survey showed that towards the reef slope the area of

highest elevation (potentially causing ponding) is only

0.4 m above present. Thin, ponded extant microatolls

(\5 cm above the substrate; ESM Fig. S6) are present on

the reef flat at NKI at *0.4 m above present MLWS,
which is still 0.2–0.3 m lower than the microatolls dated

between 5000 and 4600 yr BP. The morphology of the

modern microatolls also differs from their fossil counter-
parts with the former defined by planar surfaces formed by

very still moated water levels and the latter being vertically

more substantial with irregular surfaces (Fig. 2d) indicative
of a free-draining reef-flat environment (Smithers and

Woodroffe 2000). Though these sites are in a macro-tidal
setting, which can result in significant elevation differences

among modern microatolls, the precise overlapping (both

temporal and magnitudinal) of the lowstand observed at
two reef sites makes it extremely unlikely that it is a tidal

artefact. If elevation differences in this region were driven

primarily by tidal range, our data would consistently show
temporally indiscrete elevation differences of [0.3 m

throughout the Holocene, which are not apparent.

The timing and magnitude of the sudden RSL lowering
in the Keppel Islands agree with FBI data from the

southern AEC, which exhibited a RSL fall of *0.6 m

between 5400 and 5000 yr BP (Baker and Haworth 2000;
Sloss et al. 2007). Microatoll data from Magnetic Island

also indicate that RSL was higher at 5800 yr BP compared

to 5400–5000 yr BP (Yu and Zhao 2010). When previously
reported (recalibrated; Lewis et al. 2008) microatoll data

from the GBR (Chappell 1983) are compared with the

Keppel Islands data, the lowered RSL between 5300 and
5100 yr BP is still evident, with samples elevated higher

found prior to and following the inferred lowstand

(Fig. 4b).
The RSL lowering in the Keppel Islands at 5500 yr BP

is also contemporaneous with a period of significant

change to reefs on the GBR (Smithers et al. 2006; Lybolt
et al. 2011; Perry and Smithers 2011; Leonard et al. 2013).

Following the concept of reef ‘‘turn on’’ and ‘‘turn-off’’

events initially proposed by Buddemeier and Hopley
(1988), Perry and Smithers (2011) analysed data from 76

reef core records from the inshore GBR and noted that reef

initiation ceased from *5500 yr BP in both the northern
(Cape Tribulation; 1000 km north of Keppel Islands) and

southern GBR (Cockermouth, Penrith and Scawfell

Islands; *300 km north of Keppel Islands). Similarly, in
Moreton Bay (*550 km south of Keppel Islands), sudden

reef flat termination (Leonard et al. 2013) and increasing

coral depth followed by a reef hiatus (Lybolt et al. 2011)
have been documented from *5600 yr BP. Lack of ver-

tical accommodation space, proximity to the coastal TSW

and climate change were suggested as the likely cause of
reef ‘‘turn-off’’ (i.e., reduction in accretion) on the inshore

GBR (Perry and Smithers 2011). However, it was noted by

the authors that similar patterns and/or transitions from
aggrading to prograding modes of growth were observed
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on mid- and outer-shelf reefs far from the effects of ter-

rigenous input or resuspension. In Moreton Bay, a rapid
fall in RSL and/or climatic change was suggested to have

increased turbidity producing unfavourable conditions for

coral growth (Leonard et al. 2013). However, a recent
analysis of foraminifer assemblages from Moreton Bay

demonstrated that water quality was continuously and

consistently marginal from 7400 yr BP to present (Narayan
et al. 2015), suggesting that turbidity was likely not the

primary driver of reef demise in this region.

The period of reduced accretion (‘‘turn-off’’) was fol-

lowed by a significant hiatus in reef growth from*4600 yr
BP that lasted for two millennia (Smithers et al. 2006;

Perry and Smithers 2011). Equally, no corals or microatolls

were found in the Keppel Islands between 4600 and
2800 yr BP. Previously presented RSL data from the AEC

are contradictory, with some authors suggesting that SLs

were 1 m (Flood and Frankel 1989) to 1.7 m higher (Baker
and Haworth 2000) during this period, whilst others pro-

pose possible lowered RSLs at this time (Lewis et al.
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2008). The negative RSL oscillation proposed by Lewis

et al. (2008) at 4600 yr BP is based on 115 recalibrated 14C
SL indicators from the AEC (Fig. 4b). The rate of RSL

change calculated from the Keppel Islands microatolls at

5500 yr BP (ESM S5) are comparable to the rates derived
from microatolls at 4600 yr BP by Lewis et al. (2008),

suggesting similar driving mechanisms for both events. If

RSLs were lowered during these periods, sediment loads to
inshore reefs would increase due to mainland coastal sed-

imentary progradation, with flood plumes reaching further
across the shelf and increased wave resuspension of fine

sediments which may have resulted in significantly reduced

reef accumulation or hiatus at some locations as noted by
Perry and Smithers (2011). Clearly, more SL proxies that

temporally bracket, or are within the GBR hiatus period are

needed before any conclusions can be drawn. Nevertheless,
the synchronicity of a RSL oscillation at 5500 yr BP and

reef flat hiatus at 4600 yr BP in the Keppel Islands with

significant reductions in reef initiation and reef hiatus
elsewhere on the GBR is noteworthy.

Late Holocene re-initiation (2800 yr BP to present)

Microatoll records suggest that reef flats in the Keppel

Islands re-initiated between 2800 and 2500 yr BP, similar
to the timing of reef re-initiation (*2300 yr BP) reported

in the northern and southern GBR (Perry and Smithers

2011). As only a limited number of samples at GKI and HI
were from the late Holocene in the present study, our

interpretation is cautious at this stage. Evidence suggests

that between 2800 and 2500 yr BP RSL was 0.3–0.2 m
above present, after which RSL appears to have been just

below or close to present levels by 1640 yr BP. Microatolls

are then found at increasing elevations up to 0.2 m above
present from 1470 to 970 yr BP. Lewis et al. (2008) pro-

posed a similar oscillation centred at 2800 yr BP at com-

parable elevations to our present record. More recently,
Harris et al. (2015) reported a rapid fall in RSL after

*2200 yr BP at One Tree Island (southern GBR); how-

ever, they suggested that RSL was *1.0 m above present
between 3900 and 2200 yr BP. Baker and Haworth (2000)

suggested that an absence of succession of various FBIs

indicated a rapid RSL fall in Port Hacking (1200 km south
of the Keppel Islands) between 3500 and 3400 yr BP, after

which RSL was stable until *2800 yr BP. However, fol-

lowing this period of RSL stability, the Port Hacking data
from two sites within the same region displayed divergent

trends, one falling and one rising (Baker and Haworth

2000). Perry and Smithers (2011) inferred that reef re-ini-
tiation on the GBR during the late Holocene likely occur-

red due to RSL stabilisation and the associated retreat of

the TSW and shoreline resulting in conditions becoming
more favourable for accretion. However, data from the

Keppel Islands and elsewhere on the GBR and AEC sug-

gest that after 2800 yr BP RSL was unstable at centennial
timescales. It is unclear at this stage as to why reefs re-

initiated in the late Holocene even if RSL fell smoothly or

oscillated.

Mechanisms of RSL oscillations

Neotectonics and hydro-isostasy

The AEC is considered to have been tectonically

stable throughout the Holocene (Lambeck and Nakada

1990; Lambeck 2002; Woodroffe and Horton 2005).
However, neotectonic uplift of up to 1 m per 1000 yr to the

east of the Broad Sound fault (*130 km north of the

Keppel Islands) has been suggested (Kleypas and Hopley
1992). At Broad Sound, the continental shelf is at its widest

(*200 km) compared with just south of the Keppel Islands

where the shelf is approximately three times narrower
(*70 km; Fig. 1). It is possible that differential down-

warping (i.e., larger effect on the wider shelf) following the

mid-Holocene highstand resulted in an increase in tidal
range in the Keppel Islands region, which would result in a

lowering of the MLWS level without a need for any RSL

change or eustatic contribution (Kleypas and Hopley
1992). Although feasible, we consider this unlikely as tidal

adjustment would likely manifest as a more gradual change

in the RSL curve which is not the case in the present study
and does not explain the return to higher RSL or the

oscillations reported elsewhere on the AEC.

Climate and sea level

Evidence of rapid climate change events during the Holo-
cene is abundant, and although attempts to reconcile a

global Holocene climate signal have been made (Bond

et al. 1997, 2001; Mayewski et al. 2004; Wanner et al.
2011, 2015), the currently available records are signifi-

cantly biased to the northern hemisphere, with continuous

high-resolution records from the southern hemisphere rel-
atively sparse (Wanner et al. 2015). Furthermore, whether

rapid (subcentennial to centennial) shifts in climate trans-

lated to either minor relative or eustatic SL variability is
difficult to ascertain and rarely discussed. Hamanaka et al.

(2012) interpreted reef hiatus events in the mid-Holocene

at Kodakara Island in the northwest Pacific as associated
with oscillations in RSL, and suggested links to possible

eustatic oscillations driven by Atlantic and Pacific cold

events and associated short-lived ice build-up. Similarly,
links between climate perturbations and SL oscillations in

the Atlantic at *6500 and 2200 yr BP (Schellmann and

Radtke 2010) and in the Pacific in response to the ‘‘Little
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Climatic Optimum’’ and ‘‘Little Ice Age’’ of the late

Holocene have also been proposed (Nunn 1998, 2000a, b).
Conversely, glacio-isostatically adjusted mangrove and

reef deposit data from the Seychelles (Indian Ocean) sug-

gest that ESL has been largely insensitive to climate fluc-
tuations over the past 2000 yr prior to anthropogenic

influence (Woodroffe et al. 2015). Although a recent re-

analysis of available ‘‘far-field’’ sea level data by Lambeck
et al. (2014) concluded that no oscillations of [0.2 m

occurred during the last 6000 yr, this conclusion is limited
to timescales of C200 yr due to age uncertainties, which is

above the temporal detection limit of the oscillations pre-

sented here for the Keppel Islands. Unfortunately, insuffi-
cient continuous high-resolution climate data in the

southern hemisphere (Wanner et al. 2011, 2015) make

interpretation of Holocene regional and global climate
signals on SL variability tenuous. Coral proxy-derived (Sr/

Ca and d18O) sea surface temperature (SST) data from

Orpheus Island and King Reef in the northern GBR suggest
that SSTs were *1.0–1.2 "C warmer than present

at * 5300 (Gagan et al. 1998) and 4700 yr BP (Roche

et al. 2014). Warmer SSTs have also been inferred from
foraminiferal d18O analysis from near Indonesia, with

warm/wet and stable conditions prior to 5500–5300 yr BP

(Brijker et al. 2007). Conversely, coral data from Indonesia
and Papua New Guinea suggest a cooling of *1.2 "C at

*5500 yr BP (Abram et al. 2009). With consideration of

the age errors in these records, a possible 1.0–2.0 "C
change in SST affecting the Indo-Pacific during the mid-

Holocene is possible; however, this cannot be validated

with the data currently available.
Nevertheless, in this study, we have demonstrated that

by using high-precision U–Th dating techniques, in con-

junction with elevation surveys of a single SL indicator at
multiple sites, it is possible to detect minor (\1 m) RSL

fluctuations. The RSL oscillations presented here for the

Keppel Islands are in good temporal agreement with epi-
sodes of significant change to reefs on the GBR throughout

the Holocene (‘‘turn-off’’ and hiatus). With current models

predicting a 0.2- to 0.6-m contribution to sea level rise for
each 1 "C of global warming in the future (Church et al.

2013) is it not then possible that similar scale cooling

events in the Holocene had comparable effects on at least
RSL signals in the far-field? Given the rates and magni-

tudes of change in the present study, and lack of evidence

for any other geological or geomorphological contribu-
tions, we consider significant subcentennial to centennial

climate perturbations the most likely driver of RSL oscil-

lations in the Keppel Islands. Clearly, more high-resolution
RSL records are needed to determine whether this is a

local, regional or global signal, and robust links to possible

climate perturbations are required before any further con-
clusions can be drawn.

High-resolution palaeo-sea level reconstructions are not

only critical to interpreting reef growth history on the
GBR, but will enable improved predictions of reef response

to future SL variability (Camoin and Webster 2015). Fur-

ther, precisely dated RSL records in conjunction with high-
resolution palaeo-climate data will enable refinement to

model parameters for use in future sea level rise

projections.
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