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Abstract

Numerous high-energy-transported coral reef blocks occur on the outer reef flats of Heron and Wistari reefs at the southern end of the

Great Barrier Reef. In a pilot study, five samples from Heron and one from Wistari were collected for high-precision U-series dating by

thermal ionization mass spectrometry. Five of the six dated corals yield U-series dates that suggest these corals were killed and

transported during the last century. Without precise knowledge of cyclone impacts in the area, it is not possible to unequivocally link

these reef blocks to specific cyclones. Nevertheless, this pilot study demonstrates that cyclone-transported coral reef blocks over the past

300 years can be precisely dated to an age uncertainty of 71–4 years. This opens up the opportunity for high-age-resolution

reconstruction of cyclone history and high-precision assessment of the trend and frequency of cyclone occurrences over the past

millennium, as well as for a better understanding of anthropogenic impact on cyclone activity.

r 2008 Elsevier Ltd and INQUA. All rights reserved.
1. Introduction

Tropical cyclones have a severe impact on human
populations and economy and play an important role in
coral reef development and biodiversity (Connell et al.,
1997; Hughes and Connell, 1999). Cyclones are predicted
to generally increase in magnitude and frequency under
scenarios of future climate change (Henderson-Sellers
et al., 1998; Walsh and Ryan, 2000; Goldenberg et al.,
2001; IPCC, 2007), despite some spatial variations, e.g.
lower Atlantic hurricanes during the 1970–1980s (Landsea
et al., 1996; Easterling et al., 2000; Webster et al., 2005;
Nyberg et al., 2007). However, assessing anthropogenic
effects on variations of cyclones (especially since the
Industrial Revolution) requires decoupling recent and
future trends from longer-term periodicities, as well as a
better knowledge of cyclone occurrences over the past few
hundred years. Australia has a vast coastline, much of
e front matter r 2008 Elsevier Ltd and INQUA. All rights re
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which is vulnerable to cyclone impact. However, historic
records are limited to only the last 150 years of European
settlement in tropical areas of Australia. Holocene records
of tropical cyclone frequency have been obtained for some
areas of the Great Barrier Reef (Hayne and Chappell, 2001;
Nott and Hayne, 2001); yet, the records are limited and the
resolution is low.
The frequency and magnitude of cyclones can be

recorded in various archives, such as transported boulders,
storm ridges/ramparts, lagoon and coastal sediments
(sediment structure and grain-size distribution), near-shore
lakes, sinkholes or swamps (fingerprints of sea-water
surges), and even tree-rings (Nott, 1997; Hayne and
Chappell, 2001; Nott and Hayne, 2001; Yu et al., 2004,
2006b; Miller et al., 2006). Through dating and character-
ising such geological archives, cyclone histories can be
reconstructed. In a previous study, we showed a correlation
between the ages of coral boulders on Yongshu reef in the
South China Sea and both increased lagoon deposition
rates (Yu et al., 2006b) and coarse-grained sediment
content peaks (Yu et al., 2008) and interpreted this result
served.

dx.doi.org/10.1016/j.quaint.2008.06.004
mailto:j.zhao@uq.edu.au
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as a record of the number of cyclone/tsunami events over
the past millennium (Yu et al., 2004, 2006b, 2008). In this
study, we report new data from high-precision U-series
dating of cyclone-transported coral reef blocks on the reef
flats of Heron and Wistari reefs at the southern end of the
Great Barrier Reef. The results show that transport of
coral reef blocks by high-energy events occurred during the
last 300 years and these blocks can be dated with an age
uncertainty of 71–4 years. We use this level of precision as
a basis to discuss the relationship between the dated events
and historic cyclone records and to investigate the potential
for high-resolution systematic reconstruction of cyclone
history over the last millennium.

2. Site description

Heron (2313204600S, 15115702000E) and Wistari
(2312801400S, 15115302000E) reefs are both off-shore lagoonal
platform reefs in the Capricorn Group at the southern
end of the Great Barrier Reef, about 150 km E of
Rockhampton or 80 km northeast of Gladstone (Fig. 1).
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Fig. 1. Map showing the location of Heron and Wistari reefs with respect

to the Great Barrier Reef and coastal Queensland.
Both reefs are elongate reef systems developed on a
Pleistocene basement (Davies, 1974; Marshall, 1983),
separated by a narrow (width o1 km) northwest-trending
channel. They have well-developed windward rims to the
south, and less well-developed leeward rims to the north.
Both reefs show concentric zoning in reef morphology and
depositional environment, with well-developed lagoons in
the centre. Detailed coring, seismic profiling and radio-
carbon dating of the Heron reef lagoon (Smith et al., 1998)
indicate that lagoon sedimentation started at least 4200
years BP (uncorrected radiocarbon dates), with the wind-
ward margin reaching sea level around 2700 years BP.
Both reefs are frequently affected by tropical cyclones.
Meteorological and historic records show that, during the
last century, a total of 145 cyclones were documented to
have hit the Queensland coastline between 1901 and
2000 AD (see http://www.windworker.com.au/qldcyclones.
htm), with 25 of them crossing the coast between
St Lawrence (�270 km northwest of Heron and Wistari
reefs) and Maryborough (�240m southwest of Heron and
Wistari reefs).

3. Sample collection, analytical methods and results

Numerous transported reef blocks (probably in thou-
sands, some a few meters across) occur on the reef flats of
Heron and Wistari reefs (Fig. 2). During a brief fieldtrip by
one of us (DN), a number of surface samples were collected
from reef blocks on both reefs using a geological hammer.
Six samples, including five from southeast Heron reef and
one from northeast Wistari reef (Fig. 1), were chosen for
high-precision U-series dating by thermal ionization mass
spectrometry (TIMS) at the University of Queensland.
Samples from coral colonies showing fresh surfaces were
taken 15–60mm below the surfaces of the colonies.
Detailed analytical procedures are described in Zhao
et al. (2001) and Yu et al. (2006a). Our samples were
Fig. 2. Examples of cyclone-transported coral reef blocks on the reef flat

at Heron Island.

http://www.windworker.com.au/qldcyclones.htm
http://www.windworker.com.au/qldcyclones.htm
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measured in two separate sets, with HR-1, HR-4 and
WRW-3 preceding measurement of the other three
samples. In the first set, without suspecting the samples
were so young, only �400mg material per sample was
processed following standard procedures. In the second set,
about 1 g material was used and extra precaution, including
the use of longer preheating procedures and measurement
time, was taken in the TIMS measurement of Th isotope
ratios. As a result, about 3–10% (at 2s level) errors were
obtained for uncorrected 230Th ages of the first set of
samples, whereas for the second set much better age
precisions were achieved (1.3–1.5%) (Table 1). The results
indicate the near surface ages of these reef blocks ranged
from 3774 to 27674 years. Assuming a coral colony
growth rate of 15mm/year and that post-mortality erosion
was minimal, we calculated the surface (or mortality) ages
of the reef blocks and used this as the age of mortality (see
Section 4.2).

4. Discussion

4.1. Reliability of the 230Th ages

Dating coral samples of less than 500 years is challenging
due to a number of factors. First, the extremely low
radiogenic 230Th in the samples is difficult to measure
precisely, and procedural blanks and errors in spike cali-
bration have a greater influence on age precision than for
older samples. Yu et al. (2006a) and Zhao et al. (2008)
made a detailed assessment of these analytical factors. The
testing results show that the total amount of procedural
blanks in our laboratory is 3.373.3� 10�17 g (or 0.0337
0.033 fg), contributing less than 0.1 year to the age
calculation for corals with 2–3 ppm U. This level of blank
is negligible considering the fact that the six dated samples
contain 16–129 fg 230Th. Our blanks from loading samples
onto zone-refined rhenium filament ribbons (incorporating
impurities from colloidal graphite, rhenium ribbon and
loading acid) are negligible, as they display no discernible
signals on masses 229, 230, 233, 234 and 236. The total
procedural blanks were mainly derived from the sample
preparation process (including sample dissolution, Fe co-
precipitation and column chemistry).
The second factor that affects the precision and

reliability of the ages is the amount and isotopic composi-
tion of non-radiogenic Th components in the samples
(Cobb et al., 2003; Yu et al., 2006a). This is also discussed
in detail by Yu et al. (2006a), who considered that aeolian
continental dusts would be the predominant source of non-
radiogenic Th in the South China Sea. They also used live
corals of known ages to back-calculate non-radiogenic
230Th/232Th activity ratios in these samples, which is �1.3.
As Heron and Wistari reefs are only 70 km from the coast,
much closer than the distance between Yongshu reef and
the closest landmass, we consider that aeolian continental
dusts would also be a primary source of non-radiogenic Th
in our samples. In addition, using a Great Barrier Reef
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coral core of known age from the AIMS core library, we
determined a non-radiogenic 230Th/232Th activity ratio of
�1, which is expected for aeolian continental dusts. In
other words, assuming non-radiogenic 230Th/232Th activity
ratio of �1, the corrected 230Th ages agree well with inde-
pendent layer-counting ages (Yu and Lawrence, unpub-
lished data). Thus we use non-radiogenic 230Th/232Th ¼ 1
to calculate the corrected 230Th ages, which show almost no
difference from the uncorrected 230Th ages. The much
smaller influence of non-radiogenic Th components on our
samples, as compared to samples from Yongshu reef, is due
to the fact that the level of 232Th (reflecting the level of non-
radiogenic 230Th) is an order of magnitude lower. Because
of this, the influence from the uncertainty in the non-
radiogenic 230Th/232Th ratio assumption is minimal. For
instance, even if we assume a non-radiogenic 230Th/232Th
activity ratio of �2, the corresponding corrected 230Th ages
will be only 0.4–3.2 years younger than the uncorrected
230Th ages (see Table 1). Hence, we consider that the
influence of non-radiogenic Th components in our samples
is negligible.

The third factor that affects the reliability of the ages is
whether the samples have experienced secondary alteration
and U mobility. Except for WRW-3, U contents in all
other samples range from 2.5 to 3.0 ppm U and initial
d234U from 14472% to 14872%, within the normal
ranges (e.g. 2.5–3.5 ppm, 14673%) for modern pristine
corals and seawater (Stirling et al., 1998; Henderson, 2002;
Yu et al., 2006a; Scholz and Mangini, 2007). U in WRW-3
(�4.1 ppm) is marginally higher than the normal range of
2.5–3.5 ppm, suggesting that its age might be susceptible to
some secondary disturbance (minor U gain). To what
degree this will impact the age is unclear, although it was
noted that post-depositional U gain usually results in 230Th
ages that are apparently too young (Lazar et al., 2004;
Scholz and Mangini, 2007).

4.2. Assumptions and implications of the coral ages

To what degree our coral ages precisely record the timing
of cyclone events is dependent upon two main factors.
First, were the dated corals alive when they were
transported by the cyclones? Second, was there any erosion
after the reef blocks were transported onto the reef flat?
Violation of one or both of these assumptions would
provide ages that were older than the date of cyclone
transport. It has been shown in a number of studies that
loosely attached living coral colonies are commonly
dislodged and transported from where they lived under-
water to reef flats above sea level by cyclones and other
high-energy wave events (Done, 1992; Massel and Done,
1993; Gilmour and Smith, 2006). Many other studies show
that live coral cover may be significantly reduced after
major cyclone or tsunami events, suggesting live corals are
vulnerable to destruction and dislodgement by extreme
wave events (Cheal et al., 2002; Kumaraguru et al., 2005;
Wantiez et al., 2006; Done et al., 2007). On Heron and
Wistari reefs, the reef fronts are dominated by live corals,
and so the probability for live corals to be transported by
cyclone events is high. We attempted to date the freshest
material we found on the transported reef blocks so as to
increase the probability of dating the youngest part of the
reef block. Nevertheless, we acknowledge that our ages are
maximum age estimates for the date of inferred cyclone
occurrence, and realize that the real cyclone age associated
with each block might have been later than our age dates.
The second question regarding post-mortality erosion is

even more difficult to assess. In the study of coral blocks
and storm history on Yongshu reef in the South China Sea,
Yu et al. (2004, 2006b, 2008) showed that the surface ages
of the transported reef blocks correlate in timing with
peaks of coarse-grained sediment that were independently
dated using incorporated branching coral fragments. This
excellent age correlation implies the erosion rate of
transported reef blocks was probably negligible, which is
also supported by field evidence such that none of the
transported blocks show any signs of younger coral
overgrowth, encrustation or subtidal alteration. Consider-
ing the fact that some of the dated blocks from Yongshu
were up to 1000 years older (much older than dated corals
in this study) and yet they show no evidence of erosion, it is
possible that the much younger coral blocks from Heron
and Wistari reefs experienced little erosion over the last
century. Based on previous direct measurements of lime-
stone erosion rates across a variety of climatic conditions in
Australia (Stone et al., 1994; Smith et al., 1995) (ranging
from 0.005mm/year in arid zones to 0.2mm/year in
equatorial environment), we estimate that the loss of reef
blocks to erosion on Heron and Wistari Reefs over 100
years should be less than 20mm, or about 1 year of coral
growth or less. In reality, erosion rates should be at least
one or two orders of magnitude lower than 20mm/century,
otherwise �24m of coral profile would have been eroded
on a last-interglacial reef terrace, which is clearly un-
realistic. Nevertheless, if erosion did occur, the surface ages
of the dated coral blocks should be considered as the
maximum ages of the corresponding cyclone events.

4.3. Comparison with historic records of cyclone events

As described previously, meteorological and historic
records (see http://www.windworker.com.au/qldcyclones.
htm) show a total of 145 cyclones hit the Queensland
coastline between 1901 and 2000 AD, with 25 crossing the
coast between St. Lawrence to the north (�270 km
northwest of Heron and Wistari reefs) and Maryborough
to the south (�240m southwest of Heron and Wistari
reefs), although cyclone records for the earlier part of the
century may not be complete (especially during the two
World Wars). When plotting the surface (or mortality) ages
of our dated samples on the histograms of the 25 cyclone
records in the vicinity (Fig. 3), it appears that these reef
block ages do fall within the frequency distribution of these
cyclones. In addition, we also outlined potential cyclones in

http://www.windworker.com.au/qldcyclones.htm
http://www.windworker.com.au/qldcyclones.htm
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Fig. 3. Histograms of cyclones crossing the coastal area from St.

Lawrence to Maryborough (see Fig. 1) between 1901 and 2000 AD. Also

shown for comparison are surface (mortality) ages of the dated coral reef

blocks.

Table 2

Transported reef blocks and potential cyclones that might be responsible

Sample

name

Surface or

mortality age

(AD)

Potentially responsible cyclones

HR-1 197074 Cyclone Emily on 2 April 1972 crossed south

of Gladstone (�80 km southwest of Heron

reef) and created huge waves claiming 8 lives.

HR-2 190773 The cyclone on 12 March 1908 caused

widespread damage to buildings, trees, fences

and telegraph lines near St. Lawrence

(�270 km northeast of Heron reef).

HR-3 194472 The cyclone on 2 February 1942 crossed

north Rockhampton (�150 km west of

Heron reef). Other potential cyclones include

one passing east of Fraser Island (�200 km

southeast of Heron reef) on 4 April 1946

causing flooding and one crossing at

Broadsound (�380km northwest of Heron

reef) on 10 February 1947 causing damage to

infrastructure and loss of life.

WRW-

3

194374

HR-4 191474 Four major cyclones occurred within 450 km

radius between 1915 and 1919. The cyclone

on 27 December 1916 caused severe damage

on Whitsunday Island (�410 km northwest

of Heron reef), flooding at Clermont

(�450 km northwest of Heron reef), and

claimed 62 lives. The cyclone on 21 January

1918 created huge flooding at Rockhampton

(�150 km west of Heron reef) and claimed 30

lives. The cyclone cross Maryborough

(�240 km south of Heron reef) resulted in

serious washout.
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the vicinity of Heron and Wistari reefs that might be
responsible for the transport of the dated reef blocks in this
study (Table 2). However, without precise knowledge on
which cyclones have physically crossed Heron and Wistari
reefs, it is impossible to match coral mortality ages with
individual cyclones. Overall, our results do demonstrate the
potential to use reef block ages to reconstruct cyclone
events and their frequencies over the past few hundred
years, provided a large number of reef blocks are dated to
produce a statistically significant age population. As
several thousand transported reef blocks are present on
the reef flats, such a study is indeed feasible. In addition, if
the sizes and elevations of the coral reef blocks and their
distances to the reef fronts are precisely determined, it is
also possible to calculate the energy of the cyclone-induced
waves and thus the intensity of the cyclones (Nott, 2003).
More detailed study of these aspects is under way.
5. Conclusions

In this pilot study, we demonstrate that coral reef blocks
on the reef flats of Heron and Wistari reefs at the southern
end of the Great Barrier Reef were transported by high-
energy events during the past 300 years and can be
precisely dated to an age uncertainty of 71–4 years. Five
of the six dated corals yield U-series dates that indicate that
these corals were killed and transported over the last
century. However, without precise knowledge about
cyclone intensity and tracks in relation to Heron and
Wistari reefs, it is not possible to unequivocally link these
coral reef blocks to individual cyclones. Nevertheless, this
pilot study shows the potential for cyclone history over the
past few hundred years to be reconstructed with unprece-
dented age precision and detail using transported coral reef
blocks, probably in combination with chronology and
characterisation of other associated geological archives,
such as storm ridges and lagoon sediments. Such study may
augment historic records of cyclones back to the past
millennium, enabling us to assess the trend and frequency
of cyclone occurrences over the past few hundred years.
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