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Chapter 6 

Microscopy study and geochemical results 

6.1. Chapter overview 

 
This chapter presents the geochemical results for both the modern and the mid-

Holocene corals in the following order: 

1) Section 6.2 examines the microanalytical studies on the modern and fossil corals 

to ensure that they are free of diagenesis and thus suitable for trace element and 

isotope analyses. 

2) Section 6.3 explores the effect of the H2O2 chemical pre-treatment procedure on 

selected trace elements. 

3) Section 6.4 presents the results of the coral SST proxies including Sr/Ca, Mg/Ca 

and U/Ca ratios as well as O isotopes. 

4) Section 6.5 discusses the coral Δ18O data to reconstruct seawater salinity. 

5) Section 6.6 examines possible coral proxies of water quality including Ba/Ca 

ratio, Mn concentrations, rare earth elements (particularly Y, Pr, Sm and Ho) 

and Th concentrations.  

 

6.2. Microscopic analyses of coral slices 

 
6.2.1. Overview 

 
Microanalyses were conducted on both the modern and mid-Holocene corals to examine 

if they were free of diagenetic alteration and, therefore, suitable for trace element and 

isotope analyses.  This section presents the results from the scanning electron 

microscopy and the coral thin section analyses. 

 
6.2.2. Scanning electron microscope (SEM) analyses 

 
Scanning electron microscopy of the modern and mid-Holocene corals revealed there 

was no obvious addition of secondary aragonite in the coral pore spaces or on the 
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surface of the coral slices (Fig 6.1 a-p).  In addition, there were no other signs that the 

corals had been diagenetically altered (e.g. calcite replacement).  Therefore, it is 

considered that the modern and mid-Holocene corals are free of secondary aragonite 

and aragonite has not been replaced with calcite.      

 

 

 

 

Figure 6.1 (a-f).  Scanning electron microscope (SEM) images of the coral slices.  (a-b) taken from the 
base of the modern coral record (MAG01D) at 100 × (a) and 2000 × (b) magnification.  (c-d) taken 
from the top of MAG01D.  (e-f) from the base of mid-Holocene coral slice NEL01D.    
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Figure 6.1 (g-l).  SEM images (continued).  (g-h) from top of NEL01D at 100 × (g) and 2000 × (h) 
magnification.  (i-j) from the base of NEL03D.  (k-l) from the top of NEL03D.  There was no 
obvious difference between the modern and mid-Holocene corals and no apparent secondary 
aragonite infilling in the pore spaces.  The 2000 × magnification images (on right) were thought to 
represent the crystal structure. 
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Figure 6.1 (m-p).  SEM images (continued) for the mid-Holocene corals.  (m-n) from the base of 
NEL06A.  (o-p) from the base of NEL07C.  Again, there was no apparent secondary aragonite 
infilling in the coral pore space. 

6.2.3. Coral thin section analyses 

 
The coral thin sections, ground to 60-100 µm thickness, displayed what appeared to be 

apparent cement surrounding some of the coral pores (Fig 6.2 a-ah).  This feature was 

present throughout all the corals, including the top section of the modern coral from 

Geoffrey Bay; this section is unlikely to have been infilled with secondary aragonite or 

replaced with calcite.  Therefore, this possible “cement” seems likely to be an artefact of 

the blue dye impregnation procedure. 
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Figure 6.2 a-h.  Coral thin sections of 60-100 µm in thickness.  The corals were impregnated in a 
blue resin to fill in pore spaces and to recognise the difference between the pores and the coral 
aragonite. (a-c) from the base of the modern coral MAG01D at 2.5 ×, 5 × and 10 × magnifications.  
(d-f) 2.5 ×, 5 × and 10 × magnifications of the middle section of the MAG01D coral slice.  (g-h) 
2.5 × and 5 × magnifications of the top of MAG01D. 
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Figure 6.2 i-p.  (i) 10 × magnification from top of MAG01D.  (j-l) 2.5 ×, 5 × and 10 × magnifications 
of the base of mid-Holocene coral NEL01D.  (m-o) 2.5 ×, 5 × and 10 × magnifications of the middle 
section of NEL01D coral slice.  (p) 2.5 × magnification of the top of NEL01D. 
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Figure 6.2 q-x.  (q-r) 5 × and 10 × magnifications of the top of mid-Holocene coral NEL01D.  (s-u) 
2.5 ×, 5 × and 10 × magnifications of the base of mid-Holocene coral NEL03D.  (v-x) 2.5 ×, 5 × 
and 10 × magnifications of the top of the NEL03D coral slice. 
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Figure 6.2 y-af.  (y-aa) 2.5 ×, 5 × and 10 × magnifications of the base of mid-Holocene coral 
NEL06A.  (ab-ad) 2.5 ×, 5 × and 10 × magnifications of the base of mid-Holocene coral NEL07C.  
(ae-af) 2.5 × and 5 × magnifications of the top of NEL07C.   
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Figure 6.2 (ag-ah).  (ag) 10 × magnification of the of the top of NEL07C.  (ah) a 10 × 
magnification of a living coral taken from Pandora Reef.  The Pandora coral was considered to be 
pristine and was used as a comparison with the other thin sections.  There was a conspicuous 
“cement like” feature present in some of the coral pore spaces in both the modern (MAG01D) and 
mid-Holocene corals.  However this “cement” is interpreted to be an artefact of the blue dye 
impregnation procedure. 

 
6.2.4. Summary 

 
Microanalytical analyses on both the modern and mid-Holocene corals suggest that the 

corals were free of diagenesis and thus were suitable for trace element and isotope 

geochemistry.  

 
6.3.   Effects of sample pretreatment 

 
6.3.1. Overview 

 
Some previous studies suggest that a chemical pre-treatment procedure is required to 

remove any detrital and organic components from the coral skeleton (e.g. Shen and 

Boyle, 1988; Watanabe et al., 2001).  The treatment ensures that the analysed trace 

elements are genuinely substituted for Ca2+ or CO3
2- in the coral aragonite skeleton.  

This section investigates the effects of the H2O2 treatment procedure on the trace 

element composition of the 2 yearly resolution samples from 1958-1960 to 1984-1986.  

These 15 pre-treated samples were compared to their corresponding untreated 

counterparts.    
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6.3.2. Sr/Ca ratios 

 
The H2O2 treated coral Sr/Ca ratios (Fig 6.3a) were systematically lower than their 

untreated counterparts, but were within the analytical error (1σ) with one exception 

(1962-1964).  The results suggest that the coral Sr/Ca ratio will produce reliable SST 

reconstructions independent of chemical pre-treatments; this finding is consistent with 

previous investigations (e.g. Watanabe et al., 2001; Mitsuguchi et al., 2001).    

 
6.3.3. Mg/Ca ratios 

 
The coral Mg/Ca ratios (Fig 6.3b) were all significantly lower in the pre-treated 

samples.  This result suggests that some Mg was removed during the H2O2 treatment 

procedure.  Mg can be associated with the organic fraction of the coral (Mitsuguchi et 

al., 2001; Watanabe et al., 2001).  The Mg/Ca ratio of the anomalous “1962-1964” 

sample (previously reported in the Sr/Ca ratios) displayed a similar value to the 

corresponding untreated sample, which was inconsistent in comparison to the other 

H2O2 treated Mg/Ca ratios.  From a thermometry perspective, the Mg/Ca ratios require 

two separate SST calibrations for the H2O2 treated QHSS samples and the untreated 

ACQUIRE samples.  In addition, the SST reconstructions from the untreated coral 

Mg/Ca ratios, in the ACQUIRE dataset, could be compromised by organic material in 

the coral skeleton and this data needs to be approached with caution. 

 
6.3.4. U/Ca ratios 

 
The U/Ca ratios in the H2O2 treated samples plotted within or above the 1σ analytical 

error of the treated samples (Fig 6.3c).  The results indicate that the untreated coral 

U/Ca ratios should provide reliable SST reconstructions. 
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Figure 6.3 (a-c).  The effect of the H2O2 treatment procedure on the coral SST proxies 
was evaluated.  (a) The Sr/Ca ratios all fit within the error bars with one exception 
(see text) and were relatively unaffected by the H2O2 treatment. (b) Mg/Ca ratios 
were affected by the treatment procedure as some Mg may be associated with the 
organic fraction. (c) U/Ca ratios were largely unaffected by the H2O2 treatment but 
absolute values appear not to be reproducible.  
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6.3.5. Ba/Ca ratios 

 
The coral Ba/Ca ratios (Fig 6.4a) displayed similar trends in the two datasets within 

analytical error, with one major (1962-1964) and two minor exceptions (1960-1962; 

1966-1968).  The coral Ba/Ca ratio has been measured previously without chemical pre-

treatments (e.g. McCulloch et al., 2003) and appears to provide reliable reconstructions 

of the seawater Ba concentration irrespective of chemical pre-treatments.   

 
6.3.6. Mn concentrations 

 
The Mn concentrations (Fig 6.4b) in the pre-treated and untreated datasets were within 

the 1σ analytical error with a few minor exceptions.  This result suggests that the 

majority of Mn is incorporated into the coral skeleton by substituting for Ca, and little 

Mn (if any) is held within organic phases.  Therefore, coral Mn concentrations appear to 

be unaffected by the H2O2 treatment procedure.  

 
6.3.7. Ni concentrations 

 
The coral Ni concentrations were all significantly lower after the H2O2 treatment 

compared with the untreated data (Fig 6.4c).  This finding suggests that Ni was strongly 

leached during the H2O2 treatment process and probably is held in the organic fraction. 
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Figure 6.4 (a-c).  The effects of the H2O2 treatment procedure were investigated on some 
of the possible water quality proxies.  (a) The Ba/Ca ratios were mostly unaffected by 
the pre-treatment with a few exceptions (see text). (b) Mn concentrations were 
unaffected by the H2O2 treatment, which suggests it substitutes for Ca in the coral 
lattice. (c) Ni became strongly leached during the pre-treatment process and probably is 
within an organic phase. 
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6.3.8. Summary 

 
The effect of a chemical pre-treatment procedure, designed to remove any organic 

material from the coral samples, on the Sr/Ca, Mg/Ca, U/Ca and Ba/Ca ratios as well as 

Mn and Ni concentrations were investigated.  The coral Sr/Ca, U/Ca, Ba/Ca ratios and 

Mn concentrations were mostly unaffected by the chemical pre-treatment procedure.  

Therefore, these proxies would provide reliable data whether the coral samples analysed 

were either pre-treated or untreated.  However, the coral Mg/Ca ratio and Ni 

concentrations were significantly affected by the pre-treatment procedure.  This finding 

suggests that the untreated Mg/Ca analysis may not provide reliable SST estimations 

and that both Mg and Ni have some association with the organic component of the 

coral.  Therefore, the coral Mg/Ca-SST reconstructions need to be approached with 

caution.   

 
6.4.   Sea surface temperature reconstructions 

 
6.4.1. Overview 

 
This section presents the results from the coral proxy SST reconstructions including the 

Sr/Ca, Mg/Ca and U/Ca ratios as well as the O isotope composition for the modern and 

mid-Holocene corals.  This section will examine the reconstructed SST from these 

corals at sub-annual as well as at 2 and 5 yearly resolutions. 

 
6.4.2. Sr/Ca ratios 

 
The Sr/Ca-SST reconstructions for the 1980-1984 (ACQUIRE; Fig 6.5a) and 1992-1996 

(QHSS; Fig 6.5b) datasets both displayed seasonal variations; however, the SST 

average and the range in the 1992-1996 sample (24.16 ± 1.14º C; 1σ standard deviation) 

was significantly lower than the 1980-1984 (26.50 ± 1.67º C) sample.  The 1992-1996 

coral contains a poor growth record and could not be sampled along the major growth 

axis (Fig 4.11).  The failure to sample along the coral’s major growth axis can 

underestimate SST by as much as 3º C (Alibert and McCulloch, 1997).  The two-

monthly resolution Sr/Ca-SST record of the mid-Holocene coral (NEL03D; Fig 6.5c) 
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has an average (26.78 ± 1.78º C), range and seasonality indistinguishable from the 

1980-1984 Sr/Ca SST record (Table 6.1). 

 

The average Sr/Ca-SST estimates for the MAG01D (1812-1986) coral slice at both 2 

(ACQUIRE; 25.01 ± 3.12º C; Fig 6.6a) and 5 (QHSS; 25.08 ± 0.78º C; Fig 6.6b) yearly 

resolutions were identical despite the two sampling preparation procedures (untreated 

and H2O2 treated, respectively).  Although a relatively poor analytical precision was 

achieved in the ACQUIRE (1812-1986) Sr/Ca record (± 0.65° C), the data still displays 

consistent trends that would be expected in the instrumental record.  Interestingly, the 

first 4 samples in the ACQUIRE dataset and the first 2 in the QHSS data (representing 8 

and 10 years of growth, respectively) show what appears to be cooler SSTs during the 

early 1800s.  However, these data may need to be rejected as juvenile corals do not 

conform to the Sr/Ca-SST relationship compared to their mature counterparts (Marshall 

and McCulloch, 2002). 

 

The mid-Holocene corals had similar average Sr/Ca-SST estimates compared to the 

modern corals (Fig 6.7a-d; Table 6.1).  The NEL01D coral slice, sampled at 2 

(ACQUIRE; 24.99 ± 0.82º C; Fig 6.7a) and 5 (QHSS; 24.44 ± 0.80º C; Fig 6.7b) yearly 

resolutions, displayed similar average SSTs between the two datasets.  Significant SST 

deviations (1-2° C) in both the 2 and 5 yearly resolution datasets may relate to the 

relatively poor analytical precision achieved for the analyses.  Average SSTs are 

unlikely to shift by as much as 1-2º C over an average 2-5 year period.  This problem is 

discussed further in section 7.2.4. 
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Table 6.1.  Summary of SST reconstructions for the modern and mid-Holocene corals.  The SST 
proxies display positive replication for most of the corals and indicate that SST conditions during the 
mid-Holocene were similar to today. * mid-Holocene coral. 

Proxy temperature (° C) 

Coral record Sr/Ca Mg/Ca U/Ca O isotopes 
1980-1984 (ACQUIRE) 26.50 ± 1.67 26.30 ± 1.84 27.13 ± 1.84 25.71 ± 3.31 

1992-1996 (QHSS) 24.16 ± 1.14 25.84 ± 0.51 N/A N/A 

NEL03D (two-monthly resolution)* 26.78 ± 1.78 27.18 ± 2.33 25.91 ± 1.76 28.00 ± 3.28 

1812-1986 (ACQUIRE) 25.01 ± 3.12 26.21 ± 0.98 27.45 ± 0.75 N/A 

1810-1985 (QHSS) 25.09 ± 0.76 24.62 ± 0.37 N/A 25.81 ± 1.21 

NEL01D (ACQUIRE)* 24.99 ± 0.82 26.95 ± 1.54 24.66 ± 1.61 N/A 

NEL01D (QHSS)* 24.44 ± 0.80 24.79 ± 0.47 N/A 25.15 ± 1.71 

NEL03D (ACQUIRE)* 26.40 ± 0.58 26.26 ± 0.78 25.24 ± 0.86 N/A 

NEL03D (QHSS)* 25.43 ± 0.83 24.96 ± 0.27 N/A 26.60 ± 0.78 

NEL06A (ACQUIRE)* 25.57± 0.58 25.26 ± 2.11 25.67 ± 1.20 N/A 

NEL07C (ACQUIRE)* 26.28 ± 0.74 26.07 ± 0.81 25.77 ± 1.12 N/A 
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Figure 6.5 (a-c).  Sub-annual resolution Sr/Ca-SST reconstructions for the modern 
(a-b) and mid-Holocene (c) corals.  The records displayed a strong seasonality; 
however, the 1992-1996 record (b) should be rejected from further discussion as the 
coral was not sampled along the major growth axis. 
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Figure 6.6 (a-b).  Sr/Ca-SST reconstruction for the MAG01D modern coral record.  The apparent 
“cooling” indicated by the 1810-1820 samples may, in fact, be a juvenile coral signature and this data 
may need to be rejected.  Both the records displayed similar SST averages and suggest that there was 
an excellent replication between the two laboratories.  The warming trend displayed in the ACQUIRE 
record after the 1930s is not supported by the QHSS dataset.  It appears that the QHSS Sr/Ca-SST 
reconstruction has not been affected by the H2O2 treatment. 

 

 



Environmental trends in the GBR lagoon and Burdekin River catchment during the mid-Holocene and 
since European settlement using Porites coral records, Magnetic Island, QLD. 
 

Chapter 6 - 188 - Stephen E Lewis 

 

 

 

 

Figure 6.7 (a-b).  Sr/Ca-SST reconstructions for the mid-Holocene corals.  The averages were 
indistinguishable from the modern records which suggest that SSTs in the waters surrounding 
Magnetic Island 6,000 years ago were similar to today.  However, some of the variations in SST of 
up to 1-2° C between 2 and 5 yearly periods are unlikely and may be a product of analytical or 
sampling error. 
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Figure 6.7 (c-d). Sr/Ca-SST reconstructions for the mid-Holocene corals (continued).  The SSTs 
towards the final growth bands were similar to the early growth measurements (c) which indicate 
that extreme SST was unlikely to have caused the death of these corals. 

6.4.3. Mg/Ca ratios 

 
The average coral Mg/Ca-SST estimates for the 1980-1984 and 1992-1996 periods were 

26.30 ± 1.84º C and 25.84 ± 0.51º C, respectively (Fig 6.8a-b).  Both datasets exhibit 

seasonal variations; however, the Mg/Ca-SST estimates for the 1992-1996 period did 

not match the range of the instrumental SST records.  The 1992-1996 data were rejected 



Environmental trends in the GBR lagoon and Burdekin River catchment during the mid-Holocene and 
since European settlement using Porites coral records, Magnetic Island, QLD. 
 

Chapter 6 - 190 - Stephen E Lewis 

as this coral slice (NEL09C) has a poor growth record (Fig 4.11) and could not be 

sampled along the major growth axis.  The average of the two-monthly resolution 

Mg/Ca-SST record for the mid-Holocene coral (27.18 ± 2.33º C; NEL03D; Fig 6.8c) 

was slightly higher than for the 1980-1984 record.  Both records displayed similar 

seasonality but the upper range for the mid-Holocene record was approximately 1º C 

higher than the 1980-1984 reconstruction. 

 

The long-term Mg/Ca-SST estimates for the 1812-1986 period averaged 26.21 ± 0.98º 

C and 24.62 ± 0.37º C for the 2 and 5 yearly sampling resolutions, respectively (Table 

6.1; Fig 6.9a-b).  The significant difference in the average SSTs were probably related 

to the different Mg/Ca-SST calibrations that were applied to account for the H2O2 

treatment.  In addition, the untreated samples displayed considerable SST variability 

and may be influenced by an organic component (Fig 6.9a).  Both the Mg/Ca and Sr/Ca-

SST records displayed a warming trend of ~2° C from the 1860s-1880s but the Sr/Ca-

SST variations may be accounted for by the 1σ standard deviation.  This trend was also 

observed in the H2O2-treated Mg/Ca-SST 5 yearly resolution record.  The Mg/Ca-SST 

reconstruction for the untreated ACQUIRE dataset revealed anomalous cooling “pulses” 

of up to 3° C that cannot be accounted for by the 1σ analytical error.  These Mg/Ca 

shifts may derive from organic matter which could be distributed heterogeneously in the 

coral skeleton; the pre-treated samples display relatively flat trends over the 5 yearly 

resolution periods (Fig 6.9b).  Alternatively, the SST fluctuations in the 2 yearly dataset 

may be an artefact of the Mg/Ca-SST calibration curve that was applied to the untreated 

samples.  This calibration curve contained a steeper slope than the curve applied for the 

pre-treated samples (Fig 4.15).  Therefore, any deviations in the coral Mg/Ca ratios 

would produce larger fluctuations in the reconstructed SST for the untreated dataset 

compared to the calibration curve applied to the pre-treated samples.     

 

As with the Sr/Ca ratio, the average Mg/Ca-SST reconstructions agreed with both the 

mid-Holocene and modern coral records (Table 6.1).  The average Mg/Ca-SST 

reconstructions were also systematically higher in the untreated 2 yearly ACQUIRE 

samples compared to the H2O2 treated 5 yearly resolution dataset for the mid-Holocene 

coral records (Table 6.1; Fig 6.10).  This difference might be due to the alternative 

calibrations for the two datasets or because the untreated samples may have been 

affected by an organic component. 
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Figure 6.8 (a-c).  Sub-annual resolution Mg/Ca-SST reconstructions for the modern 
(a-b) and mid-Holocene corals (c).  Both the 1980-1984 and mid-Holocene records 
displayed a similar range and average.  The 1992-1996 record was rejected as the 
coral was not sampled along the major growth axis.  
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Figure 6.9 (a-b).  Mg/Ca-SST reconstructions for the MAG01D coral slice (1812-1986).  The SST 
reconstructions reveal a warming trend between 1860 and 1870.  The variability observed in (a) 
compared to (b) might be related to the different Mg/Ca-SST calibrations or that the untreated 
samples (a) may be affected by an organic component. 
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Figure 6.10 (a-b).  Mg/Ca-SST reconstructions for the mid-Holocene corals.  Similarly to Sr/Ca, 
the Mg/Ca ratios displayed a consistent trend and contained average SSTs that were similar to the 
modern record.  The large SST variability in (a) is probably due to an organic influence as the coral 
was analysed untreated. 
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Figure 6.10 (c-d).  Mg/Ca-SST reconstructions for the mid-Holocene corals (continued).  With the 
possible exception of the NEL06A coral, there was no evidence of extreme temperature recorded in 
the final growth bands of the mid-Holocene corals.  The Mg/Ca-SST reconstruction for the NEL06A 
coral slice displayed highly variable SSTs which may suggest that Mg in this record may have been 
influenced by another component or may be a product of sampling and/or calibration error.  The large 
SST variability in (c) is probably affected by an organic component as these samples were analysed 
untreated.  An alternative possibility for the large SST variability in (a) and (c) is that the calibration 
curve for the untreated samples contained a significantly steeper slope than the H2O2 treated curve (see 
Fig 4.15). 
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6.4.4. U/Ca ratios 

 
The 1980-1984 coral U/Ca-SST record showed a seasonal cycle similar to both the 

Sr/Ca and Mg/Ca datasets (Fig 6.11a; Table 6.1).  The average U/Ca-SST 

reconstruction for the 1980-1984 record (27.13 ± 1.84º C) was higher than the two-

monthly resolution mid-Holocene record (25.91 ± 1.76º C; Fig 6.11b), but the datasets 

were within the 1σ standard deviation.  The SST range of the mid-Holocene data was 

also similar to the modern record but did not display convincing seasonal variations.  

One of the mid-Holocene samples contained an anomalously high U concentration 

which strongly affected the SST estimate (-24.36° C).  It is unlikely that excess U was 

incorporated into the coral lattice during a large flood event as the corresponding O 

isotope value does not display a significant shift towards lower salinity (Fig 6.14b).  

This data point corresponds to an elevated Mn concentration; therefore, an 

oxide/hydroxide phase or sediments may have been incorporated in this sample. 

 

The 2 yearly 1812-1986 U/Ca-SST reconstruction averaged 27.45 ± 0.75º C (Fig 6.12) 

which was higher than the average Sr/Ca and Mg/Ca-SST estimations, although the 

results were within the 1σ standard deviation error (Table 6.1).  The U/Ca-SST record 

did not display the trends (e.g. the apparent 1860s warming) in the Sr/Ca and Mg/Ca 

reconstructions. 

 

The average U/Ca-SST reconstructions for the mid-Holocene corals were lower in the 

mid-Holocene records compared to the modern coral; however, they were within 

analytical error of the mid-Holocene SST estimates produced by the Sr/Ca and Mg/Ca 

ratios (Table 6.1).  As with the Sr/Ca-SST estimates the U/Ca-SST data displayed 

warming and cooling trends for the mid-Holocene corals that were not apparent in the 

H2O2-treated Mg/Ca record (Fig 6.13a-b).  The likelihood of these large SST variations 

over averaged 2 and 5 yearly records is doubtful, and the poor reproducibility of the 

analyses may explain this variability.  However, the long-term SST averages for the 

modern coral appears to match the range that would be expected for Magnetic Island.  

These results are discussed further in section 7.2.    
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Figure 6.11 (a-b).  The two-monthly resolution U/Ca-SST reconstruction for the 1980-1984 record 
(a) displayed strong seasonality.  However, the seasonality for the mid-Holocene record (b) was not 
convincing with an inconsistent reading (-24.36°) due to excess U incorporated in the coral.  
Interestingly, this point also corresponds to a significant increase in Mn.  The oxygen isotopes 
reveal that there was no major flood during this time; therefore, the excess U may be derived from 
detrital material trapped within the coral skeleton. 
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Figure 6.12.  U/Ca-SST reconstruction for 1812-1986.  The U/Ca ratios did not display the warming 
trend from 1860-1880 that was apparent in the Sr/Ca and Mg/Ca ratios.  The ratios showed significant 
variations of 1-2° C which was unlikely given the homogenised 2 yearly sampling employed in this 
study. 
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Figure 6.13 (a-b).  U/Ca-SST reconstructions for the mid-Holocene coral heads.  These records 
displayed large SST variability that did not appear to be reasonable.  The reproducibility of the 
analyses may account for some of these large variations in the SST estimates.  Like the Sr/Ca and 
Mg/Ca ratios, the final growth bands for the mid-Holocene corals (b) did not show any large shifts in 
SST, which suggests that extreme temperatures did not contribute to the corals death. 
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6.1.1. O isotopes 

 
The average O isotope-SST reconstruction for 1980-1984 (25.71 ± 3.31º C; Fig 6.14a) 

was similar to the other SST proxies; the data also displayed seasonal variations.  

However, the SST range (18.13-33.22º C) was significantly higher than the other proxy 

SST estimates and outside the modern instrumental range.  These data have been 

affected by freshwater input and evaporation as oxygen isotopes are affected by a 

combination of SST and seawater salinity (see section 2.2.2).  The two-monthly 

resolution mid-Holocene record has also been influenced by seawater salinity which is 

evident from the considerably higher average temperature (28.00 ± 3.28º C) compared 

to the other SST proxies (Fig 6.14b; Table 6.1).  Major flood events can be observed in 

the coral record by plotting the Sr/Ca-SST estimates alongside the corresponding O 

isotope data (Fig 6.14).  

 

The average 5 yearly δ18O-SST reconstruction from 1810-1985 (25.81± 1.21º C; Fig 

6.15) was similar to the other coral SST proxies.  The 1810-1985 δ18O data appeared to 

display some warming and cooling trends; however, changes in freshwater 

inputs/seawater salinity may have significantly influenced this record.  The addition of 

the corresponding Sr/Ca-SST reconstruction to the O isotope record provides an 

assessment of wetter and drier periods over this timeframe.  These data suggest that the 

1830-1880 and 1930-1960 periods were drier while 1880-1930 and the 1970s were 

wetter.  There may be a relatively wetter period during 1810-1830; however, the Sr/Ca 

ratios may have been affected by a juvenile coral signature (see section 6.4.2).   

 

The averages of the mid-Holocene O isotope-SST reconstructions were similar to the 

modern 1810-1985 record (6.16a-b) and also closely corresponded to the averages of 

the other SST proxies (Table 6.1).  There were also variations between wetter and drier 

periods during the mid-Holocene which are highlighted by overlying the Sr/Ca ratios to 

the O isotope record. 
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Figure 6.14 (a-b).  Two-monthly O isotope-SST reconstructions for the 1980-1984 (a) and the mid-
Holocene (b) coral records.  The O isotope records both displayed excellent seasonality, although the 
SST range is outside that predicted by the Sr/Ca ratio.  Presumably, this range was due to variations in 
salinity as the O isotopes record the flood events of 1981 and 1983 as well as what appeared to be three 
to four large floods in the mid-Holocene record.  Despite the influence of floods on these records, the 
O isotopes displayed a significant correlation with the Sr/Ca ratios. 
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Figure 6.15.  Coral oxygen isotope-SST reconstruction for 1810-1985.  The O isotopes provide 
average SST estimates comparable to the other coral proxies.  Wetter and drier periods over the last 
200 years can be identified by overlying the Sr/Ca SST estimates to the O isotope record. 
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Figure 6.16 (a-b).  Oxygen isotope-SST reconstructions for the mid-Holocene coral heads.  
Similarly to the modern records, the O isotope-SST reconstructions follow a similar trend to the 
Sr/Ca ratios. 
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6.1.2. Summary 

 
The long-term averages from the different coral proxy SST reconstructions were similar 

with a few notable exceptions.  The coral proxy SST reconstructions for the two-

monthly resolution 1980-1984 record displayed seasonal variations and the proxies all 

contained a similar SST average and range to each other and to the instrumental SST 

records.  The inconsistent results for the 1992-1996 record reflect the coral’s poor 

growth record and should be rejected from further discussion.  The coral Mg/Ca-SST 

reconstructions for the untreated samples also displayed inconsistent results. 

 
6.2. Δ18O results   

 
6.2.1. Overview 

 
This section reconstructs seawater salinity (Δ18O) by subtracting the Sr/Ca SST 

estimates from the corresponding O isotopic-SST data for the two-monthly resolution 

and 5 yearly resolution datasets.  Coral Δ18O reconstructions of seawater salinity reveal 

flood events in the two-monthly resolution records, while long-term trends between 

wetter and drier periods can be identified in the 5 yearly resolution records. 

 
6.2.2. Oxygen isotopes 

 
The two-monthly resolution Δ18O data for 1980-1984 (Fig 6.17a) displayed 2 notable 

negative excursions that corresponded to flood events during the summer months of 

1981 and 1983.  Aside from these two “events”, the majority of Δ18O measurements 

remained in the positive portion of the graph and there was a significant shift towards 

strong positive values during late 1982.  These strongly positive Δ18O values coincided 

with the 1982-1983 ENSO event.   

 

The Δ18O values for the mid-Holocene records were consistently more negative 

(average= -0.22‰) compared to the 1980-1984 record (+0.14‰; Fig 6.17).  The 

difference in the average Δ18O, however, was not significant when the standard 

deviation was taken into account (± 0.44‰).  There were also two distinct spikes toward 
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strongly negative Δ18O values in the mid-Holocene record which suggest significant 

freshwater influx (Fig 6.17b). 

 

The 5 yearly resolution 1810-1985 Δ18O data displayed oscillations from relatively 

positive to negative values (Fig 6.18).  The coral record contained mostly positive Δ18O 

values between the 1840s and 1880s and from the 1930s to the 1960s, while a shift 

toward more negative values occurred from the 1880s to the 1930s and the 1970s.  The 

modern coral Δ18O record averaged -0.13‰ ± 0.24.  The Δ18O record during 1810-1830 

may have been compromised by the Sr/Ca ratio which, in turn, may have been affected 

by a juvenile coral signature. 

 

The majority of the mid-Holocene Δ18O data were negative and averaged -0.13‰ ± 

0.38 (NEL01D; Fig 6.19a) and -0.21‰ ± 0.15 (NEL03D; Fig 6.19b).  The NEL01D 

coral record displayed a large negative shift in the “50-55” sample and then shifted to 

more positive Δ18O values towards the end of the growth record.  In contrast, the 

NEL03D record was consistently within negative Δ18O values with no major deviations 

in the record. 
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Figure 6.17 (a-b).  A record of seawater salinity (Δ18O) was produced by subtracting the SST 
component from the O isotope record using the Sr/Ca ratios.  Large negative excursions in Δ18O were 
consistent with lowered salinity due to flood events.  The Δ18O values were particularly negative 
during the floods of 1981 and 1983 (a) as well as some large flood events in the mid-Holocene record 
(b). 
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Figure 6.18.  The coral Δ18O record for 1810-1985.  Using the Sr/Ca ratios to subtract the SST 
component from the O isotopes reveals the seawater salinity conditions that the corals endured.  The 
record indicated that there were drier periods during 1830-1880 and 1935-1970, while wetter years 
persisted during 1885-1935 and the 1970s.  
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Figure 6.19 (a-b).  The Δ18O record for the mid-Holocene coral heads.  The NEL01D coral showed 
some variability in seawater salinity while the NEL03D record did not reveal any significant salinity 
variations. 

6.2.3. Summary 

 
The two-monthly Δ18O reconstructions were significantly influenced by the 1981 and 

1983 flood events as well as by the 1982-1983 ENSO event in the 1980-1984 coral 

record.  In addition, the two-monthly mid-Holocene coral record also displayed 

evidence of large flood events.  The coral Δ18O records at the 5 yearly sampling 
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resolution revealed long-term trends of relatively wetter and drier years in both the 

1810-1985 and the mid-Holocene NEL01D coral records; the average Δ18O values were 

similar in these two records. 

 
6.3. Trace element results 

 
6.3.1. Overview 

 
This section presents the results for the possible coral proxies of water quality including 

the Ba/Ca ratio, Mn concentration, rare earth elements and Th concentration.  The 

impact of European settlement in the region on these coral proxies will be assessed in 

the 1812-1986 modern coral record by examining their pre and post-1850 averages.  In 

addition, the mid-Holocene corals will provide an independent perspective on what 

should be considered as “baseline/natural” values. 

 
6.3.2. Ba/Ca ratios 

 
The average Ba/Ca ratios were similar for both the sub-annual 1980-1984 (4.06 × 10-6 ± 

1.05 × 10-6) and 1992-1996 (3.19 × 10-6 ± 4.94 × 10-7) records; however, the two-

monthly resolution mid-Holocene record had significantly higher coral Ba/Ca ratios 

(average= 7.33 × 10-6 ± 1.70 × 10-6; Fig 6.20a-c).  The 1980-1984 record contained two 

excessive Ba/Ca ratios above 6.00 × 10-6 that did not correspond to the negative Δ18O 

excursions (flood events).  Another source of Ba (other than river discharge) is required 

to explain the elevated Ba/Ca ratios (e.g. see Sinclair, 2005b).  In addition, the flood 

events of 1981 and 1983 did not correspond to higher coral Ba/Ca ratios.  This may be 

due to the sampling resolution in this study (6 samples per year) as additional work on 

coral luminescent lines have shown Ba to be enriched in these “flood bands” (see 

section 8.4.4).  Interestingly, the majority of the Ba/Ca ratios for the two-monthly 

resolution mid-Holocene coral record were consistently above 6.00 × 10-6 and 

subsequently had a considerably higher average than the modern corals (Fig 6.20c).  

These “anomalous” coral Ba/Ca ratios are discussed further in section 8.4. 

 

Significant increases in coral Ba/Ca after 1850 were observed in both the 2 and 5 yearly 

records of the 1812-1986 coral (Fig 6.21a-b).  The 2 yearly resolution coral record 
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showed a rise in average Ba/Ca after 1850 from 2.07 × 10-6 ± 3.11 × 10-7 to 3.65 × 10-6 

± 1.00 × 10-6 after 1850; the 5 yearly record displayed a shift from 1.54 × 10-6 ± 7.42 × 

10-8 to 2.79 × 10-6 ± 5.25 ×   10-7.  This data represents an average Ba increase of 76% 

and 81% for the 2 and 5 yearly records, respectively.   

 

Despite the increase in coral Ba/Ca in the modern coral record after 1850, the mid-

Holocene corals displayed significantly higher average values (Table 6.2).  The lowest 

average Ba/Ca ratios of the mid-Holocene coral records was NEL01D (3.66 × 10-6 ± 

3.87× 10-7) compared to NEL06A which had the highest average Ba/Ca ratios (1.02 × 

10-5 ± 3.17 × 10-6; Fig 6.22a-d). 

 

 

 

Trace elements 

Coral record Ba/Ca (atomic) Mn (ppm) 

1980-1984 (ACQUIRE) 4.06E-06 ± 1.05E-06 0.43 ± 0.09 

1992-1996 (QHSS) 3.19E-06 ± 4.94E-07 0.88 ± 0.67 

NEL03D (two-monthly resolution) 7.33E-06 ± 1.70E-06 1.35 ± 0.53 

1812-1850 (ACQUIRE) 2.07E-06 ± 3.11E-07 0.58 ± 0.12 

1850-1986 (ACQUIRE) 3.65E-06 ± 1.00E-06 1.66 ± 2.09 

1810-1850 (QHSS) 1.54E-06 ± 7.42E-08 0.10 ± 0.12 

1850-1985 (QHSS) 2.79E-06 ± 5.25E-07 1.53 ± 1.85 

NEL01D (ACQUIRE) 4.32E-06 ± 1.02E-06 0.86 ± 0.23 

NEL01D (QHSS) 3.66E-06 ± 3.87E-07 1.34 ± 1.12 

NEL03D (ACQUIRE) 7.89E-06 ± 1.60E-06 1.38 ± 0.52 

NEL03D (QHSS) 5.50E-06 ± 9.20E-07 1.11 ± 0.49 

NEL06A  1.02E-05 ± 3.17E-06 1.95 ± 0.51 

NEL07C 5.80E-06 ± 2.17E-06 2.01 ± 0.67 

Table 6.2.   Summary of the Ba/Ca and Mn concentrations in the modern and mid-
Holocene corals.  The Ba/Ca ratios were significantly higher in the mid-Holocene 
coral compared to the modern coral; while Mn concentrations in the coral were similar 
during the mid-Holocene compared to the post 1850 record.  
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Figure 6.20 (a-c).  Sub-annual Ba/Ca records for the modern and mid-Holocene corals.  
Interestingly, the Ba/Ca ratios did not display any significant enrichment during the floods of 
1981 and 1983 or the large flood in the mid-Holocene record.  This may be due to the 
sampling resolution employed on the corals as additional studies of luminescent lines revealed 
significantly elevated Ba concentrations (see section 8.4.4).   
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Figure 6.21 (a-b).  Ba/Ca ratios in the MAG01D (1812-1986) coral slice for the 2 and 5 yearly 
sampling resolutions.  There was strong replication between the 2 records, with a significant increase 
in coral Ba/Ca ratios occurring shortly after 1850.  The replication between the two records suggests 
that the coral Ba/Ca ratio is not affected by the H2O2 treatment procedure (b).  
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Figure 6.22 (a-b).  Ba/Ca ratios for the mid-Holocene corals.  Like the long modern Ba/Ca record, 
the 2 and 5 yearly records displayed excellent replication.  The Ba/Ca ratios during the mid-
Holocene were considerably elevated compared to the modern coral records.  
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Figure 6.22 (c-d).  Ba/Ca ratios in the mid-Holocene coral heads (continued).  There were also 
elevated Ba/Ca ratios in the additional mid-Holocene corals compared to the modern record, 
including some significant Ba peaks in the NEL03D, NEL06A and NEL07C coral slices.  
However, it should be noted that towards the final growth bands there are no considerable 
deviations in coral Ba/Ca (c). 
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6.3.3. Mn concentrations 

 
The average Mn concentrations were similar for both the 1980-1984 (0.43 ± 0.09 ppm) 

and the 1992-1996 (0.88 ± 0.67 ppm) coral records (Table 6.2; Fig 6.23a-b).  Both 

records showed relatively flat trends and had relatively low Mn concentrations (Table 

6.2).  In comparison, the mid-Holocene coral contained slightly higher Mn 

concentrations (average= 1.35 ± 0.53 ppm; Fig 6.23c). 

 

Significant increases in coral Mn concentrations occur shortly after 1850 in both the 2 

and 5 yearly datasets.  There was an excellent replication between the 2 datasets and the 

Mn concentrations in the QHSS dataset appeared to be unaffected by the H2O2 pre-

treatment procedure.  The initial Mn increase occurred in the 1854-1856 (ACQUIRE) 

and the 1850-1855 (QHSS) samples and was over an order of magnitude compared to 

the background Mn concentrations.  After European settlement, average coral Mn 

concentrations increased by 286% and 1530% for the 2 and 5 yearly records, 

respectively.  Unlike the Ba/Ca ratios, the Mn data were punctuated by a sharp increase 

shortly after 1850 and elevated concentrations continued until the early 1900s.  Another 

minor increase in coral Mn concentrations occurred during the 1940-50s.  However, in 

the more recent coral records, the Mn concentrations had returned to the pre-1850 

baseline levels.  

 

The Mn concentrations in mid-Holocene coral were considerably lower than in the 

1850-1900 levels but they closely matched the post 1850 average for both the 2 and 5 

yearly records (Table 6.2; Fig 6.25a-d).  Anomalous Mn concentrations are observed in 

the NEL01 (sample 55-60) and the NEL06 (last sample) coral samples taken from the 

dead tissue layer of the coral slices.  Sediments may have been trapped in the pore 

spaces of these tissue layers and resulted in elevated Mn.  Therefore, these anomalies 

were excluded from the average calculations. 
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Figure 6.23 (a-c).  Sub-annual resolution coral Mn concentrations.  The Mn 
concentrations for the 1980-1984 record (a) displayed what appeared to be seasonality 
while the other records (b-c) failed to display any seasonal trends.   
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Figure 6.24 (a-b).  Coral Mn concentrations for the 2 and 5 yearly resolution 1812-1986 datasets.  Both 
records displayed excellent replication with significant Mn elevations occurring shortly after 1850 and 
suggest that the coral Mn concentration is unaffected by the H2O2 treatment (b).  The enhanced coral 
Mn concentrations continued until approximately 1900 when they returned to baseline values.  
Elevated coral Mn concentrations also occurred shortly after World War II. 
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Figure 6.25 (a-b).  Mn concentrations for the fossil mid-Holocene corals.  The concentrations 
were similar to the post 1850 averages in the modern record.  Sampling within the tissue layer 
of the QHSS record (b) may account for the significantly elevated Mn concentrations in 
excess of 10 ppm.  These tissue layers contain sediment trapped within the coral pore space; 
Mn may have been leached from these sediments during the acid digestion stage for the 
preparation for ICP-MS analysis.  
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Figure 6.25 (c-d).  Mn concentrations for the mid-Holocene corals (continued).  The additional 
mid-Holocene corals analysed had consistently flat trends and averages similar to those measured 
in the post 1850 period of the long modern record.  It is noted that there was an elevated Mn 
concentration in the last sample taken in the NEL06A coral slice which was affected by sediments. 
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6.3.4. Rare earth elements 

 
Relatively consistent yttrium (Y: Fig 6.26), praseodymium (Pr: Fig 6.27), samarium 

(Sm: Fig 6.28) and holmium (Ho: Fig 6.29) concentrations were found for the 1968-

1973 and 2000-2003 periods in the NEL21A coral.  Minor variations in these elements 

were probably the result of floods; Y and Ho displayed enrichments during early 1972 

which coincided with Tropical Cyclones Althea and Bronwyn, while elevated Pr and 

Sm concentrations also occurred in early 1972 as well as during the 1973 flood.  These 

data are discussed further in section 8.6. 

 

All 4 REEs (Y, Pr, Sm and Ho) measured in the 1812-1986 modern coral record 

increased significantly after 1850 (Fig 6.30-6.33a).  The Y, Pr, Sm and Ho 

concentrations averaged 154.24 ± 9.66, 6.67 ± 1.82, 6.60 ± 1.98 and 2.53 ± 0.34 ppb, 

respectively, prior to 1850 and displayed a substantial increase after 1850 (196.99 ± 

25.19, 9.57 ± 2.01, 9.27 ± 2.29 and 3.32 ± 0.54 ppb respectively).  This signifies a 28% 

increase in Y, 43% for Pr, and 40% and 31% rises in Sm and Ho, respectively.  These 

results may suggest an enhanced terrestrial influence on the MAG01D coral.  It must be 

noted, however, that in the 2000-2003 coral record, the REE concentrations were 

identical or even slightly lower than the averages for the 1850-1986 period (Table 6.3). 

 

As with the 1812-1986 modern coral record, the Y, Pr, Sm, Ho concentrations displayed 

similar trends with each other in the mid-Holocene records (Fig 6.30-6.33b-c).  While 

the modern 2 yearly REE record showed consistent baseline levels (with the possible 

exception of Sm), the mid-Holocene REE concentrations were more variable.  The REE 

values were significantly elevated in the samples “36-38”, “62-64” and “128-130” in the 

NEL01 coral and towards the last growth periods for the other mid-Holocene records 

(Figs 6.30b-c-6.33b-c).  The average data, presented in Table 6.3, revealed that REE 

concentrations in the mid-Holocene corals were similar or slightly higher than the post 

1850 data.  Sampling into the coral tissue layer in the NEL01D “62-64” and the last 

sample in the NEL06A coral slice may explain these extreme data points and these have 

been excluded from the average calculations. 
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 Table 6.3.  Summary of the average REE concentrations for the corals that were analysed.    

Rare earth elements (ppb) 

Coral record Y Pr Sm Ho 

1968-1973 200.39 ± 23.78 6.31 ± 1.33 6.36 ± 1.15 3.24 ± 0.46 

2000-2003 205.03 ± 20.48 6.79 ± 1.07 6.97 ± 1.03 3.30 ± 0.40 

1812-1850 154.24 ± 9.66 6.67 ± 1.82 6.60 ± 1.98 2.53 ± 0.34 

1850-1986 196.99 ± 25.19 9.57 ± 2.01 9.27 ± 2.29 3.32 ± 0.54 

NEL01D 203.70 ± 28.78 7.33 ± 4.06 7.35 ± 3.71 3.36 ± 0.88 

NEL03D 226.92 ± 79.88 8.55 ± 6.55 8.96 ± 5.90 3.89 ± 2.35 

NEL06A  268.25 ± 38.28 9.70 ± 3.31 9.76 ± 4.38 4.76 ± 1.48 

NEL07C 195.03 ± 35.28 9.11 ± 4.77 8.44 ± 3.74 3.42 ± 1.00 

 

The REE and Y (REY) distribution plots for the 1968-1973 and 2000-2003 records (Fig 

6.34 a-b), normalised to the mud from Queensland sediment standard (MUQ; Kamber et 

al., 2005), displayed a similar pattern to modern seawater which indicated that the coral 

was preserving a genuine seawater REE distribution.  These records both contained 

periods of enhanced REE which could be linked to flood events.  The 2 yearly REE and 

Y data systematically increased after 1850 (Fig 6.34c).  The 2 yearly resolution record 

for the mid-Holocene (Fig 6.34d) coral had similar concentrations to the modern 2 

yearly coral record, with the exception of the “62-64” sample which was more 

consistent with a sediment-related pattern.         
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Figure 6.26 (a-b).  Yttrium concentrations for the 1968-1973 (a) and 2000-2003 (b) coral records.  The 
Y concentrations were slightly elevated in early 1972 (a) coinciding with Cyclones Althea and 
Bronwyn but, in most cases, displayed little variation in both records. 
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Figure 6.27 (a-b).  Pr concentrations for the 1968-1973 (a) and 2000-2003 (b) coral records.  Similarly 
to Y, the Pr concentrations showed little deviation, but appeared to be affected by Cyclones Althea and 
Bronwyn.  Coral Pr concentrations were also elevated at the time of the 1973 flood.    
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Figure 6.28 (a-b).  Sm concentrations for the 1968-1973 (a) and 2000-2003 (b) coral records.  The Sm 
concentrations displayed consistent trends and were elevated during the cyclonic events during early 
1972 as well as during the 1973 flood. 
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Figure 6.29 (a-b).  Ho concentrations for the 1968-1973 (a) and 2000-2003 (b) coral records.  The Ho 
concentrations also displayed little variation in these records and were only elevated during the 
cyclonic events.  Ho was also slightly enriched during the 1973 flood.   
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Figure 6.30 (a-c).  Y concentrations in the modern and mid-Holocene corals.  The modern 
1812-1986 record (a) displayed a significant increase in Y concentrations after 1850.  The mid-
Holocene corals, however, had Y concentrations similar to the post 1850 averages (b-c).  The 
final growth bands for the mid-Holocene corals (c) also contained elevated Y concentrations. 
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Figure 6.31 (a-c).  Pr concentrations for the modern (a) and mid-Holocene corals (b-c).  Like Y, 
the Pr concentrations were elevated after 1850.  The mid-Holocene corals had Pr concentrations 
comparable to the post 1850 average and Pr became significantly elevated during the final growth 
bands of NEL01D, NEL03D, NEL06A and NEL07C.   
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Figure 6.32 (a-c).  Sm concentrations for the modern (a) and mid-Holocene corals (b-c).  The 
analytical precision for Sm was poorer compared to Y, Pr and Ho.  However, the trends were 
similar to the other REE records (a).  Significantly elevated Sm concentrations occurred in the 
mid-Holocene corals just before their demise (b-c). 
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Figure 6.33 (a-c).  Ho concentrations for the modern (a) and mid-Holocene corals (b-c).  Ho 
concentrations were significantly elevated after 1850 in the modern coral record (a).  Similarly 
to the other REE, there were also elevated Ho spikes throughout the NEL01D slice, 
particularly in the “62-64” sample where the coral tissue layer was sampled (b).  There were 
also significantly elevated Ho concentrations in the final growth bands of the mid-Holocene 
corals. 
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Figure 6.34 (a-b).  REE and Y distributions for 1968-1973 and 2000-2003.  The records show the 
“baseline” REE pattern which was similar to modern seawater REE distribution.  Terrestrial runoff 
during flood events could alter the REE pattern (such as the Ce anomaly; a) as well as result in 
relatively elevated REE concentrations. 
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Figure 6.34 (c-d).  REE and Y distributions for the modern and mid-Holocene corals.  The modern 
coral record (c) displayed a systematic increase in REE over time which suggested that there has been 
an increased terrestrial influence after 1850.  The mid-Holocene coral record (d) had a similar REE 
pattern to the modern REE distributions with the exception of the 62-64 sample which displayed a 
sediment-related pattern. 
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6.3.5. Thorium concentrations 

 
Coral Th concentrations were all consistently below 1 ppb in both the 1968-1973 and 

2000-2003 records with only 3 exceptions (Fig 6.35).  The highest Th concentration of 

2.40 ppb was recorded during the 1973 flood, which may indicate a minor influx of 

sediment that was incorporated into the coral skeleton.  Coral Th concentrations are 

discussed further in sections 8.2 and 8.3. 

 

The 1812-1986 Th record demonstrated that there was negligible sediment/detrital 

material incorporated into the coral skeleton, with the possible exception of the 1840-

1842 sample.  The average pre-1850 Th concentration (1.92 ± 1.17 ppb) was similar to 

the post-1850 concentration (1.13 ± 1.17 ppb; Fig 6.36a).  The abnormally high Th 

concentrations in the “62-64” sample (NEL01D) and the last sample in NEL06A were 

indicative of sediment incorporated into the dead coral tissue layers (Fig 6.36b-c).  The 

anomalous spikes in sample “36-38” and the 2nd point in NEL06A are also thought to be 

the result of sediments trapped within the coral skeleton; these samples were excluded 

in the average calculations. 
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Figure 6.35 (a-b).  Th concentrations for 1968-1973 (a) and 2000-2003 (b).  The Th concentrations in 
the coral were negligible and a peak occurred during the 1973 flood.  Interestingly, Th was not 
elevated during the cyclonic events of early 1972 (a). 
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Figure 6.36 (a-c).  Th concentrations for the modern (a) and mid-Holocene corals (b-c).  
There was no significant difference in average Th concentrations between the modern and 
mid-Holocene corals.  The elevated Th “spikes” in the mid-Holocene corals suggest that these 
samples have been influenced by sediment.  Interestingly, there were elevated Th 
concentrations recorded in all the final growth bands of the mid-Holocene corals. 
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6.3.6. Summary 

 
Significant increases in the coral Ba/Ca ratio, Mn concentrations and rare earth elements 

were discovered after European settlement in the region (c. 1850).  Interestingly, the 

Ba/Ca, Mn and REE coral proxies significantly increased after 1850, although each 

proxy displayed different trends.  This difference suggests that these proxies are 

responding to different environmental parameters.  However, the Ba/Ca ratio and the 

rare earth elements in the mid-Holocene corals displayed averages similar to the post-

1850 coral.  In addition, coral Th concentrations were significantly elevated in the final 

samples of the mid-Holocene coral in comparison to the negligible levels throughout the 

modern coral record.   

 
6.4. Chapter Summary 

 
 Microanalytical analyses indicated that the corals were free of any obvious 

diagenesis and therefore were acceptable for trace element and isotope analyses. 

 The coral Sr/Ca, U/Ca and Ba/Ca ratios as well as the Mn concentrations were 

relatively unaffected by the H2O2 treatment.  In comparison, the Mg/Ca and Ni 

concentrations were greatly affected by the treatment which suggests that these 

proxies were influenced by an organic component. 

 The Sr/Ca-SST reconstructions for the two-monthly 1980-1984 and mid-

Holocene corals displayed seasonal variations and had a similar range and 

average.  The long-term average for the 2 and 5 yearly resolution Sr/Ca 1812-

1986 records also displayed a similar average to the mid-Holocene coral 

records. 

 The Mg/Ca-SST reconstruction displayed seasonal variations in both the two-

monthly resolution 1980-1984 and mid-Holocene records.  There was, however, 

a systematic difference between the average estimates for the untreated and pre-

treated samples in the 2 and 5 yearly resolution records.  This difference is 

probably from organic material which has affected the Mg/Ca ratio in the 

untreated coral samples. 

 The U/Ca-SST reconstruction for the 1980-1984 record displayed strong 

seasonal variations; however, this was not particularly evident in the two-

monthly resolution mid-Holocene record. 
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 The O isotope-SST reconstruction displayed seasonal variations in both the 

two-monthly 1980-1984 and mid-Holocene records.  In addition, the 5 yearly 

resolution modern and mid-Holocene records displayed similar averages to the 

Sr/Ca SST reconstruction.  However, the O isotopes were affected by variations 

in salinity. 

 The subtraction of the SST component from the O isotopes allowed seawater 

salinity to be reconstructed.  The two-monthly resolution records displayed 

large fluctuations which coincided with flood and El Niño Southern Oscillation 

events.  The Δ18O reconstructions for the 5 yearly resolution 1810-1985 and 

mid-Holocene records reveal trends towards wetter and drier years. 

 Coral Ba/Ca ratios in the 1812-1986 record displayed a significant increase 

after European settlement; however, the post 1850 average was similar to that of 

the mid-Holocene corals. 

 Coral Mn concentrations rose significantly after 1850 and were considerably 

higher than in the mid-Holocene coral records. 

 Coral REE (Y, Pr, Sm and Ho) concentrations and distributions increased after 

1850; however, as with the Ba/Ca ratios, the average mid-Holocene values were 

comparable to the post 1850 averages. 

 Coral Th concentrations consistently remained at low values throughout the 

1812-1986 record.  This suggested that there was a negligible detrital 

component incorporated into the coral, whereas the mid-Holocene coral heads 

had significantly higher Th concentrations which indicated that these corals had 

been influenced by sediment or other detrital matter. 
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Chapter 7 

Coral geochemistry discussion: Proxies of climate 

 
7.1. Chapter overview 

 
Several geochemical and physical coral proxies have been used in this study to reconstruct 

SST and seawater salinity.  This chapter will discuss the results of each coral proxy and 

evaluate their reliability for reconstructions of past climate on the GBR.  The chapter will 

be presented in the following order:   

1) Section 7.2 examines the reconstruction of SST from the modern and mid-Holocene 

corals using the Sr/Ca, Mg/Ca, U/Ca ratios and δ18O isotopes.  In addition, the 

average coral calcification rate is investigated to estimate long-term SSTs.   

2) Section 7.3 explores the seawater salinity records produced by the Δ18O in the 

modern and mid-Holocene corals.  The coral luminescence data is compared with 

the Δ18O records to allow an assessment of wetter and drier periods for the last 200 

years and during the mid-Holocene. 

 
7.2. Proxies of sea surface temperature 

 
7.2.1. Overview 

 
Coral Sr/Ca, Mg/Ca, U/Ca ratios and δ18O isotopes were used in section 6.4 to reconstruct 

sea surface temperature (SST) from the modern (1812-1986) and the mid-Holocene corals.  

Potential problems with each thermometer, which include the considerably different 

calibrations curves that have been developed, are discussed in this section.  The correlations 

between each proxy with instrumental SST, other elemental ratios and coral calcification 

are examined.  The SST proxies are also compared to previous reconstructions of GBR SST 

with a particular focus on the research of Hendy et al. (2002) and Gagan et al. (1998).  
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7.2.2. Background and calibration 

 
Coral Sr/Ca ratio 

Sr/Ca ratios are considered the most reliable coral SST proxy and have been widely applied 

on the GBR (e.g. McCulloch et al., 1994; Alibert and McCulloch, 1997; Gagan et al., 1998; 

Fallon et al., 2003); however, this SST proxy has been associated with many potential 

problems (see Table 2.1).  Published Sr/Ca-SST calibration curves for the GBR display 

considerable variability, particularly the intercept of each curve (Fig 2.3b).  The most 

noteworthy example is the significantly different calibration curves, developed for Porites 

corals from Orpheus Island (Fig 2.3b), by Gagan et al. (1998) and Fallon et al. (2003).  

Failure to sample along the major growth axis (Alibert and McCulloch, 1997), the use of 

juvenile corals (Marshall and McCulloch, 2002), variation between species (Smith et al., 

1979), analytical error (Beck et al., 1992), statistical errors (Solow and Huppart, 2004), 

biological/metabolic effects (Cohen et al., 2002; Meibom et al., 2004), calcification/light 

effects (Cohen et al., 2002; Reynaud et al., 2004) and coral diagenesis (Müller et al., 2001) 

have been suggested as possible reasons for the variability in the numerous Sr/Ca-SST 

calibration curves (see section 2.2.3; Table 2.1), although it is not obvious which of these 

factors has the major influence on the different calibration curves from Orpheus Island.   

The coral Sr/Ca-SST calibrations of Gagan et al. (1998) and Fallon et al. (2003) were 

applied to reconstruct SST for the two-monthly resolution 1980-1984 Sr/Ca record from the 

Magnetic Island coral.  Gagan et al.’s (1998) equation provides SST estimates 

approximately 3° C higher than Fallon et al.’s (2003) calibration (Fig 7.1a).  The intercept-

adjusted curve of Gagan et al. (1998) has been applied to the corals of Magnetic Island 

because of the stronger linear regression with instrumental SST from the higher precision 

TIMS analysis (r2= 0.98; Gagan et al., 1998) compared to LA-ICP-MS (r2= 0.79; Fallon et 

al., 2003).  In addition, the adjusted curve closely matches the SST range from Magnetic 

Island measured since the 1990s (Fig 7.1b) and also provides a better average SST estimate 

for the 1980-1984 coral record from Magnetic Island.  The slope of Fallon et al.’s (2003) 

calibration was significantly steeper than the curves produced from TIMS (Fig 4.14) which 

provides cooler SST estimates when the coral Sr/Ca ratio exceeds 0.0090. 
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Figure 7.1a. Sr/Ca-SST reconstructions for the 1980-1984 Magnetic Island coral record from the calibrations 
of Gagan et al. (1998), Fallon et al. (2003) and this study (Gagan adj).  The Gagan et al. (1998) calibration 
produces SST estimates that are approximately 2-3° C higher than the monthly instrumental range from 
Geoffrey Bay (GB), Magnetic Island from 1993-2001 (b).  The SST reconstruction from the adjusted 
calibration by Gagan et al. (1998; a) produces similar SST estimates to the instrumental dataset (b).  The 
instrumental SST range in Geoffrey Bay for 1993-2001 (b) is higher than the central Great Barrier Reef 
(CGBR; 15.5-19.5° S); however, the average SST estimates are similar, which suggests that the Magnetic 
Island corals will provide a reliable estimate of regional SST variations. 
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Coral Mg/Ca ratio 

Previous studies have demonstrated that the Mg/Ca thermometer may be strongly 

influenced by organic matter incorporated into the coral skeleton (e.g. Watanabe et al., 

2001).  Microanalysis revealed that Mg can be concentrated by as much as 10 times in the 

centre of calcification relative to the outer coralline wall (Meibom et al., 2004).  Therefore, 

the incorporation of Mg in corals may be biologically controlled (Allison, 1996; Meibom et 

al., 2004).  The Mg/Ca-SST calibrations for the GBR display a significant difference 

between inshore and offshore sites, which suggests that a terrestrial source may be 

influencing this SST proxy (Fallon et al., 2003).  In addition, the problems associated with 

the Sr/Ca ratio (see Table 2.1) may also apply for the coral Mg/Ca ratio, although few 

studies have thoroughly examined this SST proxy.  Despite these potential problems, coral 

Mg/Ca ratios commonly display significant correlations with SST.   

 

Two different Mg/Ca-SST calibrations were applied to separate the H2O2 treated corals 

from the untreated coral samples (Fig 4.15).  The intercept of the Mg/Ca-SST calibration 

curve of Watanabe et al. (2001) was slightly adjusted to match the SST range of Magnetic 

Island; this curve was used to reconstruct SST for the H2O2 treated samples.  The 

Mitsuguchi et al. (1996) Mg/Ca-SST calibration was also intercept-adjusted and used to 

reconstruct SST for the untreated samples.  Interestingly, the slope of the H2O2-treated 

calibration is much shallower than the untreated curve (Fig 4.15).  Therefore, the range of 

the Mg/Ca-SST reconstructions for the untreated samples should be greater than the 

corresponding H2O2-treated samples. 

 

Coral U/Ca ratio 

The U/Ca thermometer is considered one of the better coral SST proxies and has been 

applied to reconstruct historical SST on the GBR (Hendy et al., 2002).  Nevertheless, 

despite the coral thermometer’s obvious potential, few studies have thoroughly examined 

this proxy or have established a reliable SST calibration curve for the GBR, with the 

exception of Fallon et al. (2003).  As with the Mg/Ca thermometer, there is a significant 

variation in the U/Ca-SST calibration curves from inshore to offshore sites on the GBR, 

which indicates that U may be influenced by terrestrial sources (Fallon et al., 2003).  
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Uranium is thought to substitute for the CO3
2- ion in the coral skeleton (e.g. Shen and 

Dunbar, 1995) and, therefore, could also be affected by the coral calcification rate and pH 

(Min et al., 1995).  Another potential problem is that the U/Ca-SST calibration curve 

produced from the TIMS technique (Min et al., 1995) is significantly different to the curves 

from the LA-ICP-MS method (Fallon et al., 2003; Fig 2.8).  Corals from New Caledonia 

and Tahiti were used to construct Min et al.’s (1995) U/Ca-SST calibration curve.  It is 

unclear if these corals were responding to their own environment, which may be different 

to the corals from the GBR, or if the different calibration curves were a product of the 

analytical technique (Table 2.1).   

 

For this study, the high precision TIMS U/Ca-SST calibration of Min et al. (1995) was 

adjusted to match the instrumental SST range from the waters surrounding Magnetic Island.  

Both the slope and intercept of Fallon et al.’s (2003) U/Ca calibration curve differed 

significantly from that of Min et al. (1995) and produced SST estimates that were much 

higher than the expected range from Magnetic Island. 

 

Coral δ18O composition 

The coral O isotope composition is influenced by both SST and seawater salinity (e.g. 

McCulloch et al., 1994; Gagan et al., 1998).  Therefore, the coral O isotope composition is 

reliable for SST reconstructions at localities where seawater salinities are constant.  

However, the δ18O composition of corals from the inshore GBR, such as Magnetic Island, 

is affected by seawater salinity, particularly during the summer months.  Because the δ18O-

SST calibration relationship is fixed, seawater salinity can be confidently reconstructed 

from inshore GBR corals provided that a reliable thermometer can be applied to subtract 

the SST component from the O isotope data (section 7.3).   

 
7.2.3. Comparison of the two-monthly SST proxies and the instrumental dataset 

 
Coral Sr/Ca ratio 

The two-monthly resolution 1980-1984 coral Sr/Ca-SST reconstruction had a similar range 

and average (within 1° C) to the SST record from Magnetic Island (Fig 7.1b).  This proxy 
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indicates that the SST record concluded during the winter of 1984 (June-July; Fig 7.2a), 

and suggests that the estimation of the chronology from the visible luminescent “flood” 

lines was slightly inaccurate.  The luminescent line observed in the 1983 coral growth 

record was incorrectly interpreted to have formed in January.  The major Burdekin River 

discharge in 1983 actually occurred in May. 

  

Coral Mg/Ca ratio 

The 1980-1984 Mg/Ca-SST reconstruction displayed a similar average to the 1993-2001 

instrumental SST data from Magnetic Island, except for the 1982 summer, which coincided 

with a particularly strong ENSO year (e.g. Jones et al., 1997; Figs 7.1b; 7.2).  Overall, the 

coral Mg/Ca ratios did not record the expected range of SST variability for the two-

monthly resolution SST records and appear to be inferior to the Sr/Ca and U/Ca 

thermometers in reconstructing SST.       

 

Coral U/Ca ratio 

The 1980-1984 coral U/Ca-SST reconstruction contained a similar SST range and average 

to the instrumental record from 1993-2001 (Figs 7.2a; 7.1b).  Like the Sr/Ca and Mg/Ca 

SST reconstructions, the U/Ca thermometer suggests that the 1980-1984 record terminated 

during the winter months of 1984.  These SST reconstructions also suggest that the coral 

may have grown faster during the summer months.  This finding was evident in the two-

monthly resolution (6 samples per year) 1980-1984 coral record where within the one year 

periods, 4 of 6 samples commonly showed higher than average SSTs (Fig 7.2a).  Therefore, 

the coral should provide, theoretically, a more reliable record of a “short-pulsed event” 

during the summer months than an event during “cooler” SSTs (e.g. Taylor et al., 1995).   

 

Coral δ18O composition 

The coral δ18O-SST reconstruction for 1980-1984 has a similar average to instrumental 

SST records from Magnetic Island from 1993-2001; however, the SST range is 

considerably higher than would be expected at Magnetic Island over two-monthly periods.  

This δ18O record has been clearly influenced by fluctuations in seawater salinity. 
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7.2.4. Comparison between the SST proxies at 2 and 5 yearly resolutions and the 

instrumental dataset 

 
Coral Sr/Ca ratios 

There was a significant correlation between the 2 yearly Sr/Ca-SST estimates and the 

instrumental SST record extending back to the 1870s (r= 0.48; p <0.000; n= 58; Table 7.1); 

however, the correlation between the 5 yearly resolution Sr/Ca reconstruction and the 

instrumental SST record was not significant (r= 0.05; p >0.05; n= 23).  The instrumental 

SST dataset may not be as reliable particularly during the late 19th and early 20th centuries, 

because earlier “ships of opportunity” SST records are fewer and not directly from 

Magnetic Island.  In addition, the 2 and 5 yearly sampling strategies represented a sample 

that approximated a two and five year growth period, respectively.  This strategy could 

have produced sampling errors and may account for some of the variability observed in the 

Sr/Ca-SST reconstructions.  For example, when 1.5 instead of 2.0 years is averaged in the 

instrumental SST record from Magnetic Island, an error of around 0.5° C is produced, 

while averaging 4.5 instead of 5.0 years produced an error within 0.1° C.  The ranges of the 

2 and 5 yearly Sr/Ca-SST reconstructions were 3.72° C and 3.65° C, respectively.  In 

comparison, the range for the 2 and 5 yearly averaged instrumental data from 1870 were 

1.04° C and 0.65° C, respectively.  This relatively low instrumental range was within the 

combined limits of analytical precision and sampling inaccuracy.   

 

There was excellent agreement between the long-term averages produced for the Sr/Ca-

SST reconstructions for both the 2 and 5 yearly records (24.97 ± 0.81 ° C and 25.09 ± 0.76 

° C respectively) as well as for the instrumental data from 1870-1986 (25.84 ± 0.24° C).  

The good agreement between the two sampling resolutions analysed at different 

laboratories supports the validity of long-term estimates of SST using the coral Sr/Ca ratio.  

The apparent warming trend in the 2 yearly 1812-1986 Sr/Ca-SST reconstruction after the 

1940s (Fig 7.4a) was not evident in the 5 yearly dataset (Fig 7.5a).  This trend is probably 

an artefact of sampling, analytical and calibration errors.  
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Coral Mg/Ca ratio 

There was no significant correlation between the Mg/Ca ratios for both the 2 (r= 0.03; p 

>0.05; n= 58) and 5 (r= 0.27; p >0.05; n=23) yearly sampling resolutions with instrumental 

SSTs for the central GBR since 1870 (Figs 7.4-7.5; Table 7.1).  The range for the coral 

Mg/Ca-SST reconstructions in the 1812-1986 record was 4.97° C, and 1.59° C for the 2 and 

5 yearly resolutions, respectively.  However, the instrumental SST range for the central 

GBR since 1870 at 2 and 5 year averages is 1.04° C and 0.65° C.  Therefore, errors relating 

to the coral sampling procedure, analytical precision and calibration as well as biological 

effects may explain why the correlation between the coral Mg/Ca-SST reconstruction and 

instrumental SST was insignificant (see Table 2.1). 

 

Coral U/Ca ratio 

The correlation between the coral U/Ca-SST reconstruction and instrumental SST since 

1870 was also insignificant (r= 0.07; p >0.05; n= 58).  As with the coral Mg/Ca ratio, the 

range of the U/Ca-SST reconstruction at the 2 yearly sampling resolution was considerably 

higher (3.77° C) than the corresponding instrumental range since 1870.  This finding was 

probably the result of sampling, analytical or calibration errors.   

 

Coral δ18O composition 

There was no significant correlation between the coral δ18O-SST reconstruction and 

instrumental SST from the central GBR since 1870 (r= 0.28; p >0.05; n= 23).  This 

correlation may have been insignificant because of the low number of samples or because 

the coral δ18O has been affected by seawater salinity. 

 
7.2.5. Correlation coefficients between the SST proxies 

 
Sr/Ca and Mg/Ca 

The coral Sr/Ca and Mg/Ca-SST reconstructions for the two-monthly and long-term 2 and 

5 yearly resolution records were all significantly correlated with the exception of the QHSS 

NEL01D record (Table 7.1).  This record was taken at 5 yearly resolution and the 

correlation may have been insignificant due to the limited number of samples (25) in the 
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dataset.  The two-monthly resolution records contained a higher correlation coefficient than 

the 2 and 5 yearly resolution samples, although the H2O2-treated 5 yearly resolution 1810-

1985 record had a considerably higher correlation coefficient than the untreated 2 yearly 

records.   

 

Sr/Ca and U/Ca 

The Sr/Ca and U/Ca-SST reconstructions were also significantly correlated in all the coral 

records (Table 7.1).  The two-monthly resolution records, like the Sr/Ca-Mg/Ca correlation, 

had higher correlation coefficients than the 2 yearly resolution records.  Excess U had been 

incorporated into the coral skeleton in one of the mid-Holocene two-monthly resolution 

samples (Fig 7.3) and also the 2 yearly resolution NEL01D coral (“60-62”; Fig 7.6) which 

significantly affected the SST estimates.  The O isotope-SST reconstruction suggests there 

was no significant salinity variation in these samples and rules out freshwater influx as a 

possible U source.  Possible explanations for these inconsistent data include sedimentation, 

sample contamination and instrumental error.  Unfortunately, no sedimentation proxies 

were measured in the two-monthly resolution record but the adjacent “62-64” sample in the 

2 yearly resolution NEL01D dataset contained excessive Th concentrations, although this 

sample provided a reasonable U/Ca-SST estimate.  Therefore, sedimentation is unlikely to 

influence the U/Ca-SST reconstruction. 

 

Sr/Ca and δ18O 

The Sr/Ca and δ18O-SST reconstructions for the two-monthly resolution records were 

significantly correlated, although the correlation coefficients were comparably lower than 

the Sr/Ca-Mg/Ca and Sr/Ca-U/Ca relationships (Table 7.1).  The correlations between 

Sr/Ca and δ18O for both the 5 yearly resolution coral records were insignificant (Table 7.1). 

 

Mg/Ca and U/Ca 

Significant correlations between the Mg/Ca and U/Ca-SST reconstructions were observed 

in all the coral records (Table 7.1).  The correlation coefficient was higher in the two-

monthly resolution records compared to the 2 and 5 yearly datasets, as it was with the other 

records.  The lower correlation coefficients for the 2 and 5 yearly resolution records were 
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probably influenced by the coarser sampling resolutions; once the seasonal resolution is 

removed (range ~ 8° C; Fig 7.1b) there is little variability in the SST range (range ~ 1° C 

for instrumental data).  Therefore, analytical, calibration and sampling errors can produce 

relatively large errors that exceed the “natural” SST range for individual samples (Table 

2.1).  These errors, in turn, may affect the correlation coefficients between the geochemical 

coral SST proxies.   

 

Mg/Ca and δ18O 

Like the Sr/Ca-δ18O relationships, the Mg/Ca and δ18O-SST reconstructions were 

significantly correlated in the two-monthly resolution coral records, while the correlations 

in the 5 yearly resolution records were insignificant (Table 7.1).  The insignificant 

correlations in the 5 yearly resolution records may have been produced by the coarse 

sampling resolutions (lower SST range) as well as by a combination of analytical, 

calibration and sampling errors.  Alternatively, the δ18O-SST reconstructions may have 

been influenced by seawater salinity, which has affected the SST correlation with elemental 

proxies.  

 

U/Ca and δ18O 

The U/Ca and δ18O-SST reconstructions were significantly correlated in the two-monthly 

resolution coral records (Table 7.1).  Unfortunately, U was not measured in the QHSS 

dataset; therefore, U/Ca could not be compared to δ18O in either the 2 or 5 yearly resolution 

records. 

 

Summary 

Significant linear correlations between the coral geochemical SST proxies were found for 

all the two-monthly resolutions datasets, while only the Sr/Ca and Mg/Ca-SST 

reconstruction was significantly correlated in the 5 yearly 1810-1985 record.  The 2 yearly 

resolution Sr/Ca, Mg/Ca and U/Ca-SST reconstruction were all significantly correlated 

with each other.  However, the slopes of all the linear correlations were different to the 1:1 

relationship that would be expected if the geochemical coral SST proxies were solely 

influenced by SST (Figs 7.2-7.7).  The Mg/Ca and U/Ca thermometers may be affected by 
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factors other than SST and, for these reasons, the Sr/Ca ratio is currently the most reliable 

coral SST proxy (e.g. Gagan et al., 2000).  In addition, the accuracy of the coral SST 

proxies could also be affected by sampling, calibration and analytical errors. 

 
 
 
Table 7.1.  Summary of correlation coefficients (r) between the coral geochemical and physical SST proxies 
and the instrumental dataset from the central GBR for both the modern and mid-Holocene corals sampled at 
different resolutions (number of data points given in brackets). 
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Figure 7.2 a-b.  SST reconstruction for 1980-1984 using the Sr/Ca, Mg/Ca, U/Ca and O isotope 
thermometers.  The proxies were all significantly correlated with each other (b) and display a 
temperature range expected for Magnetic Island.  
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Figure 7.3 a-b.  SST reconstructions for the 1980-1984 two-monthly resolution record using the 
Sr/Ca, Mg/Ca, U/Ca and O isotope thermometers.  The proxies were positively correlated with 
each other (b) and demonstrate that they have potential in reconstructing historical SST. 
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Figure 7.4 a-b.  SST reconstruction for the 2 yearly resolution 1812-1986 (ACQUIRE) record 
using the Sr/Ca, Mg/Ca and U/Ca thermometers.  The proxies were poorly correlated with each 
other (b) which probably reflects a combination of analytical, sampling and calibration errors. 
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Figure 7.5 a-b.  SST reconstruction for the 5 yearly resolution 1810-1985 (QHSS) record using the 
Sr/Ca, Mg/Ca and O isotope thermometers.  The proxies were poorly correlated with each other (b) 
which probably reflects a combination of analytical, sampling and calibration errors. 
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Figure 7.6 a-b.  SST reconstruction for the 2 yearly resolution mid-Holocene (ACQUIRE) 
record using the Sr/Ca, Mg/Ca and U/Ca thermometers.  The proxies were poorly correlated 
with each other (b) which probably reflects a combination of analytical, sampling and calibration 
errors.
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Figure 7.7 a-b.  SST reconstruction for the 5 yearly resolution mid-Holocene (QHSS) record using 
the Sr/Ca, Mg/Ca and O isotope thermometers.  The proxies were poorly correlated with each other 
(b) which probably reflects a combination of analytical and sampling errors. 
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7.2.6. Correlations between the geochemical SST proxies and coral calcification rates 

 
The correlations between the geochemical SST proxies and calcification rates were only 

calculated for the 2 and 5 yearly modern records because the calcification rate was 

measured at annual intervals.  In addition, the geochemical (Sr/Ca, Mg/Ca, U/Ca and δ18O) 

and physical (calcification rate) SST proxies were measured independently and therefore a 

reliable chronology for the mid-Holocene corals could not be established to compare the 2 

and 5 yearly resolution records.  The SST temperature estimates (Fig 7.8a-c) were produced 

using the calibration of Lough and Barnes (2000) which indicated that for every 1° C rise in 

SST, calcification increases by 0.33 g/cm2 per year [SST= 3.0303 × annual calcification 

rate (g/cm2 per year) + 21.485].  The calcification-SST reconstructions displayed 

considerable variability and contained large SST ranges for the averaged 2 (3.33° C) and 5 

(2.97° C) year samples that were outside the corresponding instrumental measurements 

since 1870 (1.04 and 0.65° C, respectively; Fig 7.8 d-e).  Coral calcification rates can also 

be affected by changes in light, salinity, nutrient levels, seawater pH and distortions in coral 

growth (e.g. Lough and Barnes, 2000; Kinsey, 1991b; Kleypas et al., 1999) which may 

significantly contribute to the annual variability.   

 

The Sr/Ca-SST reconstruction was the only geochemical proxy that showed a significant 

correlation with the average calcification data; this significant correlation was observed in 

both the 2 (r= 0.30; p <0.00; n= 86) and 5 (r= 0.47; p <0.00; n=35) yearly records (Table 

7.1).  The better analytical precision for the coral Sr/Ca ratio in the 5 yearly record may 

explain the higher correlation coefficient compared to the 2 yearly dataset.  Alternatively, 

the correlation coefficient may have been improved by the longer-term averages and thus 

may have ‘smoothed’ the 5 yearly dataset. 

 

The coral calcification-SST reconstruction closely matched the average SST values 

produced from the paleothermometers when the datasets were averaged over the entire 

coral record.  The average annual calcification for the 1812-1986 record is 1.42 g/cm2 per 

year, which equates to a SST of 25.80° C.  The average calcification rates for the fossil 

mid-Holocene coral heads are 1.48 (25.98° C), 1.61 (26.35° C), 1.34 (25.55° C) and 1.52 
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(26.09° C) g/cm2 per year for NEL01, NEL03, NEL06 and NEL07 corals, respectively, and 

produce SST estimations similar to the modern coral record.  These values are also similar 

to the SST reconstructions from the geochemical proxies. 

 
7.2.7. Comparisons between the modern coral SST reconstructions and previous studies 

 
The range of the atomic Sr/Ca (8.89 to 9.12 × 10-3: 3.65° C) for the 5 yearly resolution 

coral record from Magnetic Island is higher than Hendy’s (2003) nearby Havannah Island 

coral dataset (Sr/Ca= 8.98 to 9.10 × 10-3: 1.88° C).  The lower Sr/Ca range in Hendy (2003) 

may be the result of the higher precision TIMS analysis compared to the ICP-AES data 

from this study.  However, the coral U/Ca range for the 2 yearly Magnetic Island record 

(1.14 to 1.31 × 10-6: 3.77° C) is lower than the 5 yearly resolution Havannah Island dataset 

(U/Ca= 1.10 to 1.30 × 10-6: 4.30° C; Hendy, 2003).  The SST range in both studies is larger 

than observed for the instrumental 2 and 5 yearly resolution records from the central GBR 

since 1870 (1.04 and 0.65° C, respectively).  This result implies that the measurement of 

the Sr/Ca and U/Ca ratios for these two coral records may have been affected by 

calibration, analytical and sampling errors, diagenesis or a possible biological/metabolic 

effect.  In addition, the relatively high reconstructed SST ranges for the 1812-1986 

Magnetic Island coral record makes it difficult to identify any genuine SST variations in the 

coral record.  However, an apparent warming event after the 1880s from the Sr/Ca and 

Mg/Ca ratios (sections 6.4.2 and 6.4.3) is supported by Hendy et al. (2002). 

 
7.2.8. Comparisons between the mid-Holocene coral SST reconstructions and previous 

studies 

 
Multi-proxy SST reconstructions from four mid-Holocene corals suggest that average SSTs 

in the waters surrounding Magnetic Island 6,000 years ago were indistinguishable from the 

1812-1986 SST reconstructions (Fig 7.6a-7.7a).  The mid-Holocene coral from Orpheus 

Island in the Gagan et al. (1998) study was approximately 700 years younger than the 

Magnetic Island corals and contained significantly higher Sr/Ca ratios, which are indicative 

of a cooler environment; however, Gagan et al. (1998) argued that SSTs were 

approximately 1° C warmer during the mid-Holocene.  Their result was based on a SST 
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calibration that was developed from a modern Orpheus Island coral.  Fallon et al. (2003) 

also produced a coral Sr/Ca-SST calibration from Orpheus Island using the LA-ICP-MS 

technique.  This SST calibration closely resembles other studies from the GBR and 

produces SST estimates around 3° C cooler than the coral Sr/Ca ratios measured by Gagan 

et al. (1998).  Marshall et al. (2000) also found evidence of cooler SST (2° C) on the GBR 

approximately 6.20 ka.  However, Gagan et al. (1998) showed a close correlation between 

oxygen isotopes and the Sr/Ca-SST estimates in the modern record.  The O isotopes in the 

mid-Holocene coral provide similar summer SST estimates to the modern Orpheus Island 

record; while the winter SST estimations are approximately 1.5° C cooler.  The fossil 

Magnetic Island corals provide a more reliable estimate of mid-Holocene SST compared to 

Gagan et al. (1998) and Marshall et al. (2000) because the Magnetic Island coral records 

cover a significantly longer timeframe (~100 years) compared to the previous studies (~10 

years).  In addition, this study employed multi-proxy records of SST, including the Sr/Ca, 

Mg/Ca and U/Ca ratios, as well as oxygen isotopes and annual calcification rate compared 

to only Sr/Ca ratios and O isotopes in the previous studies.   

 

Fossil coral heads can contain relatively higher Sr/Ca values (therefore lower SST 

estimations) if partially infilled with secondary aragonite (e.g. Enmar et al., 2000).  The 

Sr/Ca-SST relationship might also be compromised by differing light conditions (Cohen et 

al., 2002; Reynaud et al., 2004).  In addition, the corals from the previous studies were 

taken from different locations (environments) and are of different ages (around 200-700 

years apart).  Therefore, these Sr/Ca-SST estimates may reflect a genuine cooling trend 

during the mid-Holocene.   
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Figure 7.8 a-c.  Annual coral calcification-SST reconstructions for the modern (a) and mid-
Holocene (b-c) coral records using calibration of Lough and Barnes (2000).  While the long-
term SST average is consistent with the estimates from the geochemical thermometers, the 
calcification-SST reconstructions display significant annual variability that could not all be 
attributed to SST fluctuations.  This variability suggests that the annual coral calcification rate 
may be influenced by other parameters.  
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Figure 7.8 d-e.  Correlations between the calcification data with the Sr/Ca, Mg/Ca, 
U/Ca and O isotope thermometers for the 2 (d) and 5 (e) yearly resolutions.  The 
poor correlations are not surprising as calcification can be affected by parameters 
other than SST. 
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7.2.9. Summary: proxies of sea surface temperature 

 
Generally, the SST proxies provided reliable estimates of average SST despite the 

numerous problems associated with them (Table 2.1).  The data show that the Sr/Ca ratio is 

the best of the thermometers as it was the only coral proxy that was significantly correlated 

with instrumental SST records from the central GBR since 1870.  For future 

reconstructions, the full suite of SST proxies (Sr/Ca, U/Ca, Mg/Ca, O isotopes, B/Ca and 

coral calcification) should be analysed.  Multi-proxy analyses would significantly improve 

both the reliability of the data and the understanding of the individual systematics of the 

proxies.  The SST proxies provided similar mean temperature estimates in both the modern 

and mid-Holocene coral records which suggests that SSTs 6,000 years ago were similar to 

today.  These results were inconsistent with previous studies on the GBR and more research 

is required to validate these data.  This study indicates that the mid-Holocene corals 

employed in this study were largely in an unaltered form, an interpretation which was 

justified by microanalytical investigations (section 6.2).  Significantly, this study applied a 

number of proxies on four long-lived (~100 years) fossil corals to reconstruct mid-

Holocene SST, whereas previous studies measured Sr/Ca and O isotopes only, and also 

based their results on a much shorter coral record (~10 years). 

 
7.3. Seawater salinity (Δ18O) 

 
7.3.1. Overview 

 
The Δ18O was calculated for the modern and mid-Holocene coral records at both two-

monthly and 5 yearly resolutions to examine short (flood events) and long-term (wetter and 

drier) fluctuations in seawater salinity, respectively.  The Sr/Ca ratio, despite its potential 

problems, is currently the most reliable coral SST proxy and has been applied to reconstruct 

coral Δ18O for this study.  In addition, the annual luminescence of the corals was 

investigated to assess long-term climate variations and was compared to the coral Δ18O 

variations.  The Δ18O and luminescence records will be combined to examine climate 

variations during the mid-Holocene. 
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7.3.2. Two monthly resolution records 

 
Significant negative excursions in the 1980-1984 two-monthly coral Δ18O record coincided 

with large discharge events from the Burdekin River (Fig 7.9a). The Δ18O value of -0.85 ± 

0.25 ‰, recorded during the large 1981 flood closely matches McCulloch et al.’s (1994) 

peak value (~ -0.90 ‰) for this flood, sampled from a Pandora Reef coral record, about 60 

km north of Magnetic Island (Fig 2.11).  In comparison, the 1983 flood has a more negative 

Δ18O value (-0.74 ± 0.25‰) compared to McCulloch et al.’s (1994) value (~ -0.30 ‰).  

This finding is not unexpected as corals from Magnetic Island are closer to the mouth of the 

Burdekin River channel.  Burdekin floods of lower intensity may exert a greater influence 

on Magnetic Island compared to Pandora Reef.  This is evident from the flood plume 

modelling data of King et al. (2001) for the Burdekin, Herbert, Tully and Johnstone Rivers 

(see Fig 8.10).  These models suggest that Pandora Reef may also be strongly influenced by 

the Herbert River as well as by the Burdekin.  During the 1983 flood, the Herbert River 

plume did not reach Pandora Reef, while the freshwater plume from the Burdekin was 

considerably diluted by the time it reached this area.  In addition, local flooding in the 

Townsville region could have also reduced the salinity in the waters surrounding Magnetic 

Island during 1983.   

 

There was a large excursion towards more positive Δ18O values during mid-1982 (Fig 

7.9a).  This excursion was probably due to the 1982 ENSO event where higher than 

average evaporation rates may have resulted in a positive shift in Δ18O.  This event is 

currently the only plausible explanation for the significant Δ18O excursion. 

 

As with the SST reconstructions, the Δ18O record displayed a slight sampling error where 

the chronology was misjudged.  The luminescent line in the 1983 coral growth band was 

incorrectly assumed to have formed in January; however, it is now interpreted to be linked 

to the Burdekin River flood in May 1983.  The 1981 flood, which occurred in January, 

concurred with the chronology estimation that was made during the sampling procedure 

(Fig 7.9a).   
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Figure 7.9 a-b.  Coral Δ18O reconstructions for the two-monthly resolution 1980-1984 (a) and 5 yearly 
resolution 1810-1985 (b) records.  The relatively poor analytical uncertainty for the two-monthly Δ18O 
values (± 0.25‰) largely relates to the precision of the Sr/Ca SST estimates.  However, the trends in 
these records were genuine, with large negative Δ18O excursions coinciding with the 1981 and 1983 
floods and a large positive excursion in mid-1982 which may be related to enhanced evaporation during 
the 1982 ENSO event (a). Due to inaccuracies in the estimation of timing when sampling this coral, 
there is an offset between the negative Δ18O excursions and the Burdekin discharge of the 1983 and 
1984 flood events.  The arrows highlight the actual chronology.  The 1810-1985 record (b) displays 
periods of relatively wetter (1885-1935 and post 1970) and drier conditions (1830-1885 and 1935-1970) 
in the GBR lagoon.  The 1810-1830 period may have been relatively wetter; however, the coral Sr/Ca 
ratios may have been affected by a juvenile coral signature (see section 6.4.2) which may have, in turn, 
affected the Δ18O calculation.  Interestingly, the Δ18O “cycles” between relatively wetter and drier years 
fluctuate on 50-70 year periodicities (b) which appear to be related to the Pacific Decadal Oscillation.  
In addition, major droughts also coincide with more positive Δ18O values. 
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Figure 7.9c.  The coral luminescence data and average rainfall in the Burdekin River catchment 
produced similar estimations to the coral Δ18O reconstruction of relatively drier and wetter intervals.  
There was a significant correlation (r= 0.54) between the coral luminescence and rainfall records (Fig 
7.11b).  In this record, drier periods were identified during 1814-1870, 1900-1950 and 1960-1970 while 
wetter periods persisted during 1870-1900, 1950-1960 and 1970-1985. note *= average rainfall was 
produced using rainfall data throughout the Burdekin River catchment (Fig 4.16).  The catchment was 
divided into a series of sub-catchments and the average rainfall data from these were used to produce the 
average rainfall (units are in mm).  

The two-monthly resolution mid-Holocene record displayed 3-4 large negative Δ18O 

excursions in successive years (Fig 6.14b; 6.17b).  The timing of these excursions suggests 

that the floods occurred during the summer wet season of north Queensland.  The first Δ18O 

excursion (-1.46 ‰) is considerably larger in comparison to the 1981 flood (-0.85 ‰) 

which, from the coral luminescent record, was the 3rd largest flood in the 1812-1986 

Magnetic Island coral record.  During the mid-Holocene, the Burdekin River channel 

discharged in closer proximity to Magnetic Island than at present, which may explain the 

lower salinities recorded in flood events (Fig 3.1).  The mid-Holocene corals also grew near 

the mouth of Gustav Creek and its plume may have significantly reduced the seawater 

salinity in the local area.  The Eu anomaly in the mid-Holocene corals may provide 

additional evidence of a Gustav Creek freshwater influence (Appendix 2).  Alternatively, 

the wet seasons during the mid-Holocene may have been more intense.  However, this high 
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resolution record only extends for 5 years and this short timeframe may not be 

representative of the mid-Holocene.   

 

The mid-Holocene coral Δ18O record does not support Gagan et al.’s (1998) interpretation 

of a positive enrichment of Δ18O values for the waters of the GBR.  Their study was based 

on a mid-Holocene coral from Orpheus Island, and the Δ18O range of Gagan et al.’s (1998) 

study is between 0.0 and + 0.5 ‰ which accounts for the natural variation in the 1980-1984 

salinity record.  However, the Sr/Ca-SST calibration of Gagan et al. (1998) was different 

from other curves developed for the GBR including Fallon et al.’s (2003) calibration from 

an Orpheus Island coral.  An alternative Sr/Ca-SST calibration would lower the SST 

estimate and shift the Δ18O record towards more negative values.  If this hypothesis is 

correct, the more negative Δ18O values in the Orpheus Island record may support the idea 

that the Burdekin River channel had a greater influence when it discharged further 

northwards during mid-Holocene times (Hopley, 1970a; Fielding et al., 2003; Fielding et 

al., 2006; see section 3.2.2). 

 
7.3.3. The 5 yearly sampling resolution records 

 
The 5 yearly Δ18O 1810-1985 record indicates that relatively drier environments persisted 

during 1830-1885 and 1935-1970, with wetter conditions during 1885-1935 and post 1970.  

These data were in good agreement with the studies of Isdale et al. (1998) and Hendy et al. 

(2003) who measured luminescent lines in corals from the GBR.  The coral luminescence 

record indicates that drier conditions occurred during the mid 19th and mid-20th centuries 

while wetter conditions prevailed in the late 19th century (Fig 7.10).  The results are also 

similar to the rainfall records of Tucker (1975), who suggested that drier conditions 

occurred between 1941 and 1970.  However, the rainfall records of Lough (1991) indicate 

that summer rainfall increased significantly from the 1919-1948 timeframe to the 1949-

1978 30 year period which was not evident in the Δ18O coral record.   

 

Unfortunately, the precision limits for the 5 yearly Δ18O 1810-1985 record (± 0.19‰) 

accounts for much of the variation in the dataset.  The Sr/Ca-SST reconstruction suggests 
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that SST increased after the 1940s, which was not evident in the instrumental dataset for 

the central GBR or the other coral SST thermometers.  The Δ18O signal has a trend towards 

more saline (drier) conditions, but this may have been influenced by the Sr/Ca-SST 

reconstruction.  However, in any case, applying the instrumental data for the central GBR 

to subtract the SST component from the O isotopes produces similar trends in Δ18O (Fig 

7.9b).  Therefore, it is considered that these trends are real and not an artefact of the 

precision or calibration of the Sr/Ca ratio, with the possible exception of the 1810-1830 

Δ18O record.  This section may have been affected by the Sr/Ca ratios, which could have 

been influenced by a juvenile coral signature (see section 6.4.2).  

 

 
Figure 7.10.  Coral luminescence record (Pandora Reef and Havannah Island corals) from Isdale et al. 
(1998).  The record displayed similar trends to that observed in the Δ18O record and luminescence 
record in this study: i.e. the drier periods which occurred during 1800-1870, 1900-1940 and wetter 
years from 1870-1900, 1940-1950s and 1970s. 

 

 

The correlations between coral Δ18O data with luminescence, rainfall and Burdekin 

discharge were not significant; however, the luminescence record, rainfall data, Burdekin 

discharge and the Hendy et al. (2003) luminescence master set were all significantly 

correlated with each other (Table 7.2; Figs 7.11-7.12).  This finding may suggest that coral 

luminescence provides a more reliable proxy of climate than this Δ18O record, which was 

only measured at 5 yearly resolution compared to the luminescence dataset which was 
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measured annually.  The 5 yearly resolution coral Δ18O record shows long-term, but subtle, 

trends in seawater salinity whereas the luminescence data reveal large, short-term salinity 

variations from rainfall and river discharge events.  Therefore, the coral Δ18O and 

luminescence datasets are recording different environmental conditions and explain the 

insignificant correlation between the two records.  While there was no significant 

correlation between the coral Δ18O data and the luminescence record, the long-term trends 

in both records appear to be similar.  The significant correlation between the coral 

luminescence and Hendy et al.’s (2003) luminescence master set confirms that the 

Magnetic Island coral recorded a regional signal and was strongly influenced by the 

Burdekin River (Fig 7.12b).  The coral luminescence record reveals that wetter conditions 

occurred during the 1950s and 1970s as was previously observed by Lough (1991; Fig 

7.9c).   
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Table 7.2.  Correlation coefficients between the coral Δ18O, luminescence data, rainfall 
records, Burdekin River and Herbert River discharge and Hendy et al.’s (2003) coral 
luminescence master set.  Significant correlations are shown in bold. 

 
 

Correlation 
variables 

Correlation 
coefficient (r) 

Significance 
(p) 

Number of 
samples (n) 

Δ18O v Luminescence 0.21 > 0.05 35 

Δ18O v Rainfall 0.21 > 0.05 23 

Δ18O v Burdekin 
discharge 0.02 > 0.05 13 

Luminescence v 
Rainfall 0.54 < 0.00 115 

Luminescence v 
Burdekin discharge 0.81 < 0.00 64 

Luminescence v Hendy 
et al. (2003) 0.72 < 0.00 172 

Rainfall v Burdekin 
discharge 0.75 < 0.00 64 

Rainfall v Hendy et al. 
(2003) 0.63 < 0.00 115 

Hendy et al. (2003) v 
Burdekin discharge 0.84 < 0.00 64 

Hendy et al. (2003) v 
Herbert discharge 0.72 < 0.00 70 

Burdekin discharge v 
Herbert discharge 0.72 < 0.00 64 

 

The 5 yearly Δ18O 1810-1985 dataset records long-term seawater salinity variations and 

partially agrees with previous climatic research for north Queensland.  Although the Δ18O 

record supports a “freshening” of the GBR lagoon which coincided with the end of the 

Little Ice Age (1870), as suggested by Hendy et al. (2002), the Δ18O values returned to pre-

1870 values between 1935 and 1970.  This result indicates a natural 50-70 year cyclic 
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salinity variation on the GBR which could be related to the Pacific Decadal Oscillation 

(PDO; Mantua and Hare, 2002).  The timing of these Δ18O cycles also coincided with 

fluctuations between “warm” and “cool” phases of the PDO.  “Cool” PDO phases occurred 

between 1890-1924 and 1947-1976 and “warm” regimes prevailed between 1925-1946 and 

from 1977 (Mantua and Hare, 2002).  In addition, the 5 yearly resolution Δ18O dataset 

appears to record major drought events in north Queensland such as the 1880-1886 

drought, the Federation Drought (1895-1903), the World War II drought (1939-1945) and 

the 1958-1968 drought (Young, 2000; Fig 7.9b). 
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Figure 7.11 a-b.  The Magnetic Island coral luminescence record was significantly correlated with 
Burdekin River discharge since 1922 (a) and rainfall in the Burdekin catchment (b) (see locations in Fig 
4.16).  This correlation suggests that the Magnetic Island coral record was influenced by the Burdekin 
River plume and thus recorded regional climate trends.  
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Figure 7.12 a-b.  The Burdekin discharge data was significantly correlated with a compilation of rainfall 
records from the extensive Burdekin River catchment (a; see Fig 4.16 for locations).  The coral 
luminescence record was also significantly correlated with the luminescence “master set” compiled for 
8 long coral cores from the GBR by Hendy et al. (2003).  This result suggests that the Magnetic Island 
coral recorded at least part of a regional signal.   
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The two mid-Holocene records displayed similar average Δ18O values compared to the 

modern record (Fig 7.13 a, c).  Although the two monthly resolution Δ18O values may have 

been significantly affected by the closer proximity of the Burdekin River during the mid-

Holocene, the 5 yearly resolution records would essentially average out these flood events 

which are represented in only approximately 1/6 of coral growth (assuming annual river 

discharge of 30 days, which is typical for the Burdekin system, and faster coral growth 

during summer or annual luminescent lines of 2 mm in thickness).  The final growth record 

for the mid-Holocene corals displayed no large Δ18O excursions which suggest that the 

sudden mortality of these corals was not the result of freshwater influx.   

 

Interestingly, the mid-Holocene salinity record for the NEL01D coral displays similar Δ18O 

variability to the modern record (Fig 7.13a).  In addition, the Δ18O fluctuations in the 

NEL01D record occur on a 50-70 year periodicity, which may indicate that the Pacific 

Decadal Oscillation (PDO) may have also influenced the mid-Holocene corals.  However, 

the NEL03D Δ18O record does not display this variability (Fig 7.13c) and more data is 

required to examine the influence of the PDO during the mid-Holocene.   

 

Because the coral Δ18O record and the luminescence dataset were analysed independently, 

an accurate chronology for the mid-Holocene corals could not be established.  Therefore, 

these datasets could not be directly compared.  It appears that these two proxies do not 

display the same trends in the mid-Holocene records (Fig 7.13a-d) and thus may be 

responding to different environmental parameters.   
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Figure 7.13 a-b.  Coral Δ18O reconstruction for the NEL01D (a) 5 yearly resolution mid-Holocene 
record and the corresponding luminescence data (b).  The NEL01D salinity record displayed similar 
wetter and drier trends to the 1810-1985 modern record; however, these trends were not observed in the 
coral luminescence record (b).  Therefore, coral luminescence may also be influenced by other 
parameters.  A recent study has shown that coral luminescence is related to increased coral pore space 
which may occur during stressful environmental conditions (Barnes and Taylor, 2001; 2005). 
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Figure 7.13 c-d.  Coral Δ18O reconstruction for the NEL03D (c) 5 yearly resolution mid-Holocene 
record and the corresponding luminescence data (d).  In comparison to the NEL01D dataset, the 
NEL03D record displayed a relatively flat trend with no apparent shifts from wetter to drier conditions.  
The luminescence data displayed variable trends and does not appear to be related to the Δ18O record. 
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7.3.4. Summary 

 
The two-monthly resolution Δ18O records suggest that the mid-Holocene corals may have 

experienced lower salinity during flood events compared to the modern record.  The 

Burdekin River channel discharged closer to Magnetic Island during the mid-Holocene 

which may explain this finding.  Alternatively, Gustav Creek may also have influenced the 

fossil corals, but it is difficult to draw firm conclusions from this limited record.  The 5 

yearly coral Δ18O records suggested that seawater salinity during the mid-Holocene varied 

on a similar magnitude to today, and that the long-term average was indistinguishable from 

the modern coral record.  This result contradicts Gagan et al.’s (1998) Δ18O record from 

Orpheus Island that suggested there was a 0.5‰ enrichment in salinity during the mid-

Holocene.  Additional analyses of mid-Holocene corals are required to substantiate these 

findings. 

 
7.4. Chapter summary 

 
 The coral Sr/Ca, Mg/Ca, U/Ca ratios and the O isotopes produce modern SST 

estimates comparable to previous studies, despite potential sampling, analytical and 

calibration errors.  The Sr/Ca ratio was the most reliable coral SST proxy and was 

the only geochemical coral SST proxy significantly correlated with instrumental 

SST records from the central GBR.  However, it should not be used exclusively to 

reconstruct SST.  The long-term SST averages for the geochemical proxies and the 

calcification dataset agreed with the instrumental SST dataset since 1871. 

 The SST proxies suggest that SST in the four mid-Holocene coral records were 

indistinguishable from the 1812-1986 modern coral record.  This finding contradicts 

previous mid-Holocene coral SST studies from the GBR.  

 The coral Δ18O records suggest that seawater salinities were highly variable and 

reflect drier and wetter periods.  The long-term Δ18O average for the mid-Holocene 

coral was similar to the modern coral record; however, the mid-Holocene records 

may have experienced lower salinities during flood events.  This finding contradicts 
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the mid-Holocene coral Δ18O dataset of Gagan et al. (1998) who argued for a 

positive enrichment of Δ18O values (higher salinity) during this period. 

 The coral Δ18O was not significantly correlated with the coral luminescence record, 

the rainfall records or the Burdekin River discharge.  This finding suggests that the 

coral Δ18O record and the luminescence records may have responded to different 

environmental parameters.  The 5 yearly resolution coral Δ18O record shows subtle, 

long-term (50-70 year) trends in seawater salinity that coincide with the Pacific 

Decadal Oscillation.  In contrast, the coral luminescence dataset reveals large, short-

term variability in salinity from rainfall and river discharge events.  Both records 

display some similar long-term trends.  

 The coral luminescence data, rainfall records from the Burdekin River catchment, 

the Burdekin River discharge and the coral luminescence master set of Hendy et al. 

(2003) were all significantly correlated with each other.  This result suggests that 

the Magnetic Island coral has recorded regional rainfall and river discharge signals. 
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Chapter 8 

Coral geochemistry discussion: environmental proxies 

 
8.1. Chapter overview 

 
Geochemical proxies of environmental change were measured in modern and mid-

Holocene corals from Magnetic Island.  These proxies are discussed in this chapter together 

with an evaluation of their reliability in reconstructing historical water quality on the Great 

Barrier Reef.  This chapter is composed of the following sections: 

1) Section 8.2 examines the potential of coral Th concentrations and other trace 

elements as proxies for sedimentation and to investigate the cause of death of the 

fossil mid-Holocene corals. 

2) Section 8.3 explores the threat of sedimentation to the modern Magnetic Island 

coral reef from the sedimentation proxies identified in section 8.2. 

3)  Section 8.4 reviews the coral Ba/Ca ratios as a proxy for sediment export to the 

GBR lagoon.  Ba/Ca ratios in the 1812-1986 Magnetic Island coral record were 

compared to the studies of McCulloch et al. (2003) and Hendy (2003).  The ratio 

was measured at different sampling resolutions to identify the major influences on 

the incorporation of Ba into the coral skeleton. 

4) Section 8.5 presents Mn concentrations in the 1812-1986 coral record and compares 

this dataset with records of past land-use changes in the Burdekin River catchment. 

5) Section 8.6 examines the potential of the rare earth element and yttrium (REY) 

group to reconstruct terrestrial runoff to the GBR lagoon.  In addition, the REY 

group and the associated La and Ce anomalies are investigated as coral proxies of 

water quality. 
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8.2. Sedimentation: Th concentrations and other elemental proxies 

 
8.2.1. Overview 

 
The sediment cores and radiocarbon data suggest that the cause of mortality for the 

massive, long-lived fossil mid-Holocene Porites coral heads was the burial of the corals by 

biogenic and terrigenous sediments from a prograding reef flat (see Chapter 5).  Further 

geochemical evidence is required to validate independently this hypothesis.  In this study, 

sedimentation is defined as terrigenous fine-grained sediments settling out of suspension 

onto corals.  Corals have the capacity to tolerate relatively low sediment accumulation 

rates; however, if the degree of sediment settling continues unabated, corals may eventually 

succumb to a suffocating blanket of sediment (reviewed in Fabricius, 2005).  The 

development of a coral proxy for sedimentation would be invaluable to assess the current 

risk of sedimentation to the inshore reefs of the GBR.  This section will examine the 

geochemistry of the final growth layers of the fossil mid-Holocene coral heads and the 

distinctive growth hiatus observed in the NEL01D coral slice (see Fig 4.6) to investigate 

the cause of death of these corals. 

 
8.2.2. The geochemistry of the final growth layers from the mid-Holocene corals 

 
The final 2 years of growth in each of the fossil mid-Holocene coral heads had higher Th 

concentrations than the 1812-1986 coral record (average= 1.30 ppb), particularly the 

NEL06A slice which was sampled into the remnants of the coral tissue layer (99.37 ppb; 

Fig 6.40).  These “dead” coral tissue layers are significantly more porous than the typical 

coral skeleton and the numerous pore spaces could trap sediment.  Thorium concentrations 

in seawater and stream water are extremely low (6 × 10-8 and <1 × 10-4 ppm respectively; 

Taylor and McLennan, 1985) compared to the concentrations of Th in sediments, which are 

elevated by many orders of magnitude (11.13 ppm Kamber et al., 2005- MUQ; average 

16.27 ppm- this study).  The corals of this study have baseline Th concentrations of 

approximately 1 ppb which was considerably lower that that reported for carbonate rocks 

(1.7 ppm; Turekian and Wedepohl, 1961).  Since it is unlikely that Th is substituted into the 
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coral aragonitic lattice due to its different ionic structure (size and charge), the only 

conceivable explanation for elevated coral Th concentrations is sediment trapped within the 

coral skeleton.  Any fine-grained particles in the coral skeleton might be partially dissolved 

(leaching Th) in nitric acid during the sample preparation for ICP-MS analysis.  Indeed, the 

coral samples which had elevated Th concentrations also contained sediment residue in the 

bottom of the polystyrene centrifuge tubes after the nitric acid digestion.  

 

Yttrium, Pr, Sm and Ho concentrations were also highly elevated in the final years of 

growth for the mid-Holocene corals (Fig 6.30-6.33 b-c).  Interestingly, these concentrations 

steadily increased over a longer period (~ 10 years) in contrast to Th which, typically, was 

only elevated in the final 2 years of growth.  This indicates that Th records fine-grained 

sediment trapped within the coral skeleton while the enhanced coral REY concentrations 

may reflect an increasing terrestrial influence which is not necessarily related to 

sedimentation.  Unlike Th, the REY group is thought to substitute into the coral lattice 

(Sholkovitz and Shen, 1995; Wyndham et al., 2004; Luo and Byrne, 2004) and, therefore, 

may record deteriorating water quality conditions, such as turbidity, long before sediment 

settles out onto the corals.  This interpretation was supported by the variable REY 

concentrations in the long NEL01D record (Figs 6.30b; 6.31b; 6.32b; 6.33b) compared to 

the relatively consistent baseline Th concentrations (Fig 6.40b).  One exception in this 

record was the highly elevated Th concentration in the “62-64” sample (Fig 6.40b).  This 

sample was partially taken from the growth hiatus present in the coral which contained 

sediments trapped within the coral skeleton (Fig 4.6).   

 

Additional investigations revealed that this sample also contained elevated concentrations 

of Be, Sc, Ti, Ga, Zr, Rb, W and Nb (Fig 8.1).  These elements were also indicative of a 

sediment signature as they all have relatively low seawater concentrations compared to 

sediments.  It is conceivable that sediments may have been incorporated within outer 

growth layers of the coral head after burial, but it is unlikely that the sediments trapped in 

the growth hiatus (centred mainly towards the middle of the coral head) would have been 

included post burial.  A thorough geochemical investigation of this growth hiatus was 

conducted to further the understanding of the demise of the mid-Holocene corals. 
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Figure 8.1 a-h.  A high performance ICP-MS technique was employed on 7 samples from the 2 yearly 
resolution NEL01D mid-Holocene coral record which incorporated the “62-64” sample.  This sample 
was enriched in elements which are relatively low in seawater compared to sediment.  Therefore, 
sediment has been incorporated in the 62-64 sample. 
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8.2.3. The NEL01D growth hiatus 

 
Seven samples that corresponded to a 2 year period were taken near the distinct growth 

hiatus observed in the NEL01D coral core, which included one sample into the former 

tissue layer which represented the hiatus.  This coral Th record began at slightly elevated 

(3.76 ppb) concentrations and ramped up to the excessive value in the sample from the 

growth hiatus (676.97 ppb; Fig 8.2a).  The observation of sediment residue in the majority 

of these samples after the nitric acid digestion confirms that the Th concentrations provide 

a record of fine-grained sediment trapped within the coral skeleton.  Therefore, elevated Th 

concentrations appear to be a reliable coral proxy to determine detrital sediments that have 

been incorporated into the coral and could possibly be used to indicate periods of stress and 

subtle growth hiatuses caused by sedimentation. 
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Figure 8.2 a-c.  An investigation of the growth hiatus in the mid-Holocene NEL01D coral 
suggests that the coral was suffocated by sediments.  The Th concentrations (a; note log 
scale) ramped up to excessive levels in the last four samples to values in excess of 10 ppb, 
an order of magnitude above the “baseline” concentrations in the modern corals.  The 
“flattening” pattern of the REY distributions (b) was also indicative of an increased 
sediment influence.  The coral Y/Ho ratios (c) progressively fall from a typical seawater 
ratio to common sediment values. 
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8.2.4. Rare earth element and Y (REY) distribution to examine the provenance of the 

sediments incorporated into the mid-Holocene corals 

 
The normalised (MUQ sediment; Kamber et al., 2005) coral REY distributions displayed 

increasing concentrations towards the growth hiatus and contained a progressively “flatter” 

pattern (Fig 8.2b).  A flat REY distribution is characteristic of a sediment or freshwater 

influence (e.g. Fig 2.11; Wyndham et al., 2004).  The increase in Th and REY 

concentrations indicates that water quality conditions (that relate to turbidity and 

sedimentation) gradually declined over this 2 year period until the corals succumbed to 

sedimentation.  This finding also suggests that the elevated Th and REY concentrations in 

the final growth of the mid-Holocene corals are probably not an artefact of post burial 

sediment accumulation, but rather reflect a genuine water quality signature. 

 

The REY group may provide a tool to assess the source of the sediments incorporated in 

the mid-Holocene corals.  Possible sediment sources include the Burdekin and Ross Rivers, 

Gustav Creek, and sediments in Nelly Bay.  Fortunately, these sediments all contain a 

distinctive REY fingerprint which can, in theory, be mixed with a coral (or seawater) REY 

“end member” to match the sediment-affected patterns in the mid-Holocene corals.   

 

The sediments incorporated within the NEL01D “62-64” mid-Holocene coral sample were 

probably derived from Nelly Bay.  The 1850-1852 REY distribution was applied as the 

“coral end member” for the REY mixing plots as it represented the “most pristine” REY 

seawater signature.  A mixture of 0.50% NEL13A sediment to the 1850-1852 coral end 

member produced a similar REY pattern to the “62-64” NEL01D sample.  Therefore, the 

NEL13A sediment was the most probable source of sediment incorporated in the mid-

Holocene corals (Fig 8.3a).  However, a mixture of 0.40% Gustav Creek and 0.60% Nelly 

Bay sediments produced a similar REY pattern and could also explain the sediment trapped 

within this sample.  The REY signatures preserved in the NEL01D growth hiatus also 

confirm that local sediments from Nelly Bay were the probable source.  A 50-50% 

combination of the “NEL01De” and “NEL01Df” samples produced a similar pattern to the 

“62-64” sample (Fig 8.3b).  The NEL01Da and g samples were more difficult to model (Fig 
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8.3b); however, the presence of a relatively large negative Eu anomaly in these coral 

samples was similar to the sediments from Gustav Creek and Nelly Bay (Fig 5.12a). 

 

 

 

 

 

 

Figure 8.3 a-b.  Mixing plots were constructed to investigate the source of the sediment incorporated 
into the mid-Holocene corals.  The mixture of 0.50% of NEL13A sediment to a pristine coral REY 
distribution (1850-1852 sample) produced a similar REY pattern to the “62-64” sample (a).  This result 
suggests that the NEL13A sediment has been trapped in the coral lattice and may have contributed to 
the demise of the mid-Holocene corals.  The high-resolution mid-Holocene REY distributions were 
more difficult to model; however, a mixture of the “NEL01De” and “NEL01Df” samples produced a 
similar pattern to the “62-64” sample.  In addition, the negative Eu anomaly also matched the sediments 
from Nelly Bay (Fig 5.12). 

8.2.5. The Y/Ho ratio 

 
The gradual demise of the fossil corals was evident in the Y/Ho ratios.  The Y/Ho ratios 

declined towards the final growth in all the mid-Holocene coral records and thus provide 
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evidence of a gradual deterioration of living conditions before their death (Fig 8.2c; 8.4).  

The Y/Ho ratio of “healthy” corals and other marine carbonates record genuine seawater 

ratios (Bau, 1996) between 44 and 74 (Webb and Kamber, 2000; this study).  Possible 

influences on the coral Y/Ho ratio include salinity, sedimentation and turbidity as the Y/Ho 

ratio of freshwater and sediments is considerably lower (~20-30) than seawater (Taylor and 

McLennan, 1985; Kamber et al., 2005; Lawrence et al., submitted).  Interestingly, the coral 

Y/Ho ratio did not appear to be influenced by changes in salinity as the ratio was 

unaffected in coral luminescent lines or “flood bands” (Fig 8.5b; 8.6d).  Therefore, any 

deviation in the coral Y/Ho ratio is thought to derive from a sediment/colloidal influence.   

 

Evidence that the coral Y/Ho ratio responds to sedimentation was highlighted by the 

growth hiatus of the NEL01D mid-Holocene coral.  The Y/Ho ratio steadily declined in 

these samples, while coral Th concentrations increased (Figs 8.1a; 8.1c).  The coral Th 

concentration is a proxy of sedimentation (see section 8.2.2) and the coral Y/Ho ratio was 

also influenced by sediment trapped within the coral skeleton; the ratio from the former 

tissue layer is consistent with sediment values (27.67; Fig 8.1c).   

 

However, there is also evidence that the coral Y/Ho was influenced by parameters other 

than sedimentation and may be a proxy of turbidity.  The Y/Ho declined significantly over 

the last 10 years of growth in all the mid-Holocene records (Fig 8.4); however, 

sedimentation in these coral records was not apparent until the final 4-6 years of growth 

from the coral Th concentration (Fig 6.36b-c).  In addition, the Y/Ho ratios in the 2 yearly 

NEL01D coral record displayed marked fluctuations throughout the 130-year record which 

also did not coincide with the Th sedimentation proxy (Fig 8.4a).  It is hypothesised that the 

other major control on the Y/Ho ratio may be related to increased turbidity levels (see 

Appendix 12). 

 

Interestingly, the Y/Ho ratio fluctuated in the NEL01D coral on cycles of about 10-15 years 

(Fig 8.4a).  These cycles might be related to sea-level fluctuations.  A stabilisation of sea 

level may result in the corals growing towards, and reaching, the mean low water spring 

zone which is characteristic of a highly turbid environment.  This stable sea level may have 
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been followed by a minor sea-level transgression where the conditions improved and the 

coral continued to grow.  If this hypothesis is correct, then the mid-Holocene sea levels 

were considerably more complex than previously thought.  However, the limitations of C-

14 dating and the variability of the sea-level indicators over this period can not substantiate 

this hypothesis of decadal sea-level fluctuations during the mid-Holocene. 

 

The geochemical signature of the growth hiatus in the NEL01D coral provided further 

evidence for environmental conditions during the mid-Holocene.  The coral geochemistry 

suggests that the colony initially succumbed to sedimentation, but managed to regenerate 

and survive for a further 60-70 years.  This finding highlights the coral’s capacity to 

recover from the effects of sedimentation, provided that conditions were suitable for 

regeneration.   
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8.2.6. Summary 

 

Figure 8.4 a-b.  The declining Y/Ho ratios measured towards the final growth records of the mid-
Holocene coral suggest that water quality conditions deteriorated in the last decade of their lives.  Th 
concentrations indicate that sediment was only trapped in the last 2-4 years of growth, and therefore the 
Y/Ho ratio must be influenced by other processes.  The declining Y/Ho ratios may indicate highly 
turbid conditions which is characteristic of a high energy environment.  This highly turbid environment, 
in turn, was probably within or near the zone of the lowest astronomical spring tide.  The four notable 
Y/Ho excursions in the NEL01D record (a) may reflect a complex step-like sea-level transgression 
during the mid-Holocene.     
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8.2.6. Summary 

 
The final 2-4 years of growth of the mid-Holocene corals all contained elevated Th 

concentrations (>2 ppb) which were indicative of sediment trapped within the coral 

skeleton.  Thorium and other trace elements including Be, Sc, Ti, Ga, Zr, Rb, W and Nb 

were also elevated significantly in the growth hiatus of the NEL01 mid-Holocene coral.  

REY coral-sediment mixing plots suggest that the sediments in the mid-Holocene corals 

were sourced from the local Nelly Bay area.  The coral Y/Ho ratio declined significantly in 

the NEL01 growth hiatus as well as in the final growth years of the mid-Holocene corals.  

This ratio falls well before the rise in the coral Th concentration and may indicate that the 

coral Y/Ho ratio recorded the declining water quality conditions (such as elevated turbidity) 

before the mid-Holocene corals were overcome by sedimentation.   

 
8.3. Using coral Th and REY concentrations to assess the threat of 

sedimentation to the modern inshore reefs of the GBR 
 
8.3.1 Overview 

 
Increased sedimentation is considered a major threat to inshore coral reefs of the GBR 

(Wolanski and Spagnol, 2000; Duke and Wolanski, 2001; Fabricius, 2005) and has already 

caused widespread damage to reefs around the world (reviewed in Fabricius, 2005).  The 

significant increase in sediment export from the coastal river catchments draining into the 

GBR lagoon since European settlement may have resulted in increased turbidity levels and 

an enhanced threat of sedimentation along the inshore reefs (e.g. McCulloch, 2003; 

Fabricius, 2005).  However, Hopley (1994) believes that any increase in turbidity and 

sedimentation at inshore reefs may be related to the natural process of coastal progradation 

over the last 3,000 years.  Nonetheless, the significant increase in sediment export to the 

inner GBR may have accelerated coastal progradation rates and, in turn, may have reduced 

the “natural” life of these inshore coral reefs.  This section will apply the coral proxies 

applied in section 8.2 to investigate the perceived threats of sedimentation to the inshore 

coral reefs. 
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8.3.2 The modern threat of sedimentation to inshore coral reefs 

 
The threat of sedimentation to the fringing reefs of Magnetic Island can be evaluated from 

the coral Th proxy.  Thorium concentrations in the 1812-1986 2 yearly resolution modern 

coral record displayed little variation from the baseline level (~1 ppb) which suggests that 

this coral was not affected significantly by sedimentation.  A Th spike in the 1840-1842 

sample (16.33 ppb; Fig 6.40a) is minor when compared to the Th values in excess of 20 

ppb in the last 3 samples of the mid-Holocene record (Fig 8.1a).  In addition, the 1840-1842 

deviation occurred approximately 10 years before European settlement in the region and 

this value may represent either a “natural” variation or an analytical error.  Sedimentation 

was also negligible in the 1968-1973 and 2000-2003 coral records as the coral Th 

concentrations displayed little variation from the “baseline” levels (Fig 6.36).  Moreover, 

sedimentation after major floods was negligible in the coral record, with the exception of 

the 1974 flood (Fig 8.5a; 55.82 ppb).  The 1974 flood was the largest in the Burdekin 

instrumental data record, in terms of the total volume of water discharged in the year, and 

coincides with the highest coral luminescence value in coral records over the last 400 years 

(Hendy et al., 2003).  Substantial loads of sediments were exported from the creeks and 

rivers of north Queensland to the inshore coral reefs during this flood event.  The Th 

concentrations in the 1974 coral “flood band” indicated that at least some inshore coral 

reefs experienced sedimentation during this severe flood.  REY mixing plots appear to 

support the hypothesis that the sediment trapped in the 1974 band was derived from the 

Burdekin River (or Ross River; Fig 8.5c).   

 

While sedimentation in the 1812-1986 coral record may have been negligible, the coral Th 

concentration could be insensitive to conditions that precede sedimentation.  This finding 

was evident from the mid-Holocene coral records (e.g. section 8.2).  The REY distributions 

and the Y/Ho ratios were of greater value as they are more sensitive and are capable of 

detecting changes in water quality conditions over a longer period. 

 

The REY distributions displayed an increasing terrestrial influence after European 

settlement in the modern coral record (Fig 6.34).  This increase was also apparent in the 
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elevated Y, Pr, Sm and Ho concentrations observed in the 1812-1986 modern coral record 

(Figs 6.30a-6.33a), although these levels may have stabilised in the more recent records 

(6.34a-b).  In addition, while the REY concentrations have increased markedly since 

European settlement, the Y/Ho ratio has remained stable throughout the 1812-1986 and 

2000-2003 records (Fig 8.6 c-d).  Therefore, turbidity levels may have been relatively 

constant during the 191 year period, and the sedimentation rate on Magnetic Island’s 

fringing coral reefs over this time appears unchanged (Fig 8.6).  The coral Y/Ho ratios were 

not affected by flood events with the exception of the 1974 flood when sediment was 

trapped within the coral skeleton (Fig 8.6a-b).  The acceptable Y/Ho ratio for Porites corals 

from inshore coral reefs should be between 60 and 70.  Any deviation below these values is 

due to either sedimentation or elevated turbidity (Fig 8.6a-b; see Appendix 12). 

 

As with the coral Y/Ho ratios, heavy metal concentrations (Ni, Zn, Pb) in the coral 

skeletons have not significantly increased since European settlement.  This finding suggests 

that industrial contamination to Magnetic Island’s coral reefs from mining in the Burdekin 

River catchment and from the nearby Townsville Port is negligible (see Appendix 15).  

However, elements that were associated with mining in the Charter Towers district such as 

Hg were not measured in the coral. 
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Figure 8.5 a-c.  The Th concentrations (a) and the Y/Ho ratios (b) in coral luminescent lines (“flood 
bands”) remained at the background levels and were not influenced by sediments.  The exception was 
the 1974 flood where Th concentrations and the Y/Ho ratios indicated that sediment was trapped in the 
coral skeleton.  The source of the sediment incorporated within the coral was probably derived from the 
Burdekin River (BD) or Ross River (RR; c).  The sediment-coral REY mixing plots indicates that any 
sediment influence from Gustav Creek (GC) in the 1974 coral luminescent line would have been 
negligible.   
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Figure 8.6 a-b.  Y/Ho v Y (a) and Y/Ho v Th (b) plots.  These data indicate that the Y/Ho ratio for Porites 
corals growing in ambient seawater conditions at inshore reefs is between 60 and 70.  Sediments in the 
local area contain Y/Ho ratios of 25-30 and the plots suggest that sedimentation, with the exception of the 
1974 flood event, is not a major problem for the modern fringing coral reefs of Magnetic Island.    
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Figure 8.6 c-d.  The Y/Ho ratios in the modern coral records were consistent with pre-settlement values 
and it appears that the corals of Magnetic Island are currently under no particular threat of 
sedimentation.  The Y/Ho ratios in (c), unfortunately, were marred by relatively poor analytical 
precision and trends were difficult to interpret in this record.  However, the incomplete high precision 
ICP-MS analytical record (d) provided a better insight into the Y/Ho ratio and suggests that water 
quality conditions, such as turbidity and sedimentation, have not significantly changed since European 
settlement in the Burdekin River catchment.   
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8.3.3 Bivariant plots 

 
To investigate further the changes in sedimentation, sediment export from rivers and 

turbidity on the fringing reefs of Magnetic Island, a series of bivariant plots were 

constructed from the high precision ICP-MS coral dataset.  These plots included Y/Ho v 

Th, Th v Ba, Y/Ho v Ba and Y/Ho v Mn (Fig 8.7a-e).   

 

Sedimentation can be assessed from the Th v Y/Ho plot (Fig 8.7a).  These proxies 

displayed a significant linear correlation (r= 0.64; p <0.00; n= 60) and can be fitted with a 

strong power regression (r2= 0.85; Fig 8.7a), although this regression is only defined by one 

data point.  The Y/Ho ratios below 55 were all from the mid-Holocene corals (with the 

exception of the 1974 flood) and display progressively elevated Th concentrations as this 

ratio declines.  This plot provides further evidence that the mid-Holocene corals died from 

sedimentation and that sedimentation has been negligible in the modern coral records.   

 

If sediment export to the GBR has increased since European settlement, one would expect 

that there would be an enhanced threat of sedimentation on inshore coral reefs (e.g. 

Fabricius, 2005).  The coral Ba concentration provides a proxy to assess the amount of fine-

grained sediment exported from rivers (e.g. McCulloch et al., 2003; section 8.4), while the 

coral Th concentration reveals sedimentation on coral reefs (section 8.2).  The Ba v Th 

bivariant plot indicates that, while sediment export (Ba) has increased significantly since 

European settlement, sedimentation (Th) has been negligible on coral reefs (8.7b-c).  In 

addition, the sediment-affected mid-Holocene corals did not display enhanced Ba 

concentrations, and so Ba is unlikely to be an indicator of sedimentation (Fig 8.7b-d).  

Interestingly, the 1831 flood contained higher Th concentrations compared to the majority 

of floods after European settlement (Fig 8.7c), so it seems that there has been no increased 

threat of sedimentation to the fringing reefs of Magnetic Island during flood events since 

the arrival of Europeans.  The one exception was the extreme 1974 flood which contained 

both highly elevated Ba and Th concentrations (discussed in section 8.3.2).    
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If sediment export to the GBR has increased since European settlement, one would also 

expect turbidity levels to have increased at inshore coral reefs (e.g. McCulloch, 2003; 

Fabricius, 2005).  The coral Y/Ho ratio may be a reliable proxy of turbidity (see section 

8.2.5; Appendix 12), while Ba is a proxy of fine-grained sediment exported to the GBR 

(e.g. McCulloch et al., 2003; section 8.4).  The Ba v Y/Ho bivariant plot (Fig 8.7d) 

displayed similar trends to the Th v Ba plot; however, there were some important, but 

subtle, exceptions that demonstrate that the Y/Ho ratio is not just a sedimentation proxy and 

that turbidity may have increased in flood plumes after European settlement.  Although the 

1831 and 1870 floods contained relatively higher Th concentrations compared to most 

floods after the cattle industry expanded in the Burdekin catchment (Fig 8.7c; Fig 3.13), the 

Y/Ho ratios were higher in both the 1831 and 1870 flood bands compared to most floods 

occurring after the rise of the cattle industry (Fig 8.7d).  This finding suggests that flood 

plumes may have become slightly more turbid since the arrival of Europeans, which is not 

unexpected when the increase of fine-grained sediments exported from rivers are 

considered.  However, turbidity is dominantly controlled by the resuspension of fine 

sediment particles during rough weather, and suspended sediment concentrations in river 

plumes are considerably lower than the levels in storm-like events (e.g. Larcombe, 2001).  

In addition, the Th v Ba bivariant plot (Fig 8.7b-c) suggests that no additional sediment has 

settled around or on the coral reefs of Magnetic Island during flood events.  Therefore, it 

appears that no extra sediment is being deposited in the Magnetic Island area and no 

additional sediment is available to be resuspended during rough weather conditions.   

 

There was a significant linear correlation between the coral Y/Ho and Mn (r= 0.71; p 

<0.00; n= 60) which suggests that high coral Mn concentrations may be influenced by 

sediments trapped within the coral skeleton.  This interpretation was supported by the 

elevated Mn concentrations in the sediment-affected mid-Holocene corals.  One exception 

was the 1870 flood band when the coral Mn concentration was excessively high whereas 

the coral Y/Ho ratio was at “normal” levels.  The increased coral Mn may coincide with 

land-use in the Burdekin River catchment (see section 8.5). 
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Figure 8.7 a-c.  Bivariant plots allow the data to be presented from an alternative 
perspective which reveals additional trends.  The Y/Ho v Th plot (a) demonstrates the 
positive relationship between the two proxies and highlights their potential as 
sedimentation indicators.  The Th v Ba plots (b-c) reveals that, while the coral Ba 
concentrations have increased since European settlement, there has been no increased 
threat of sedimentation (coral Th concentrations) to the fringing reefs of Magnetic Island.  
The plot also demonstrates that Ba is not responding to sediment trapped within the coral 
skeleton and therefore is not an indicator of sedimentation.
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Figure 8.7 d-e (continued).  The Y/Ho v Ba bivariant plot (d) also suggests that Ba is not a coral 
sedimentation proxy.  The declining Y/Ho ratios were, however, indicators of sediment trapped within 
the coral skeleton and possibly a turbidity proxy.  Coral Ba concentrations have significantly increased 
since European settlement, but there has been little change in the Y/Ho ratio.  The coral Y/Ho ratio may 
have declined in flood events following European settlement.  The majority of samples in the Y/Ho v 
Mn plot are clustered with coral Y/Ho ratios between 55 and 65 and Mn concentrations typically lower 
than 1 ppm.  In most cases, high concentrations of Mn coincide with a lower Y/Ho ratio and are 
indicative of a sediment influence.  The exception is the 1870 flood when Mn may have increased 
because of increased agricultural land-use in the Burdekin River catchment. 
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8.3.4 Summary and directions for future research 

 
The geochemical coral proxies indicate that the fringing coral reefs surrounding Magnetic 

Island are not threatened by sedimentation.  Preliminary data suggest that while the REY 

concentrations have increased since the 1850s, the Y/Ho ratio has remained constant.  This 

finding indicates an increased terrestrial influence on the fringing coral reefs around 

Magnetic Island; however, turbidity levels appear to have remained constant.  The coral 

REY distributions and the Y/Ho ratio seem to provide reliable assessments of 

sedimentation, changes in terrestrial runoff and turbidity on the GBR.  Nevertheless, 

additional study needs to be done on these coral proxies from other coral colonies to 

confirm their reliability.  Inshore reefs of the Cairns region where increased 

turbidity/sedimentation have been reported would be an ideal locality to further develop 

these coral proxies (e.g. Wolanski and Spagnol, 2000).    

 
8.4 An evaluation of the Ba/Ca ratio 

 
8.4.1 Overview 

 
Barium is desorbed from fine-grained terrigenous sediments within the 10‰ mixing zone 

in river plumes (Coffey et al., 1997) and, subsequently, the coral Ba/Ca ratio has proven a 

reliable proxy to assess the quantity of fine riverine sediment particles exported to the GBR 

lagoon (section 2.4.2; McCulloch et al., 2003; Alibert et al., 2003; Sinclair and McCulloch, 

2004).  The landmark work of McCulloch et al. (2003) was among the first studies to 

demonstrate that corals can provide proxies of sediment erosion from river catchments.  

Ba/Ca ratios were measured in a long coral record from Havannah Island, which contained 

a growth record from 1760-1998.  The coral Ba/Ca ratios increased significantly after 1870, 

and were linked to soil erosion from the growth of the cattle industry in the Burdekin River 

catchment (McCulloch et al., 2003).  The modern coral core taken from Magnetic Island 

provides an opportunity to replicate the work of McCulloch et al. (2003) and to develop the 

Ba/Ca proxy.  The Ba concentrations of fine-grained sediments from the rivers and creeks 

which influence Nelly Bay are compared to sediments from the Nelly Bay sediment cores 
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and Cleveland Bay to investigate how much Ba is released in the 10‰ mixing zone.  In 

addition, the Ba/Ca ratio will be examined in the mid-Holocene corals and from coral 

luminescent lines in order to gain additional insights into this proxy. 

 
8.4.2 Barium in sediments 

 
Soluble Ba in sediments is completely desorbed in the 10‰ salinity zone (e.g. Coffey et al., 

1997; Sinclair and McCulloch, 2004) and therefore the Ba concentration of sediments in 

the freshwater zone should be higher than sediments from the marine environment.  This 

hypothesis is supported by this study which found that sediments from the seawater zone 

contain substantially less Ba than riverine sediments.  The average Ba concentration of 

fine-grained sediments (<80 μm) in the freshwater zone (average of the Burdekin Dam, 

Ross River Dam and Gustav Creek: 494 ± 60 ppm; Fig 8.8) was higher than the MUQ 

measurements of Queensland alluvial sediments (396 ppm; Kamber et al., 2005), although 

the result was consistent with the Ba concentration from fine sediment in the Burdekin (475 

ppm) and the Belyando (509 ppm) Rivers (Kamber et al., 2005).   

 

In contrast, the terrigenous sediments from the marine environment (Cleveland Bay) which 

were originally derived from the Burdekin River, Ross River and Gustav Creek (and 

therefore have the same mineralogical composition) contain significantly lower Ba 

concentrations (average 199 ± 27 ppm; Fig 8.8) than the riverine sediments.  The average 

Ba concentration from the marine sediments compares favourably with previous work from 

Cleveland Bay (239 ± 80 ppm; Ward et al., 1995).  Previous studies have demonstrated that 

the mobile Ba component in sediments was readily desorbed within the 10‰ salinity zone 

(Coffey et al., 1997; Sinclair and McCulloch, 2004 and references therein) and so it is 

unlikely that additional Ba is released from sediment during resuspension events.  The 

sediments in Cleveland Bay contain approximately 200 ppm of insoluble Ba.  They also 

have appreciable quantities of feldspar (both plagioclase and microcline) which could be 

the major insoluble host of Ba (Ward et al., 1995; Table 5.3).  Therefore, it appears that      

~ 300 ppm of Ba is readily desorbed from sediment and colloidal particles within the 10‰ 

salinity zone and Ba would then be transported in the dissolved phase of the river plume.  
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Figure 8.8.  Ba concentrations in sediments from the freshwater and seawater zones.  BD= Burdekin 
Dam; RR= Ross River Dam; GC= Gustav Creek (Nelly Bay); SC= Shipping Channel; NB= Nelly Bay.  
The sediments from the seawater zones have substantially less Ba than the riverine sediments which 
supports the model that Ba is desorbed within the 10‰ salinity zone.  Note that the NB-13A sample has 
been excluded from the average calculation as this sample was thought to have been mixed with alluvial 
Pleistocene sediments (see section 5.5.9). 

8.4.3 The modern coral Ba/Ca records 

 
The Ba/Ca ratios from the 2 yearly resolution Magnetic Island coral record were correlated 

significantly with the Havannah Island record (McCulloch et al., 2003; r= 0.47; p <0.00; n= 

87; Table 8.1).  The 2 yearly averaged Havannah Island Ba/Ca record displayed a smoother 

curve than the Magnetic Island record, as 1 data point represented the mean of 

approximately 100 Ba/Ca measurements in the McCulloch et al. (2003) dataset (Fig 8.9a).  

The magnitude of the Ba increase was much greater in the Magnetic Island coral record 

where the Ba/Ca ratio doubles from 1850 to 1900; however, McCulloch et al.’s (2003) 

record contained significantly higher baseline Ba/Ca ratios than this study.  Both records 

increase after the 1870s and plateau around the 1890s.  However, the Magnetic Island 

Ba/Ca record decreased after the 1930s as opposed to the Havannah Island record, where 

the Ba/Ca ratios remained consistent (Fig 8.9a).  Unfortunately, the 2 yearly sampling 

resolution employed for the Magnetic Island coral was insufficient to estimate the quantity 

of extra sediment supplied from the Burdekin River since European settlement. 
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Figure 8.9 a-b.  Ba/Ca ratios from this study compared with the averaged data of McCulloch et al. 
(2003; a).  While a significant correlation was observed between the 2 datasets, the Ba/Ca ratios 
displayed slightly different trends.  Both coral Ba/Ca datasets increased after 1870; however, the ratios 
plateau around the 1890s and while the Havannah Island dataset remained at consistent levels, the 
Magnetic Island record decreased after the 1930s.  (b) The Ba/Ca ratios in this study compared to the 
Δ18O record.  The decline in the coral Ba/Ca ratios after the 1930s in the Magnetic Island record 
coincided with a positive excursion in Δ18O values.  This finding suggests that the Magnetic Island Ba 
record may be influenced by long-term wet/dry cycles (b).     
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There are two possible explanations for the different Ba/Ca trends in these datasets and the 

higher Ba concentrations in the Havannah Island coral.  The first explanation is that 

Havannah Island may be strongly influenced by the Herbert River, which discharges 

considerably closer to Havannah Island than the Burdekin River (Fig 8.10).  The two major 

terrestrial sources of Ba are in the dissolved fraction from rivers and desorbed Ba from 

fine-grained silt and clay particles within the 10‰ salinity zone (Sinclair and McCulloch, 

2004).  Once Ba is desorbed from the sediment, it becomes progressively diluted as the 

river plume becomes mixed with seawater and the concentration of Ba in the river plume 

mixes conservatively in proportion to the salinity of the water (Coffey et al., 1997; Sinclair 

and McCulloch, 2004).  Therefore, Ba is enriched in the lower salinity zones close to river 

mouths.  Indeed, the Havannah Island coral Ba/Ca record from McCulloch et al. (2003) is 

near the Herbert River delta and Crystal Creek, both of which strongly influence salinity in 

the region (Fig 8.10; J. Brodie personal communication, 2005).  They (and local creeks in 

the proximity) may have a more dominant influence on the Ba concentrations in the 

Havannah Island coral than the Burdekin River.   

 

However, McCulloch et al. (2003) found that the Ba/Ca peaks and coral luminescent lines 

were significantly correlated with the Burdekin discharge records, although a large flood in 

the Burdekin catchment typically coincides with widespread rainfall throughout northern 

Queensland.  In fact, the Burdekin River discharge was correlated significantly with 

discharge from the Herbert River (r= 0.75; p <0.00; n=77; Fig 8.11) and therefore the 

Herbert River discharge is probably also correlated with the coral Ba/Ca ratios and 

luminescent lines from McCulloch et al.’s (2003) Havannah Island coral.  Indeed, the 

increase in the coral Ba/Ca ratio after 1870 in the Havannah Island record coincides better 

with land settlement in the Herbert catchment (~ 1865) rather than the Burdekin, which was 

settled during the early 1850s. 

  

On the other hand, the second explanation for the higher Ba/Ca ratios in the Havannah 

Island coral is that the Burdekin River plume has a greater influence on Havannah Island 

than the geographically closer Magnetic Island which, in turn, may be influenced by 

additional parameters.  Models of the Burdekin River discharge for the wet seasons from 
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1966-1995 (King et al., 2001) suggest that the plume may occasionally exert a greater 

influence on Havannah Island, particularly when the winds were predominantly from a 

southerly or westerly direction during peak discharge.  The Havannah Island coral Ba/Ca 

record was also significantly correlated with cattle numbers in the Burdekin River 

catchment (r= 0.49; p <0.00; n=52), whereas the Magnetic Island Ba/Ca-cattle correlation 

was insignificant (Table 8.1).  Therefore, the Havannah Island Ba/Ca record may reflect 

regional trends in the Burdekin River catchment, while the Magnetic Island coral Ba/Ca 

ratios may be influenced by additional factors.  The coral Ba/Ca ratio from Magnetic Island 

was not correlated with the Δ18O record, but it appears to partially follow the long-term 

salinity trends (Fig 8.9b).  The coral Ba/Ca ratios were elevated during the “wet” 1885-

1935 period, but declined after 1935, which was a “drier” period marked by the Δ18O 

record.  A return to wetter conditions after 1970 in the coral Δ18O record coincided with 

another increase in the Ba/Ca ratio (Fig 8.9b).  In addition, elevated coral Ba/Ca ratios were 

not always correlated with river discharge events; coral Ba/Ca may also be influenced by 

barite trapping following phytoplankton blooms, decaying blooms of Trichodesmium, 

physiological perturbations associated with coral spawning and bottom sediment 

resuspension following dredging (Sinclair, 2005b; Esslemont et al. 2004).   
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Table 8.1.  Correlation coefficients between Ba/Ca ratios, Mn, Y, Δ18O from the 1812-
1986 Magnetic Island (MI) coral record, as well as the Ba/Ca ratios from Havannah 
Island (HI; McCulloch et al., 2003) and sheep and cattle numbers in the Burdekin River 
catchment (Statistics for the Colony/State of Queensland.  Note: Bold denotes a 
significant correlation, while the values listed in bold and grey are inversely correlated. 

 
 

 

Correlation 
variables 

Correlation 
coefficient (r) 

Significance 
(p) 

Number of 
samples (n) 

Ba/Ca (MI) v Ba/Ca (HI) 0.47 < 0.00 87 

Ba/Ca (MI) v Δ18O -0.28 > 0.05 35 

Ba/Ca (MI) v Sheep 0.09 > 0.05 52 

Ba/Ca (HI) v Sheep -0.28 0.04 52 

Ba/Ca (MI) v Cattle 0.21 > 0.05 52 

Ba/Ca (HI) v Cattle 0.49 < 0.00 52 

Ba/Ca (MI) v Mn -0.09 > 0.05 87 

Ba/Ca (HI) v Mn -0.19 > 0.05 87 

Ba/Ca (MI) v Y 0.48 < 0.00 87 

Ba/Ca (HI) v Y 0.86 < 0.00 87 

Mn v Δ18O 0.43 0.01 35 

Mn v Sheep 0.05 > 0.05 52 

Mn v Cattle -0.64 < 0.00 52 

Mn v Y -0.27 0.01 87 

Y v Sheep -0.39 < 0.00 52 

Y v Cattle 0.64 < 0.00 52 
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Figure 8.10.  Flood plume modelling of north Queensland’s major rivers 
suggest that salinity in the Havannah Island area may, in fact, be dominantly 
influenced by the Herbert River rather than the Burdekin River.  The lower 
salinities at Havannah Island compared to Magnetic Island during flood 
events may also explain why the Ba/Ca ratios are higher in the Havannah 
Island record (1974 flood model; modified from King et al., 2001).  Note 
that the 0-10 ppt salinity zone for the Burdekin River is confined exclusively 
to Upstart Bay. 
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Figure 8.11.  A significant correlation exists between the Herbert and Burdekin River discharge (r= 0.75) 
which suggests that the Herbert River had similar flood events to the Burdekin system in the same years.  
Therefore, coral luminescence records for the Havannah Island coral, initially thought to be influenced by 
the Burdekin River catchment may, rather, be related to the Herbert River discharge.   

 
8.4.4 Ba concentrations in flood plumes 

 
Barium concentrations in the luminescent lines of the Magnetic Island corals have 

increased significantly since European settlement and indicate that sediment export to the 

GBR lagoon has increased.  The 1991 luminescent line contains the highest measured Ba 

concentration (23.62 ppm), which is approximately 5 times greater than a flood of similar 

magnitude in 1870 (4.90 ppm; Fig 8.12).  In addition, the 1972 flood band (22.51 and 16.19 

ppm) contained 6-8 times more Ba than the 1831 luminescent line (2.91 ppm) of similar 

intensity.  The increase in coral Ba concurs with the estimations of McCulloch et al. (2003) 

who suggested that sediment supplied from the Burdekin River had increased 5 fold since 

1870 in the Havannah Island coral Ba/Ca record.  As previously discussed (section 8.3.3), 

elevated Ba concentrations do not necessarily indicate a greater threat of sedimentation to 

the inshore coral reefs as Ba is desorbed from sediments within the 10‰ salinity zone 

(Coffey et al., 1997).  Nonetheless, coral Ba concentrations provide evidence of the 
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quantity of fine-grained sediment supplied from rivers and also provide a way to track the 

progressions of the dissolved phases of nutrients (such as nitrate) in flood plumes.  

Interestingly, the coral Ba/Ca ratios were not elevated during the 1981 and 1983 flood 

events in the 1980-1984 two-monthly resolution coral record (Fig 6.20a).  This finding was 

inconsistent with the Ba samples from the luminescent lines and may relate to the coarser 

sampling resolution in the 1980-1984 record. 

 

Flood events after prolonged dry periods, such as the 1970 and 1991 floods, coincided with 

relatively enriched coral Ba concentrations (Fig 8.12).  The increased coral Ba was thought 

to reflect increased sediment erosion in the river catchments due to the lower vegetation 

cover produced during drought (e.g. Sinclair and McCulloch, 2004).  These particular 

floods need to be considered when applying the coral Ba/Ca ratios to estimate the extra 

quantity of sediment exported from the river catchments.  However, the 1870 flood also 

followed a dry period and was of a similar magnitude to the 1991 flood.  Therefore, the 

estimate of a 5-fold increase in sediments exported from the Burdekin River since 

European settlement is reasonable.    

 

 

 

 

Figure 8.12.  Ba concentrations in coral luminescent lines (flood bands) have increased significantly 
since European settlement.  Ba concentrations have risen approximately 5-fold compared to the 1870 
and 1991 floods, which were of similar magnitude and followed extended dry periods.  Higher Ba 
concentrations also occurred after prolonged dry periods, which was evident in the relatively minor 1970 
flood that followed the 1969 drought.
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8.4.5 Baseline coral Ba concentrations 

 
Elevated coral Ba/Ca ratios were commonly associated with the luminescent lines (flood 

bands; e.g. McCulloch et al., 2003), which have substantially increased since European 

settlement; however, it appears that the ratio has also increased in the baseline values that 

did not coincide with flood events.  The 1831 flood band contained a Ba concentration of 

2.91 ppm, which was considerably lower than the averages of the 1980-1984 (5.15 ppm), 

1968-1973 (12.32 ppm) and 2000-2003 (10.72 ppm) coral records (Fig 8.13), although the 

1968-1973 and 2000-2003 records were from a different coral cored in Nelly Bay.  This 

high concentration suggests that seawater Ba concentrations have significantly increased 

since European settlement and that another source of Ba, other than from flood plumes, is 

required to explain the increase in baseline coral Ba/Ca ratios.    

 

The seawater in Cleveland Bay is flushed every 40-60 days (P. Ridd personal 

communication, 2005) and the flood plume Ba would be quickly diluted in seawater and Ba 

would return to “background/baseline” levels.  The significant baseline increase in coral Ba 

was probably not related to a regional Pacific Ocean signature because the ocean residence 

time for Ba is approximately 5,000 years (Taylor and McLennan, 1985).  However, long-

term salinity changes, observed in the coral Δ18O record, may be related to the Pacific 

Decadal Oscillation and, in turn, may influence seawater Ba concentrations.  Evidence for a 

salinity/climate signal on coral Ba concentrations was postulated by Hendy (2003).  

Another possible mechanism for elevated seawater Ba may be increased organic 

matter/phytoplankton which may retain and recycle Ba (e.g. Sinclair, 2005b).  
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Figure 8.13.  Ba concentrations in the 1980-1984 (a), 1968-1973 (b) and 2000-2003 (c).  
Interestingly, the average concentrations in these records were considerably higher than that for the 
1831 and 1870 floods, which suggests that seawater Ba has increased significantly since European 
settlement.  Another source for the increased Ba (other than from floods) is required to explain the 
increased baseline coral Ba concentrations. 
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8.4.6 Ba/Ca in the mid-Holocene corals 

 
The Ba/Ca ratios in the mid-Holocene corals (Fig 6.22) are similar to the post-1850 

averages (Fig 6.21), a time of extensive land-use in the Burdekin catchment and increased 

erosion from the Burdekin River.  However, it is unlikely that the volume of sediment 

exported from north Queensland local rivers was similar during the mid-Holocene.  There 

are three possible explanations for the elevated coral Ba/Ca ratios 6,000 years ago.   

 

The Burdekin River once discharged into Bowling Green Bay during the Holocene and 

Pleistocene Epochs (Fig 3.1; Hopley, 1970a; Fielding et al., 2005b; 2006).  Therefore, the 

Burdekin River delta was closer to Magnetic Island during the mid-Holocene and may have 

exerted a greater influence on the salinity in this area.  This interpretation is supported by 

the two-monthly resolution mid-Holocene Δ18O values which imply that salinity during 

flood events were significantly lower compared to the 1980-1984 record (Fig 6.17 a-b).  In 

addition, Fielding et al. (2006) found evidence for increased sediment supply to the coast 

during the mid-Holocene compared to the last 3-4,000 years BP, a time when drier 

conditions prevailed.  As previously discussed, (section 8.4.4) Ba concentrations in river 

plumes become progressively lower as the plume becomes diluted with seawater; therefore, 

the lower salinities recorded in the two-monthly mid-Holocene coral should result in 

relatively higher Ba/Ca ratios.  However, the Ba/Ca ratios in this record were not 

significantly elevated during these flood events (Fig 6.20c), which does not support this 

hypothesis.     

 

The second possible cause for the elevated Ba/Ca ratios in the mid-Holocene corals was 

their close proximity to Gustav Creek which discharges into Nelly Bay and the nearby Ross 

River.  The fossil corals were recovered near the mouth of Gustav Creek; this creek is 

unlikely to have changed course due to the geomorphological constraints.  The mid-

Holocene corals would have grown near the mouth of this creek and, during flood events, 

the coral may regularly have experienced salinities within the 10‰ zone (where Ba is 

desorbed from sediments; Coffey et al., 1997).  While this small creek system probably did 

not export appreciable quantities of sediment compared to the much larger Burdekin, it may 
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have significantly influenced the Ba/Ca ratios in the mid-Holocene corals.  In addition, all 

the sediment exported from Gustav Creek is delivered to Nelly Bay, whereas only a 

fraction of fine Burdekin sediment reaches Magnetic Island, although the Burdekin River 

plume may carry significantly higher dissolved Ba. 

 

The third hypothesis is that seawater Ba concentrations were higher during the mid-

Holocene.  Interestingly, the coral Ba/Ca ratios were not particularly elevated during the 

large flood events in the two-monthly resolution mid-Holocene record (Fig 6.20c), which 

suggests that another source of Ba, other than from land runoff, is required to explain the 

elevated baseline values.  As sea-levels rose during the mid-Holocene, alluvial Pleistocene-

early Holocene sediments would have been reworked extensively.  This reworking may 

have released significant amounts of desorbed Ba into seawater.   

 
8.4.7 Coral Ba “tails” 

 
Another demonstration that elevated coral Ba/Ca ratios were not always related to seawater 

salinity or flood plumes is the gradual “tailing off” of the ratios well after the plume has 

been mixed and salinities returned to normal (Alibert et al., 2003), although this “tailing 

off” only occurs after select flood events.  A few possible explanations have been offered to 

explain this prolonged decline, including a tidal/mangrove Ba source or submarine 

groundwater seeps (Alibert et al., 2003).  However, these possibilities do not appear to 

explain why the Ba/Ca ratios “tail off” only after select flood events.  

 

An alternative explanation is that phytoplankton/diatoms capture and store Ba.  

Phytoplankton has the capacity to absorb Ba; subsequently, the plankton decays and re-

releases dissolved Ba into the seawater (Bishop, 1988; Stroobants et al., 1991; Bernstein 

and Byrne, 2004; Colbert and Manus, 2005).  Phytoplankton outbreaks develop only after 

certain flood events and so reefs would only be affected intermittently as the outbreaks are 

restricted to particular turbidity (<10 mg/L) and salinity (~20-35 ppt) zones (Dagg et al., 

2004; Devlin and Brodie, 2005).  Sinclair (2005b) has also suggested that Trichodesmium 

blooms, which are common when the SE trade winds relax at the end of the winter months, 
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may consume and release Ba upon decay.  These blooms do not rely on flood events.  

Sinclair’s (2005b) suggestion explains the elevated coral Ba concentrations that do not 

coincide with freshwater influx (Sinclair, 2005b).  Other potential reasons for Ba peaks, not 

related to salinity/floods, might include submarine groundwater seeps (Alibert et al., 2003), 

coral spawning (Sinclair, 2005b) or harbour dredging (Esslemont, 2000).  

 

8.4.8 Ba as a sedimentation indicator 

 
In some cases, the increased Ba signal in corals has been misinterpreted as a proxy for 

increased sedimentation at coral reefs (e.g. Cole, 2003).  While the Ba/Ca ratio suggests 

there has been a significant increase in fine-grained sediment exported from rivers, this 

finding does not necessarily imply that there has been enhanced sedimentation at coral 

reefs.  The Burdekin River delta is approximately 100 km from the fringing coral reefs 

surrounding Magnetic Island, which are among the first to be influenced by the Burdekin 

River plume.  Recent research has demonstrated that the sediment exported from the 

Burdekin River is retained in Upstart Bay and Bowling Green Bay, and as little as 5% is 

deposited in Cleveland Bay (Orpin et al., 2004).  This sediment is then either transported to 

northward embayments or deposited in inshore mangrove environments (Bryce et al., 1998; 

Lambeck and Woolfe, 1999; Orpin et al., 2004).  While coral reefs are unlikely to suffer 

any increased effects of sedimentation as a direct result of the Burdekin River plume (see 

also section 8.3), reefs in close proximity to the river mouths in far north Queensland could 

be affected by an increased riverine sediment load.  These reefs need to be the focus of 

future coral proxy studies to quantify the sediment export from rivers, turbidity and 

sedimentation on coral reefs.    

 
8.4.9 Summary 

 
The Ba/Ca ratio appears to be a reliable proxy to assess fine-grained sediment particles 

exported from rivers to the inshore GBR.  Coral Ba/Ca ratios in the Magnetic Island coral 

were correlated significantly with the Havannah Island record of McCulloch et al. (2003).  

The coral Ba/Ca ratio increased after the 1870s in both records and indicated that the export 
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of fine-sediments from the Burdekin River may have increased by as much as 5-fold.  

However, these two coral Ba/Ca records displayed different trends during the 1930-1970 

period; the Havannah Island record remained relatively constant compared to the Ba/Ca 

ratios in the Magnetic Island coral which declined over this period.  These trends are 

difficult to explain.  The Havannah Island coral Ba/Ca ratios were significantly correlated 

to the growth of the cattle industry in the Burdekin River catchment, but the Magnetic 

Island coral Ba/Ca ratios displayed no significant correlation with cattle numbers and 

appeared to follow long-term trends in seawater salinity.  Elevated coral Ba/Ca ratios were 

not necessarily related to river discharge and have been linked to a tidal/mangrove source, 

submarine groundwater seeps, Trichodesmium blooms, coral spawning and harbour 

dredging (e.g. Alibert et al., 2003; Sinclair, 2005b; Esslemont, 2000).  The mid-Holocene 

corals from Magnetic Island also displayed elevated Ba/Ca ratios, which may be explained 

by an increased influence from the Burdekin River and/or Gustav Creek, or because local 

seawater Ba concentrations were higher during the mid-Holocene. 

 
8.5 Mn concentrations 

 
8.5.1 Overview 

 
The 1812-1986 coral Mn concentration increased from baseline levels of <0.8 ppm to 

values which exceeded 4 ppm (Fig 6.24a).  These changes commenced in the 1854-1856 

sample and continued to the early 1900s before they returned to baseline values.  Elevated 

Mn also occurs after World War II.  The extremely low coral Th concentrations (<1 ppb) 

suggest that there has been no significant incorporation of detrital particles into the coral 

(Wyndham et al., 2004).  In addition, the chemically pre-treated coral Mn record displayed 

similar trends and concentrations to the untreated biennial resolution analysis conducted at 

the ACQUIRE laboratory (Fig 6.24).  Therefore, this coral trace element record is 

considered to be genuine and probably lattice-bound.   

 

Previous investigations have linked elevated coral Mn concentrations to a wide range of 

processes including ash fallout from fire (Abram et al. 2003), release from bottom 
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sediments (Shen et al. 1992b; Alibert et al. 2003; Wyndham et al. 2004), volcanic eruptions 

(Shen et al. 1991) and upwelling events (Shen et al. 1991).  None of these studies have 

reported Mn concentrations as high as those reported here, and none of the above 

explanations can fully explain systematic trends in coral Mn levels on a decadal-scale.  The 

initial coral Mn increase in 1854 – 1856 directly follows the opening of Port Curtis 

(Gladstone) and the very first sheep run in the Suttor and Belyando sub-catchments by 

Jeremiah Rolfe in the vicinity of Mistake Creek in 1854 (O’Donnell, 1989).  Therefore, 

land-use changes within the Burdekin catchment are investigated as the most likely 

explanation for the Mn signature of the Magnetic Island coral. 

 
8.5.2 Coral Mn concentrations and the history of land-use in the Burdekin  

River catchment 

 
The dramatic increase in coral Mn after the 1852-1854 growth bands (Fig 6.24) coincides 

with the very first occupation of sheep in the Burdekin catchment where land was acquired 

in the Peak Downs/Clermont area in 1854 (Fox, 1919-1923; O’Donnell, 1989; Bode, 1984).  

This settlement was immediately followed by the rapid expansion of sheep runs in the 

Belyando and Suttor sub-catchments with much of the area being sub-divided for sheep and 

cattle farming by 1861 (Bolton, 1963; Cunningham, 1895).  The rate of land take-up was in 

part fuelled by the land act of 1860, which required that the area be stocked within the first 

year of purchase (Bolton, 1963; Thorpe, 1996).  For coral Mn to respond so swiftly to land-

use changes, the sheep must have immediately triggered Mn release from that area of the 

catchment. 

 

Because no undisturbed, regularly burnt area has remained it was not possible to study the 

chemistry, mineralogy and structure of pre-1850 soils in coastal Queensland.  However, 

clues may be obtained from the nature of the underlying lithologies.  The Peak 

Downs/Clermont area coincides with one of the largest basaltic provinces in Queensland: 

the Tertiary-age Peak Range Volcanics (Fig 3.12).  Because basaltic soils are frequently 

Mn-rich (1750 ppm: Faure, 1998) and are commonly 2-3 times more enriched than granitic 

and most sedimentary rocks (e.g. Faure, 1998), it seems likely that this huge area of basalt 

bedrock supplied the Mn, which made its way to the inner GBR after European settlement.  
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It is proposed that Mn became further concentrated in coastal Queensland soils over 40,000 

years because of the build up of ash from Aboriginal burning (Griffiths, 2002), and that 

native vegetation became accustomed to the biogeochemical balance provided by this ash.  

The natural tendency of ash to increase soil pH may have helped to build a substantial, but 

transient, Mn reservoir because of the relative immobility of Mn under alkaline pH 

(Chirenje and Ma, 2002).  

 

The peak Mn concentration in 1864-1866 coincided with the end of the American Civil 

War and the drop in wool price caused by the lifting of the cotton embargo to Great Britain, 

a period that also marks the collapse of the sheep industry in coastal Queensland (Fig 3.13).  

Agricultural efforts turned instead to cattle grazing and the establishment of the sugarcane 

industry with strong expansion between 1870 and 1895, at which time the area experienced 

its worst drought on record (the “Federation Drought”, 1895-1902), an event that 

drastically reduced livestock numbers (Fig 3.13) and coincided with Mn concentrations in 

the coral returning to the low pre-1850 levels (Fig 8.14).  Another significant Mn peak 

coincided with the period immediately following World War II, when agriculture, including 

the cattle industry, intensified in part due to land release to war veterans and recent 

European immigrants, but mainly due to increased mechanisation of land clearing.  The 

cattle industry was particularly prominent in the upper Burdekin sub-catchment, which 

appears to be the most recently settled land in the Burdekin.  Cattle numbers also rose 

significantly in the Suttor and Bowen sub-catchments following World War II and the 

increase in coral Mn concentrations may coincide with release from soils covering large 

basalt provinces in these three sub-catchments (Fig 3.12).  The period between 1945-1953 

also saw the development of the tobacco industry when huge tracts of land in the lower 

Burdekin sub-catchment were cleared by the government following a major drought during 

World War II (Kerr, 1994).  This extensive clearing in the lower reaches of the Burdekin is 

another possible reservoir for Mn; however, the banks of the lower Burdekin are typically 

at higher elevations than the surrounding landscape, and runoff from this lower catchment 

is commonly from local creek systems rather than from the Burdekin River (J. Brodie 

personal communication, 2005).  Lowest coral Mn concentrations were found during the 
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major drought between 1958-1968 (Young, 2000) and coincide with a drastic decline in 

sheep numbers in the Burdekin catchment (Fig 3.13). 

 

The post 1868 drop off in sheep numbers was most severe in the coastal districts and it 

appears that the lower coral Mn concentration was a response to this decline in sheep 

numbers from the coastal districts.  The swiftness of the initial rise in Mn after the 

introduction of sheep and its subsequent decline may suggest the original existence of a 

large, but transient reservoir of Mn in the soil cover of the Burdekin catchment, which 

quickly became depleted.  The timing of the second and third spikes in coral Mn 

concentration exactly corresponds to the growth of cattle herds, which replaced sheep (Figs 

3.13; 8.14).  However, the magnitude of Mn response declined with each stockage and the 

observation that growing herds after the Federation Drought never produced a comparable 

response in terms of Mn levels confirms the transient nature of this topsoil Mn reservoir. 
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Figure 8.14.  Mn and Y concentrations in the coral core from 1813-1986.  Yttrium concentration, like Ba, 
is interpreted to be an erosion indicator, steadily increasing after 1860-70.  Manganese defines a different 
history.  Elevated Mn concentrations coincide with major land settlement in the Burdekin catchment.  The 
initial Mn spike in 1854-1856 was related to the establishment of the first sheep run in the Burdekin 
catchment.  The peak Mn concentration coincided with the end of the American Civil War and the climax 
of rapid expansion of the sheep industry in the Burdekin catchment.  The second major Mn peak in 1882-
1884 coincided with, and may thus be related to, the expansion of the cattle industry or the beginning of 
the sugar cane industry on the lower Burdekin catchment.  The return of Mn concentrations to pre-1850 
levels coincides with the Federation Drought, which decimated sheep and cattle numbers throughout the 
catchment.  An increase in Mn after WWII may be related to the further development of the cattle 
industry.  Reproducibility of Mn is shown for the (slightly heterogeneous) G.S.J. coral standard JCp-1.  
Also shown for comparison are average and standard deviation of Mn in a mid-Holocene coral recovered 
from Nelly Bay, Magnetic Island. 

 
8.5.3 The environmental significance of the coral Mn record 

 
Identification of the environmental parameters responsible for the historic release of an 

apparently transient Mn reservoir will remain tentative because no land conservation 

measures protected any comparable soils in eastern Australia from grazing.  Nonetheless, it 

is remarkable that the fluctuations of Mn concentration in this coral appear to be so 

decoupled from the Y concentration and Ba/Ca ratio records, both in timing and in 

amplitude.  If the proposal that Ba/Ca (McCulloch et al., 2003) and Y concentrations 
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(Sinclair, 2005b) of nearshore GBR seawater are proxies for fine sediment release holds up, 

then the much more dramatic response of Mn cannot relate to physical erosion and soil loss 

but to the release of Mn, dissolved in run-off. 

 

Although the surface seawater inventory of Mn, which is concentrated in plant ash, can be 

influenced by wildfires (Abram et al., 2003), the fluctuations found in this study are not 

related to bush fires.  Across the entire 130-year growth period of the mid-Holocene 

specimen that was analysed for comparison, there was no significant deviation in Mn 

concentration from the mean (0.86 ± 0.23 ppm; Fig 6.25a).  The mid-Holocene mean, 

which corresponds to a time of known Aboriginal inhabitation was, within error to the pre-

1850 mean of the recent coral (0.58 ± 0.12 ppm; Fig 6.24a), which argues against wildfire 

influences from Aboriginal back-burning practices.  

 

Manganese distribution in soils reflects a complex balance between mineralogical, 

biological, textural (grain size) and physicochemical (redox, state, pH) parameters (Post, 

1999), most of which would have been affected by sheep grazing.  Unlike native terapods, 

sheep not only disturb the soil texture with their hooves but also crop plants low and pull 

shrubs and grasses out of the soil by the roots.  Exposure of disrupted soil cover to air, the 

efficient recycling of topsoil via sheep faeces (the volume of which would have initially 

overwhelmed indigenous dung beetles) and the loss of pH buffering ash, resulted in 

conditions under which Mn was rapidly lost to run-off.  The paucity of carbonate in the 

catchment soils may have also contributed to the reduced Mn-holding capacity of the 

disturbed soils (Mania et al., 1989).  The combination of these factors would have 

effectively mobilised Mn, making it more available to plants and possibly even toxic to the 

pre-existing native vegetation.  It may be speculated that the rapid loss of native vegetation 

was triggered not only by the more obvious physical impacts of grazing and seed dispersal 

via the introduced sheep, but also by more subtle changes to the existing micronutrient 

balance, which is strongly related to Mn-mineral surface chemistry (Post, 1999). 

 

In the modern inner Great Barrier Reef, Mn is consumed rapidly in the water column by 

phytoplankton (Alibert et al., 2003), but the large release of dissolved Mn in the 19th 
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century was evidently sufficient to reach certain nearshore reefs such as those surrounding 

Magnetic Island.  However, Mn was not necessarily transported solely as a dissolved (Mn 

II) phase through the catchment because Mn is commonly photo-chemically reduced from 

Mn (IV) in particulate matter to soluble Mn (II) species in the estuarine zone or at the 

ocean’s surface (Morel and Price, 2003).  Further studies of corals in similar proximity to 

significant catchments need to be investigated for Mn, Y and Ba/Ca to refine understanding 

of the details of land-use practices on nearshore seawater quality and its consequences for 

the health of the reef. 

 
8.5.4 Mn concentrations in flood plumes 

 
The 1870 and 1974 luminescent lines contained elevated Mn concentrations compared to 

the other flood bands which lie within the baseline (~ 1 ppm) range (Fig 8.15).  The coral 

Mn concentration in the 1974 luminescent line was influenced by sediment (Fig 8.5a), 

while the 1870 flood coincided with the time of land disturbance in the Burdekin River 

catchment.  Interestingly, the 1870 flood band has a similar Mn concentration (5.63 ppm) to 

the 2 yearly resolution samples (4.23 ppm and 2.87 for the 1868-1870 and 1870-1872 

samples, respectively; Fig 8.15).  This finding suggests that, while Mn was originally 

derived from the river catchment, it has been retained and recycled in the system over some 

time.   

 

 
Figure 8.15.  Coral Mn concentrations in coral luminescent lines typically were at low “baseline” 
levels except for the 1870 and 1974 flood.  The 1870 flood was related to the disturbance of virgin 
land in the Burdekin River catchment, while the elevated concentrations in the 1974 flood were due 
to sediment trapped within the coral skeleton. 
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8.5.5 Summary 

 
Elevated coral Mn concentrations coincide with the rapid exploitation of virgin land in the 

Burdekin catchment particularly from the sheep and cattle industries.  The coral record 

provides an extensive, but incomplete, insight into the vast changes in soil chemistry in the 

Burdekin catchment as a result of these industries.  In addition, the concentration of Mn in 

this coral was significantly elevated compared to previous studies which have linked 

elevated coral Mn concentrations with ash fallout from fire, upwelling events, release from 

bottom sediments and volcanic eruptions (e.g. Alibert at al., 2003; Abram et al., 2003; Shen 

et al., 1991; Shen et al., 1992b).  Manganese is an important trace element for 

phytoplankton production (e.g. Millero, 1996) and is rapidly consumed in the water column 

(Alibert et al., 2003).  Phytoplankton blooms consume oxygen in the water column and are 

thought to provide the reducing conditions necessary to convert Mn oxide particles to a 

dissolved phase (Abram et al., 2003).  The coral Mn concentrations appear to have 

remained elevated well after flood events and Mn may have been retained and recycled in 

the system by phytoplankton (e.g. Colbert and McManus, 2005).   

 
8.6 Rare earth elements/anomalies and Y concentrations 

 
8.6.1 Overview 

 
The REE plus Y (REY) display interesting trends in both the mid-Holocene and modern 

coral records which have previously been described in sections 8.2 and 8.3.  Other studies 

have demonstrated that the REY group is incorporated into the coral aragonite lattice and 

preserve genuine seawater REE signatures when normalised to a shale standard (Sholkovitz 

and Shen, 1995; Wyndham et al., 2004; Akagi et al., 2004).  The typical marine REE 

signature comprises a positive La anomaly, a negative Ce anomaly and an increasing trend 

from the light REE (Pr) to the heavy REE (Lu).  The majority of coral REE studies have 

been unable to measure the full suite of REY, including important elements such as Pr, Tb 

and Nb because of analytical constraints (e.g. Wyndham et al., 2004).  The absence of these 

elements renders less certain the calculation of the La, Ce, Eu and Gd anomalies.  This 
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section will discuss the possible influences on the REY group in seawater and their 

incorporation into the coral skeleton as well as the anomalies that are associated with this 

important elemental group.  In addition, the REY group (Y, Pr, Sm and Ho) will be 

examined as a coral proxy of sediment export (erosion) to the GBR and their correlation 

with land-use in the Burdekin River catchment. 

 
8.6.2 Rare earth elements and Y concentrations 

 
Y and the REEs (REY), like Ba, shows promise as an indicator of fine-grained sediment 

input into the inner GBR (Sinclair, 2005b); theoretically, the REY should be a better 

indicator than Ba because of the more conservative behaviour of REY during estuarine 

mixing due to the formation of strong aqueous carbonate complexes in seawater.  The 

group’s insignificant role in primary productivity (with the exception of Ce) distinguishes 

the REY group from Ba (Luo and Byrne, 2004).  Like Ba, the REY concentrations in 

sediments are greater in the freshwater zone than in the saline zone (Fig 5.12a) and they 

also exhibit similar estuarine desorption behaviour (Hoyle et al., 1984) to Ba/Ca and, 

therefore, may be applied in the same manner (e.g. Sinclair, 2005b).  The elevated REY 

concentrations in the mid-Holocene coral records have been attributed to declining water 

quality conditions caused by sedimentation and turbidity (see section 8.2).   

 

The REY in the 1812-1986 coral record systematically increased after European settlement 

in the Burdekin River catchment (Fig 6.34c; 8.16a).  It appears that the increase in REY 

concentrations has occurred mainly from the baseline values rather than during flood 

events, unlike Ba.  This interpretation is supported by the Y concentrations in the coral 

flood bands (Fig 8.16b) as well as by the sub-annual resolution records (Fig 6.26a-b) which 

were not significantly elevated above the background levels during floods events as 

opposed to Ba (Fig 8.12).  Increased catchment erosion and possible coastal progradation 

probably influenced the increase in the coral REY concentrations.  As more sediment 

accumulates in the tidal zone, the coastline expands seawards and the inshore environment 

becomes more turbid (Hopley, 1994). 
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Figure 8.16 a-b.  REY distributions (a) and Y concentrations (b) in coral luminescent lines.  The REY 
distributions have systematically increased in flood bands since the arrival of Europeans (a), which 
matches a similar increase in the 2 yearly coral record (Fig 6.34).  In addition, the Y concentrations (b) 
were not significantly elevated in coral flood bands after European settlement, when the increased 
baseline levels are taken into account (with the exception of the sediment-affected 1974 flood band).  
Therefore, the significant REY increase was related to baseline concentrations and suggests that the 
REY group may be gradually released from sediments.  
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The release of REY from sediments into seawater may have reverted back to a form of 

“steady state” equilibrium, as coral REY concentrations have not particularly increased in 

the 2000-2003 record (Fig 6.34b).  While the coral/seawater REY concentrations are 

influenced by erosion of sediments from river catchments, the REY group may be 

gradually released from sediments into seawater.  Sholkovitz (1993) found evidence for the 

addition of REE in seawater from benthic sediments or from a suspended particle source.  

This finding may explain the difference between the Ba and the REY concentrations in 

corals; Ba is quickly desorbed from sediment in the 10‰ zone, while REY are gradually 

released from sediments into seawater.  The REY distributions may be a reliable proxy to 

assess the release of nutrients from particulate matter, and may have important implications 

for the study of particulate nitrogen and phosphorus to evaluate the release of these nutrient 

phases into seawater. 

 

The significant positive correlation (r= 0.86, p< 0.00, n=87) between the Geoffrey Bay 

coral Y (Pr, Sm and Ho also correlated) concentrations and the Ba/Ca dataset from 

Havannah Island (McCulloch et al., 2003) indicates that both elements are affected by 

regional variations in sediment input.  While the records parallel each other, Y 

concentrations show a higher correlation coefficient with total cattle numbers (r= 0.64; p< 

0.00, n= 52) in the Burdekin River catchment than both the Ba/Ca records produced from 

Havannah (r= 0.49, p< 0.00, n= 52) and Magnetic Islands (p> 0.05: not significant), 

respectively (Table 8.1).  As with the Ba/Ca ratio, coral Y concentrations did not respond 

immediately to the initial settlement in the Burdekin catchment and are inversely correlated 

with sheep numbers.  The coral Y record appears to be responding to increased land-use 

and sediment runoff in the Burdekin River catchment from cattle rather than sheep grazing, 

in which case soil erosion and sediment runoff apparently only began to increase 

significantly during the late 1860s and early 1870s, as proposed by McCulloch et al. (2003) 

and may have continued to rise since then in proportion to fluctuating cattle numbers.  

Cattle numbers in the Bowen and Suttor sub-catchments increased mainly during the 

1870s-1890s (Fig 3.12) and closely coincide with the increasing coral Ba/Ca ratios and Y 

concentrations (Figs 8.14; 8.9a).  Therefore, the coral Ba/Ca ratios and Y concentrations 

after 1870 may be responding specifically to increased land-use in the Bowen River sub-
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catchment.  This finding is important for the management of soil erosion in the Burdekin 

River catchment and of sediment export to the GBR lagoon. 

 

The residence time of REY in the ocean is disputed and extremely difficult to calculate, 

presumably because of the lack of measurements of REY supplied from rivers.  Some 

researchers believe that the residence time of REY in the ocean is less than 20 years (Taylor 

and McLennan, 1985), while others have calculated residence times in excess of 1000 years 

(Nozaki, 2001).  REY concentrations in freshwater systems behave in a complex manner 

(Lawrence et al., submitted), and the dissolved phase becomes significantly fractionated in 

favour of the heavy REE in the estuarine zone which, in turn, produces the distinctive REE 

seawater pattern (Sholkovitz et al., 1994).  An understanding of the ocean biogeochemical 

cycling of the REY group would contribute to a better appreciation of the mechanisms that 

influence the incorporation of REY into corals.  More research is required to understand the 

flux of REY from rivers so that the ocean residence time of the REY group can be 

calculated accurately. 

 
8.6.3 The La anomaly 

 
The La anomalies in the corals and sediments have been calculated from the LaN/NdN ratio 

(herein N= normalised to MUQ sediment; Kamber et al., 2005).  Seawater commonly 

contains a positive La anomaly, and La/Nd ratios range from 0.8 to 2 (de Baar et al., 1985a; 

b; Piepgras and Jacobsen, 1992; Shimizu et al., 1994).  The La anomaly in the modern coral 

records are within this seawater range and average from 1.34 to 1.36, with the exception of 

the 1814-1816 coral sample (2.62; Fig 8.17 b,d,e).  The cause for the one anomalous value 

is not clear; however, juvenile corals are known to produce inconsistent geochemical 

results (Marshall and McCulloch, 2002).  Sediments measured in the local region also 

display positive La anomalies but their values (average 1.19) are lower than modern corals 

from Magnetic Island (Fig 8.17).  Interestingly, the average La anomaly in the mid-

Holocene corals is closer to the sediment values than to the modern corals (Fig 8.17 c,f).  It 

appears that the La anomaly is unaffected by freshwater influx and is not particularly 

influenced by seasonal cycles (Fig 8.17g).  These findings contradict the study of 
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Wyndham et al. (2004), who argued that the La anomaly in corals from the inshore GBR 

was strongly influenced by flood events. 

 

 

Figure 8.17 a-g.  The distinctive positive La 
anomaly in seawater is reflected in the coral 
records.  Sediments in the region (a) also contain 
positive La/Nd ratios.  The modern corals (b,d,e) 
contained highly positive La anomalies compared 
to the mid-Holocene corals (c,f) which may 
reflect a sediment influence on these corals.  The 
La anomaly appears to be unaffected by flood 
events (g). 
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8.6.4 The Ce anomaly 

 
The strong negative Ce anomaly is a familiar component in seawater where Ce3+ is readily 

oxidised to the insoluble Ce4+ valence state (Sholkovitz et al., 1994).  This negative 

anomaly is also a common feature in well-preserved seawater carbonates and phosphorites 

throughout the Phanerozoic Eon (e.g. Shields and Stille, 2001; Nothdurft et al., 2004).  The 

only previous study to calculate the coral Ce/Ce* anomaly is Wyndham et al. (2004).  Due 

to the absence of Pr, Wyndham et al. (2004) applied the Ce/Ce*= 3×CeN/(2×LaN+NdN) 

equation to calculate the Ce anomaly (Ce/Ce*= Ce anomaly).  The presence of a positive 

La anomaly can influence this calculation and Bau and Dulski (1996a) proposed a new 

equation to evaluate the Ce anomaly by applying the normalised Pr value.  A modified 

version of Bau and Dulski’s (1996a) equation [Pr/Pr*= 2×PrN/(CeN+NdN)] has been 

employed in this study (Shields and Stille, 2001).  The Ce anomalies were also calculated 

with Wyndham et al.’s (2004) equation, which produces results similar to the alternative 

Pr/Pr* calculation.  This finding was not surprising as the La anomaly was remarkably 

consistent throughout the record and would not exert a large influence on the Ce anomaly.  

The modern corals displayed comparable negative Ce anomalies, with the averages ranging 

between 0.31-0.35 and 1.31-1.35 for Ce/Ce* and Pr/Pr*, respectively (Fig 8.18-8.19 b,d,e).  

Interestingly, the Ce anomalies and Pr/Pr* in the Magnetic Island corals did not appear to 

be influenced by flood events or seasonality, which contradicts the study of Wyndham et al. 

(2004) from Pandora Reef, Havannah Island and Davies Reef corals (Fig 8.18g-8.19g).  

The coral Ce anomaly is probably influenced by primary productivity from phytoplankton 

blooms following flood events. 

 

Similarly to La, the coral Ce anomaly appears to be influenced by sediment trapped in the 

coral skeleton (that has no apparent anomaly; Fig 8.18-8.19 a) which was evident in the 

mid-Holocene coral records (Fig 7.31-7.32 c,f) and the 1974 flood (Figs 8.18g; 8.19 g).  A 

summary of the data can be viewed using a Pr/Pr* v Ce/Ce* plot (Fig 8.20).  The sediments 

(with the exception of NEL13a) sit within field I which is characterised by no Ce anomaly.  

However, the modern corals and the flood bands (except 1974) plot within the IIIb field 

and show a genuine negative Ce anomaly (Fig 8.20).  The Ce anomaly in the 1974 flood 
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band sample was strongly influenced by sediment trapped within the coral lattice.  The 

mid-Holocene corals displayed a transition between sediment and coral values, which 

suggests that the coral has been influenced by sediments.    

                     

 

Figure 8.18 a-g.  The Ce/Ce*anomaly in corals 
and sediments from the region.  The modern 
corals (b,d,e) all displayed strong Ce anomalies.  
The mid-Holocene coral samples (c,f) also 
typically contain a negative Ce anomaly.  
However, it was not as prominent compared to 
the modern corals.  The mid-Holocene samples 
have probably been influenced by sediments (a) 
which did not contain any notable Ce anomaly.  
The coral flood bands all contained negative Ce 
anomalies comparable to the modern corals, with 
the exception of the sediment-affected 1974 
flood. 
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Figure 8.19 a-g.  The alternative calculation of the 
Ce anomaly first proposed by Bau and Dulski 
(1996a) produced similar results to the 
calculations from Fig 8.18.  This was not 
surprising considering the remarkable consistency 
of the La anomaly (Fig 8.17).   
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Figure 8.20.  The Pr/Pr* v Ce/Ce* plot demonstrates that the negative Ce anomaly in the corals was a real 
feature.  Samples in field IIIb indicate that there was a genuine negative Ce anomaly that could still be 
partially influenced by a positive La anomaly.  Field IIa is characteristic of positive La anomaly results in 
an apparent Ce anomaly.  Samples in Field IIb represents a negative La anomaly which causes an 
apparent positive Ce anomaly; Field I= no anomaly and field IIIa is a real, positive Ce anomaly.  The 
sediments all contained no apparent Ce anomaly and the progressive sediment influence in the mid-
Holocene corals produced a fractionation curve between the two fields.  Interestingly, the Ce anomaly did 
not appear to be influenced by flood events, which contradicts Wyndham et al. (2004).  The 1974 flood 
band displayed no real Ce anomaly as the sample contained sediment trapped within the coral skeleton. 
 

 
8.6.5 Summary 

 
Studies of REY distributions and the associated anomalies in coral skeletons are still at a 

preliminary stage, presumably due to the analytical difficulties in accurately measuring the 

entire REY group.  However, recent technical advances in the analysis of REY have 

allowed this group to be measured with increased confidence.  Preliminary studies have 

demonstrated the potential of REY in investigating environmental and anthropogenic 

impacts.  The REY measured in Porites corals display a genuine seawater signature and 

suggest that they record oceanographic changes.  This study has contributed to the 

understanding of the behaviour of the REY group and has developed new geochemical 

coral proxies to characterise terrestrial influences such as sediment provenance, 

sedimentation and the dominant source of freshwater runoff to coral reefs.  Additional 

high-resolution coral studies accompanied by careful seawater and stream water analyses 
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are necessary to enhance knowledge of the mechanisms controlling the incorporation of the 

REY group in corals.  The further development of the REY group is vital to better evaluate 

and address water quality on coral reefs.          

 
8.7 Chapter summary 

 
 The mid-Holocene corals died as a result of sedimentation.  Coral Th 

concentrations, Y/Ho ratios and REY distributions are reliable proxies to determine 

if sediment is trapped within the coral lattice. 

 The 1812-1986 modern coral records contained relatively low Th concentrations, 

and suggest that this coral has not been particularly affected by sedimentation.  

However, the REY distribution pattern indicated an increasing terrestrial influence 

on the coral which may be related to cattle grazing in the Burdekin River catchment.  

Coral Y/Ho ratios did not display any major deviations over the last 200 years, and 

may indicate that turbidity levels have remained constant throughout this period. 

 The coral Ba/Ca ratio provided an excellent proxy to assess the export of fine-

grained sediment from rivers.  The Ba/Ca ratio in flood bands has significantly 

increased since the arrival of Europeans and was correlated with the study of 

McCulloch et al. (2003).  The ratio may also be influenced by subtle, long-term 

salinity variations. 

 Coral Mn concentrations track the rapid settlement of virgin land in the Burdekin 

River catchment.  Elevated coral Mn coincided exactly with the first settlement and 

sheep run in the Belyando River sub-catchment.  The concentrations of Mn in the 

1812-1986 coral record rose and fell in accordance with the rise and fall in sheep 

and cattle numbers in the Burdekin catchment. 

 Coral REY concentrations and the associated La and Ce anomalies displayed 

considerable promise as water quality proxies.  As with the Ba/Ca ratio, the coral 

REY concentrations display a significant correlation with cattle numbers in the 

Burdekin River catchment and so they may be a reliable proxy of land-use and 

erosion.  The REY distributions can be applied to determine the source of sediments 

trapped within the coral skeleton. 
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Chapter 9 

Conclusions and scope for future study 

 
9.1. Conclusions 
 
The objective of this study was to investigate climate, water quality and the sedimentary 

evolution of Magnetic Island over the Holocene Epoch.  The major aims and findings of 

this study are set out below: 

 

Aim 1:  To Investigate the Holocene evolution of the Nelly Bay fringing reef with a 

particular focus on the environmental setting for the mid-Holocene corals. 

 Biological indicators suggest that sea level reached a height of + 1.0-1.5 m 

approximately 7,000 cal years BP and has oscillated up to four times since then.  

The sea level of eastern Australia has been stable for at least the last 1,250 cal years 

BP. 

 The oldest C-14 age from the sediment cores suggest that Nelly Bay reef formed by 

at least 6,300 cal years BP.  The age structure of these dates was consistent with a 

seawards prograding reef flat. 

 

Aim 2:  To Examine the cause of death of the mid-Holocene corals. 

 Carbon-14 and U-Th dates from the outer growth layers of 3 fossil corals suggested 

that they died between 6,000-6,150 cal years BP.  The NEL01 coral may have died 

around this time (growth hiatus) but regenerated and lived until 5,790 cal years BP. 

 Stratigraphic evidence indicated that the mid-Holocene corals died because they 

were covered/buried by new coral recruits, coral fragments and fine-grained 

terrigenous sediments by a prograding reef flat. 

 Sedimentation may have been the main contributor to the death of the mid-

Holocene corals.  Coral geochemical investigations from the final growth layers of 

the mid-Holocene corals revealed elevated Th concentrations (>20 ppb) and rare 

earth elements, significantly depleted Y/Ho ratios (<50) and relatively flat REY 
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distribution patterns.  These proxies were all consistent with increasing sediments 

trapped within the coral skeleton.   

 

Aim 3:  To determine if the geochemical and physical coral proxies correlated with 

instrumental records of SST, rainfall, river discharge and turbidity. 

 The coral Sr/Ca, Mg/Ca, U/Ca ratios and the O isotopes produced long-term SST 

estimates comparable to previous studies and instrumental data despite potential 

sampling, analytical and calibration errors.  The long-term average for the 

geochemical and calcification thermometers also agreed well with each other and 

the instrumental record; however, large (1-3° C) variations in the SST proxies 

between individual samples for the 2 and 5 yearly resolution records could not all 

be attributed to SST.  The Sr/Ca ratio was the most reliable coral SST proxy as it 

was the only geochemical proxy that was significantly correlated with instrumental 

SST and coral calcification; nevertheless, it should not be used exclusively to 

reconstruct SST. 

 Fluctuations in the 1980-1984 two-monthly resolution coral Δ18O record were 

linked with Burdekin River discharge data and the 1982 El Niño Southern 

Oscillation event.  The 5 yearly salinity reconstruction displayed significant 

fluctuations between wetter and drier periods and coincides with the Pacific 

Decadal Oscillation but was not significantly correlated with coral luminescence 

records.  The coral luminescence record was, however, significantly correlated with 

Burdekin River discharge and rainfall from the Burdekin River catchment.  The lack 

of correlation between the coral Δ18O record and the luminescence dataset indicates 

that these records were recording different environmental signals.  The 5 yearly 

resolution coral Δ18O record reveals subtle, long-term trends in salinity, whereas the 

luminescence dataset shows large short-term salinity variations from rainfall and 

river discharge events.  The coral Δ18O record suggests that relatively drier 

conditions persisted between 1830-1885 and 1935-1970, whereas wetter periods 

prevailed between 1885-1935 and post 1970. 

 The coral Y/Ho ratio displays promise as a turbidity proxy but its full potential 

could not be ascertained.   
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Aim 4:  To compare the climate and water quality conditions during the mid-

Holocene with the modern coral records. 

 The SST proxies suggest that seawater temperature 6,000 years ago was similar to 

the present. 

 The long-term seawater salinity (coral Δ18O) average for the mid-Holocene coral 

was identical to the modern coral record.  The two-monthly resolution NEL01D 

coral Δ18O record showed that the mid-Holocene records may have experienced 

lower salinities during flood events because of the closer position of the Burdekin 

River at that time. 

 The Ba/Ca ratios, Mn and Th concentrations, REY and heavy metals in the mid-

Holocene corals were similar to the post 1850 averages measured in the modern 

Geoffrey Bay coral.  

 

Aim 5:  To investigate and quantify the magnitude of change in environmental 

characteristics using coral proxies after European settlement in the Burdekin 

River catchment (c. 1850). 

 Sedimentation in the 1812-1986 modern coral record was negligible as apparent 

from the relatively low Th concentrations.  However, the REY distributions indicate 

that there had been an increasing terrestrial influence on the coral since European 

settlement, and in particular, were linked to the establishment the cattle industry in 

the Burdekin River catchment.  Coral Y/Ho ratios did not display any major 

deviations over this time and so turbidity levels may have remained constant 

throughout this period. 

 The export of fine-grained sediments from rivers was examined from the coral 

Ba/Ca ratios.  The Ba/Ca ratio in flood bands increased considerably by up to 4-5 

fold since the arrival of Europeans, a finding supported by McCulloch et al. (2003).  

The ratio may also be influenced by long-term salinity variations.  The average 

Ba/Ca ratio for the mid-Holocene corals was comparable to the post 1850 coral 

record.  This suggested that the mid-Holocene coral heads may have been more 

influenced by either the Burdekin River or Gustav Creek than have the modern 

corals.  
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 Coral Mn concentrations appeared to track the rapid settlement of virgin land in the 

Burdekin River catchment.  Elevated coral Mn coincided with the first settlement 

and sheep run in the Belyando and Suttor River sub-catchments.  The 

concentrations of Mn in the 1812-1986 coral record rose and fell according to the 

rise and fall of sheep and cattle numbers in the Burdekin catchment.  Relatively low 

coral Mn concentrations (~ < 1 ppm) were discovered in the mid-Holocene corals 

compared to the post 1850 coral record.  This finding suggested that the enhanced 

coral Mn levels (> 4 ppm) in the waters surrounding Magnetic Island shortly after 

European settlement had not been recorded in the past and were anthropogenic 

impacts.  More recently, coral Mn concentrations have returned to pre-1850 values. 

 
9.2. Recommendations for further studies 

 
Living and fossil massive corals contain a rich archive of past climate as well as 

environmental information essential to assess the impacts of past, present and future 

changes in coral reefs and adjacent catchments.  While many of the coral proxies appeared 

to provide reliable estimations of environmental conditions, additional study is required to 

improve and develop coral proxies.  This thesis recommends eight important topics for 

future research: 

 Systematic study of SST calibrations of coral Sr/Ca, Mg/Ca and U/Ca proxies 

would significantly improve the reliability of future SST reconstructions.  In 

particular, the study should investigate the SST calibrations for the same species of 

coral from one locality at varying water depths and wave exposure.  Close 

examination of one location would provide valuable information about the minor 

influences on these proxies and could provide a basis for developing a strategy to 

correct the calibrations from possible environmental influences such as light and 

depth. 

 Future low-resolution (~20-50 years) SST studies of Porites corals should use the 

calcification rate.  This technique provides identical long-term SST estimates to the 

geochemical proxies, and is cheaper and less time consuming in comparison to the 

geochemical proxies. 
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 Future climatic reconstructions from coral records should use a suite of proxies 

(“multi-proxies”) and also a number of coral records from each location to ensure 

accurate replication of records.  The application of multi-proxy records improves 

the reliability of the SST reconstructions. 

 The potential of the coral Y/Ho ratio as a proxy of turbidity needs to be further 

explored.  Given that turbidity can be highly variable in the one embayment (see 

Appendix 12), the potential of this proxy may need to be assessed in the laboratory 

where turbidity and other environmental parameters can be controlled.  The 

development of a coral turbidity proxy would be invaluable to examine long-term 

changes in water quality since European settlement and to assist in monitoring of 

reef water quality and improvements planned through the Reef Water Quality 

Protection Plan. 

 The systematics of REE and Y in seawater should be carefully observed over a 

yearly period to discover how they are incorporated into the coral skeleton as well 

as to determine what causes REY fluctuations in corals.  In addition, the release of 

REY from sediments into seawater in the estuarine and marine environments needs 

to be better understood.  Seawater samples should be analysed monthly along a 

cross-shelf transect from the estuarine zone to the outer shelf.  Measurements taken 

during the wet season, in particular, would furnish valuable data about the seawater 

mixing and the contribution of REY from rivers. 

 The seasonal seawater chemistry of Ba also needs further investigation so that the 

various sources of Ba in seawater can be fully assessed and quantified.  In 

particular, research would benefit from a thorough knowledge of how Ba is 

incorporated into the coral lattice.  A cross-shelf seawater analysis, as was 

suggested for the REY composition, would provide insight into the behaviour of Ba 

in the marine environment.  In addition, a thorough study of seawater chemistry 

during phytoplankton blooms and coral spawning events would determine their 

effects on coral geochemistry.   

 Future historical water quality reconstructions on the GBR using coral proxies 

should be focused in the Cairns region where declining conditions have been 
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reported (e.g. Low Isles).  This location would provide data to help develop 

potential coral water quality proxies. 

 Hg, Cd and Cu concentrations should be measured in the Magnetic Island corals to 

examine the impact of heavy metals from mining in the Burdekin River catchment, 

as well as to assess any influences from the Townsville Port. 
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