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3. Methods 
 

A Monte Carlo method was used to assess the uncertainties in 
multiple far-field sea-level records (Figure 1), i.e., sites that would 
have experienced minimal isostatic adjustment. Table 1 lists the 
records that were used in this study. 
 

 

 
Conclusions 
 
 From around 17 ka BP sea-level rise started to accelerate into 

the deglaciation.  
 

 Two maxima in the rate of sea-level rise have been identified 
(mwp-1a and mwp-1b, at ~14.6 to 12.8 ka BP, and ~11.5 to 
8ka BP, respectively).  These were found to be robust with 
respect to systematic removal of individual component 
datasets from our statistical analyses.  
 

 We find an age for the maximum peak mwp-1a rates in sea-
level rise at 13.8 ka BP, which post-dated the Bølling warming. 
Careful scrutiny of both the Sunda Shelf and Barbados sea-
level records now reconciles these two datasets.  

 

 
 

 

1. Introduction 
 

Since the Last Glacial Maximum (LGM), sea level has risen by around 120 
m or so (e.g., Fairbanks, 1989; Bard et al., 1990a; b; 1996; Peltier and 
Fairbanks, 2006). Proxy records used to constrain the sea-level history 
since ~20 ka BP (thousands of years Before Present, where Present refers 
to AD1950) include datings on fossil coral terraces, and on plant fragments 
and calcareous marine organisms contained within marine sediment 
cores. In addition to depth and age uncertainties on discrete data points, 
isostatic adjustments, at individual sites, may have affected sea-level 
estimates (Figure 1). 

 
 

 
 

 
Figure 3a (right) shows the 
concomitant climate history based 
on the layer-counted GRIP ice 
core. Figure 3b shows our sea-
level reconstruction (CFRS), and  
Figure 3c shows the first time-
derivative of the sea-level 
reconstruction (i.e., the rate of 
sea-level change) (DFRS).  Note, a 
6 m coral depth uncertainty was 
ascribed.  
 
Our findings suggest that the rate 
of sea-level rise started to 
accelerate from around 17 ka BP 
(Figure 3b, c), and that rates 
probably exceeded 1m/century 
between ~15 ka BP and ~8 ka BP.  
 
Figure 3c indicates two discrete 
peaks; the first centred at ~13.8 
ka (260 cm/century - 99 % 
confidence), and had duration 
from ~14.6 to 12.8 ka BP.  The 
second begins at ~11.5 ka BP 
peaking at 10.9 ka BP and 9.5 ka 
BP (99 % confidence) with values 
of around 190 cm/century and 250 
cm/century, respectively. 

 
 
 

5. Results: mwp-1a and 1b 
 
  

Such uncertainties have led to much debate surrounding the age of  
meltwater pulse (mwp)-1a (~20 m of abrupt sea-level rise that occurred 
close to the onset of  deglaciation). Recent improvement has been made 
to the Barbados U/Th-dated fossil coral record with the addition of six high-
precision pre-mwp-1a U/Th datings, which were found to comprehensively 
validate the original U/Th age of 14.2 ka BP for the onset of mwp-1a, 
although the new methods more precisely re-dated this onset to 14.082 ± 
0.028 ka BP (1 σ) (Fairbanks et al., 2005; Peltier and Fairbanks, 2006). In 
contrast, the radiocarbon-dated record of flooded coastline from the Sunda 
Shelf has been used to suggest that mwp-1a started 300-500 years earlier 
(Hanebuth et al., 2000).  
 
Although the difference is small in view of dating uncertainties, this offset 
between sea-level records has led to the development of two very different 
climate scenarios for mwp-1a, when results are compared with the 
Greenland ice-core δ18O (temperature) records (Figure 2).  It is therefore 
clear that for these deglacial meltwater pulses, a comprehensive statistical 
overview is required to attempt to reconcile these apparent differences. 

 

a. The GRIP ice core δ18O record on the GICC05 timescale (Rasmussen et al., 2006; 
2008). b. U/Th-dated A. palmata from Barbados in black, corrected for a constant 
tectonic uplift of 0.34 m kyr-1 (Fairbanks et al., 2005; Peltier and Fairbanks, 2006) c. 
14C dated Sunda Shelf record (re-calibrated from Hanebuth et al., 2000). Symbols 
indicate the mean ages and those with only their 2 σ error bars represent ages with 
calibrated multiple 1 σ probabilities. Datings on in situ roots ifbres are shown in red, 

with their 2 σ error bars.  

 

Step 1:  recalibration of the originally reported 

radiocarbon convention ages, using the 

INTCAL09/MARINE09 (Calib6.01) calibration curve 

(Reimer et al., 2009). 
 

Step 2:  A Monte Carlo method was used to produce 

99, 95 and 67 % probability envelopes for the 

combined sea-level reconstructions, with each data 

point perturbed according to its ascribed sea-level 

depth and age uncertainties.  
 
A normal distribution was assumed for all ages, even though this is 
a slight simplification for (AMS)14C ages. For all fossil coral depths, 
lognormal uncertainty was ascribed, to mimic a probability 
distribution where water depths cannot be less than 0 m. For 
flooded shelf data, a normal distribution was used for the given 
tidal ranges. 
 
The uncertainties for each data point were randomly perturbed 
and a smoothing spline (Green and Silverman, 1994) was fitted to 
the resulting ‘data’ using the smooth.spline function in the R 
language (R Development Core Team; 2010). The degrees of 
freedom were obtained through (automated) generalised cross 
validation.  The data perturbation was repeated 1000 times for 
each run, and from which, the 99, 95 and 67 % uncertainty 
intervals were calculated.  Since we use only far-field sites in our 
study, we consider that our probability limits likely approximates 
the global eustatic sea level history.  

 
 
  

 
 
 

4.   Results 

The experiment was repeated to account for a larger, 
15 m coral depth habitat uncertainty (Bruckner, 2002). 
The overall results remained unaltered (Figure 4 - left) 
 
Figure 5 (below) shows results from a sensitivity 
analysis, whereby individual datasets were 
systematically removed from our Monte Carlo 
simulation.  Results were then subtracted from our full 
ensemble run (CFRS) (Table 2).  It is clear that these 
sub-sampled datasets yielded results that are similar to 
our main reconstruction, typically within c.a. ±3 to 4 m. 

Figure 3 

Figure 4 

Ensemble run Data used 

CFRS Barbados, Sunda Shelf, Bonaparte Gulf, Tahiti, 
Huon Peninsula and Caribbean Sea/Florida 
Keys. 

CFRS-Ba 

 

Sunda Shelf, Bonaparte Gulf, Tahiti, Huon 
Peninsula and Caribbean Sea/Florida Keys. 

CFRS-Su Barbados, Bonaparte Gulf, Tahiti, Huon 
Peninsula and Caribbean Sea/Florida Keys. 

CFRS-Bo 

 

Barbados, Sunda Shelf, Tahiti, Huon Peninsula 
and Caribbean Sea/Florida Keys. 

CFRS-Ta Barbados, Sunda Shelf, Bonaparte Gulf, Huon 
Peninsula and Caribbean Sea/Florida Keys. 

CFRS-Hu Barbados, Sunda Shelf, Bonaparte Gulf, Tahiti 
and Caribbean Sea/Florida Keys. 

 

Figure 5 

Figure 6 portrays the same run 
(CFRS-Ta; Table 2) as Figure 5D 
but zooms in on the interval that 
encompasses mwp-1b. The 
omitted Tahiti data predominantly 
plot within the 99 % confidence 
limits for CFRS-Ta. This strongly 
supports recent suggestions that 
mwp-1b may not have been as 
large and as sharp as was 
previously thought (Bard et al., 
2010). 
 
In Figure 7, which shows results 
from the full ensemble run, we 
focus on the interval of mwp-1a. 
Data points of significance are 
numbered HP1 (Huon Peninsula), 
S1-S5 (Sunda Shelf) and B1-6 
(Barbados). 
 

HP 1 =  Since this dating was 
not tested for diagenesis (Cutler 
et al., 2003), and sits alone and 
outside of any stratigraphic 
context, we question this sea-
level indicator as a robust 
marker for mwp-1a. 
 
S1 = In situ mangrove root 
fibres (S1) that were dated at 
13.96 ka BP, with a relatively 
‘tight’ 2 σ range of 13.781-
14.138 ka BP, give the first 
clear indication of the mwp-1a 
sea-level rise at Sunda Shelf.  
This rise is validated by two 
further datings. 
 
S2-5 plot above the 99% 
confidence, and are the only 
data from marine sediment 
cores 18309-2 and 18308-2 
(Supplementary Information 
with Hanebuth et al., 2000). We 
therefore consider that these 
datings may be stratigraphically 
out of place in relation to the 
series of coherent data from 
other cores. 
 Asterisked symbols in Figure 

7b highlight results from in situ 
mangrove roots on Sunda 
Shelf, considered to be more 
reliable than the other results 
(black - loose wood fragments 
and macro-fibres) because of 
the potential for reworking. 

 

 
B1-6 = may be underestimating sea-level depths at this 
time, although their ‘typical’ 6 m depth uncertainties for A. 
palmata overlap our reconstructed 99 % confidence 
interval. These corals may have struggled to keep up with 
the early mwp-1a sea-level rise. 

Figure 7 

Figure 6 

Table 2 

Table 1 

Figure 2 

The predicted total relative sea level (RSL) change minus the modelled eustatic 
component for 21 ka BP (A) and 6 ka BP (B) to the present-day, reproduced from 
Milne and Mitrovica (2008), who used the Basset et al. (2005) ice – and associated 
Earth models. Ta = Tahiti, Ba = Barbados, Bo = Bonaparte Gulf, Su = Sunda Shelf 
and Hu = Huon Peninsula. Crosses show the location of datasets used in the 
Toscano and Macintyre (2003) compilation. 

 

Figure 1 

Location Dating 
Method 

Material Tectonic 
correction 

Source reference 

Barbados U/Th Fossil corals -0.34 m/kyr Fairbanks (1989), Bard 
et al. (1990a,b), Peltier 
& Fairbanks (2006) 

Sunda Shelf AMS
14

C Mangrove 
wood 
fragments, 
wood and 
marine 
carbonate 

- Hanebuth et al. (2000; 
2009)  

Bonaparte 
Gulf 

AMS
14

C Marine 
carbonate 

- Yokoyama et al. (2000; 
2001) 

Tahiti AMS
14

C 
and 
U/Th 

Fossil coral 0.25 m/kyr  Bard et al. (1996; 2010) 

Huon 
Peninsula 

AMS
14

C 
and 
U/Th 

Fossil coral -1.9 m/kyr, 2.6 
m/kyr, 2.1 m/kyr 

Chappell & Polach 
(1991), Cutler et al. 
(2003) 

Florida Keys AMS
14

C Peat samples - Macintyre et al. (1995), 
Shinn et al. (1982), 
Robbin, (1984), 
Digerfeldt & Hendry 
(1987), Toscano & 
Macintyre (2003) 

Panama, 
Florida Keys, 
Barbados and 
the Bahamas  

AMS
14

C Fossil Coral - Lighty et al. (1982) 
Macintyre et al. (1985), 
Toscano and Lundberg 
(1998) 

 


