
1.  Introduction
Reef-building corals are among the most sensitive marine organisms to environmental changes, and as 
such are of particular concern for their future fate in a changing ocean (Hoegh-Guldberg et al., 2007). Nev-
ertheless, thanks to this sensibility, it also makes coral a natural and accurate recorder of climate change, 
providing access to the pre-instrumental variability (Gagan et al., 2000).

Boron isotopic composition (δ11B) in coral aragonitic skeleton is an important proxy for seawater pH (pHsw; 
Hemming & Hanson, 1992; Hemming et al., 1998), as skeletal δ11B has a strong pH dependency. However, 
since corals precipitate their calcium carbonate skeleton from an internal calcifying fluid (CF) that is semi-
closed to seawater, δ11B-derived pH is primarily interpreted as the pH of CF (pHcf), and then translated into 
pHsw, provided that there is a constant species-specific pHcf -pHsw relationship. In addition, B/Ca in arago-
nite is controlled by CO3

2− concentration in the precipitation fluid (Holcomb et al., 2016). Thus, coral boron 
systematics enable us to fully resolve the carbonate chemistry of coral CF, which has shown that corals favor 
a distinct CF with both elevated pHcf and DICcf compared to seawater (Chalk et al., 2021; Chen et al., 2019; 
D'Olivo et al., 2017, 2019; McCulloch et al., 2017; Ross et al., 2017).

Over the past two decades, a large number of coral-based δ11B-pH records from worldwide reefs have 
been reported, with most registering an evident signal of ocean acidification (Chen et al., 2019; D'Olivo 
et al., 2019, 2015; Goodkin et al., 2015; Kubota et al., 2017; Liu et al., 2014; Pelejero et al., 2005; Shinjo 
et al., 2013; Wei et al., 2009, 2015; Wu et al., 2018). Superimposed on this long-term OA-related downward 
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trend, is prominent inter-annual to inter-decadal variation that shows linkages with climate variabili-
ties, such as Pacific Decadal Oscillation (Pelejero et al., 2005; Wei et al., 2009), East Asian Monsoon (Liu 
et al., 2014; Wei et al., 2015), North Atlantic Oscillation (Goodkin et al., 2015), and El Niño-Southern Os-
cillation (Wu et al., 2018), underlining the important controls of ocean-atmosphere system on pHsw. Im-
portantly, these records also demonstrate that OA has shifted the pHcf of scleractinian corals toward lower 
values (Chen et al., 2019; D'Olivo et al., 2019; Goodkin et al., 2015; Kubota et al., 2017; Liu et al., 2014; Wei 
et al., 2009; Wu et al., 2018), which then reduces the concentration of CO3

2− in the CF ([CO3
2−]cf) (Chen 

et al., 2019; D'Olivo et al., 2019), a critical parameter controlling calcification. Nevertheless, it appears that 
DICcf remains constant over the past decades, showing no clear or a slightly increase in response to climate 
change (Chen et al., 2019; D'Olivo et al., 2019), indicating that the coral's capacity to concentrate carbon for 
calcification is less disturbed.

Typically, these coral-based boron systematics reconstructions are mainly derived from living colonies, with 
growth length no longer than 400 years (e.g., Chen et al., 2019; D'Olivo et al., 2019, 2015; Fowell et al., 2018; 
Goodkin et al., 2015; Pelejero et al., 2005; Wei et al., 2009; Wu et al., 2018). Only a few studies have ap-
plied δ11B-pH to fossil corals to obtain extended records (Douville et al.,  2010; Liu et al.,  2009; Raddatz 
et al., 2016). Accordingly, we know less about the CF carbonate chemistry of ancient corals and wheth-
er they have been changed significantly by modern environmental stresses. In addition, this also limits 
our knowledge of the pre-industrial pHsw changes, in particular over the time frame with natural climate 
variability that might be expected for the present century in the absence of anthropogenic influence, for 
example, the past 1–2 millennia. However, while coral paleoclimate studies usually turn to fossil corals to 
extend reconstruction (e.g., Cobb et al., 2003), splicing boron records is potentially risky due to the possible 
intercolony differences in skeletal δ11B and B/Ca. This is because skeletal boron systematics are mainly con-
trolled by CF carbonate chemistry, which, although supplied by external seawater, is primarily controlled 
by the organism (Tambutté et al., 2011).

In this study, we attempt to assess the intercolony differences of boron systematics (δ11B and B/Ca) for 
Porites spp., by comparing the absolute difference and mean difference between the coeval determinations. 
To achieve this, we select five sets of living Porites spp. collected across six reef sites, from both previously 
reported and new measurements (Figure S1 in Supporting Information S1), to illustrate a general level of in-
tercolony differences for coral boron systematics. Then, we further examine the δ11B and B/Ca of four fossil 
Porites spp. aged within the past millennium, collected from the east coast of Hainan Island in the northern 
SCS, and compare them with the modern corals from the same reef. By doing so, we explore the changes in 
coral internal carbonate chemistry, and attempt to reconstruct the pHsw variation over the past millennium 
with intercolony differences considered.

2.  Materials and Methods
2.1.  Sample Collection

Four fossil coral cores (11QG1, 11QG3, 11LW2, and 13OC4) and three living coral cores (11LW4, 15WC23, 
and 15WC26) were collected from Porites spp. colonies at water depths of 4–6 m on the reef flat of fringing 
reefs, off the east coast of Hainan Island in the northern SCS (Figure 1). With the exception of 15WC23 
and 15WC26, the other corals have been previously used to study the decadal-to centennial-scale variabil-
ity in the northern SCS, with Sr/Ca, δ13C, and δ18O being reported in Deng, Chen, et al. (2017), Deng, Liu, 
et al. (2017), and Deng et al. (2013) and the δ11B results of 11LW4 being reported in Wei et al. (2015).

Drill cores 10AR2 were collected in April 2010 from a living Porites sp. coral colony at a water depth of ∼4 m 
on Arlington Reef in the mid-shelf GBR (Figure S1 in Supporting Information S1). This coral is in proximity 
to a previously reported coral AREO 4 for δ11B-pH study (Wei et al., 2009) and was thus adopted for the δ11B 
individual differences evaluation.

Coral cores were first sectioned into slices with a thickness of 1 cm and width of 5–7 cm. Then, the slabs were 
X-ray photographed to reveal the density bands (Figure S2 in Supporting Information S1), which served as 
a reference for coral chronology and subsampling. Next, coral slabs were immersed in 10% H2O2 for 24 hr 
to remove organic matter, followed by thorough ultrasonic cleaning in deionized water for 3 × 10 min to 
eliminate surface contaminants, and then were dried at 50°C. For fossil corals, a small subsample (5 cm3) 
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from the upper part of each core was cut using a diamond blade saw and prepared for U-Th dating. For cor-
als 15WC23 and 15WC26, two-year-resolution samples were collected along the main growth axis using a 
computer-controlled micromill, with each high- and low-density band representing 1 year of coral growth. 
With respect to the rest of corals, annual samples were collected along the main growth axis. The detailed 
sampling tracks are illustrated in Figure S2 in Supporting Information S1. For the modern coral 11LW4, its 
δ11B determination was reported in Wei et al. (2015). In this study, the powder samples of this coral core 
were newly collected along the previous sampling tracks as described in Figure 2 of Chen et al. (2015).

To test for potential early diagenesis in fossil corals, 12 subsamples from all the coral cores were system-
atically cut, with 4 subsamples for each longer core (i.e., 11QG1 and 13OC4) and 2 for each shorter core 
(i.e., 11QG3 and 11LW2). Each subsample was further divided into two portions for powder X-ray diffrac-
tion (XRD) and scanning electron microscopy (SEM) analyses at the Guangzhou Institute of Geochemistry, 
Chinese Academy of Science. XRD results show that the coral skeleton was 100% aragonite (Figure S3 in 
Supporting Information S1), and SEM imaging reveals that there was no secondary aragonite present in the 
coral skeleton (Figure S4 in Supporting Information S1).

2.2.  Chronology

The ages of the fossil corals were determined by U-Th measurements, using the multi-collector inductively 
coupled plasma mass spectrometers (MC-ICP-MS) at the Radiogenic Isotope Laboratory of the University of 
Queensland and the High-precision Mass Spectrometry and Environment Change Laboratory of the Nation-
al Taiwan University. Detailed analytical methods and results were reported in our previous studies (Deng, 
Chen, et al., 2017; Deng, Liu, et al., 2017; results also shown in Table S1 in Supporting Information S1). Cor-
al samples of the age control points for 11QG1, 11QG3, 11LW2, and 13OC4 were dated 756 ± 9.6, 929 ± 24, 
371 ± 18, and 254 ± 4 year B.P., respectively (Table S1 in Supporting Information S1). The chronology of 
fossil corals was then established by counting the annual bands backward and forwards from the U-Th dat-
ed calendar year of the age control point. When the dated ages were transformed into Common Era years, 
their growing intervals covered approximately 1129–1255 CE, 1063–1087 CE, 1628–1657 CE, and 1702–1772 
CE, respectively, which fell into two main climate epochs over the past 1 ka, that is, the Medieval Climate 
Anomaly (MCA, 900–1300 CE) and the Little Ice Age (LIA, 1550–1850 CE).

Figure 1.  (a) Map of the South China sea and study area; (b) Sampling sites of the studied corals shown with stars. Red dot in panel (a) indicates a previously 
reported coral-δ11B study from the south coast of Hainan (Liu et al., 2014).
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2.3.  Boron Systematics

Measurements of boron isotopes and B/Ca ratios were carried out at the State Key Laboratory of Isotope Ge-
ochemistry, Guangzhou Institute of Geochemistry, Chinese Academy of Science. For cores 11LW4, 11QG1, 
11QG3, 11LW2, and 13OC4, their δ11B and B/Ca were processed separately. Approximately 5 mg annual 
sample powders were dissolved in 0.51 M HNO3, with subaliquots diluted in 2% HNO3 to measure B/Ca 
ratios using an iCAP Q ICP-MS (Thermo Fisher Scientific). Coral standard JCp-1 was measured along with 
the samples to monitor the precision of the analysis, yielding an averaged B/Ca value of 466.8 ± 14.3 μmol/
mol (SD, n = 10), which was consistent with the reported 459.6 ± 22.7 μmol/mol in Hathorne et al. (2013). 
Boron purification for the fossil coral samples and 10AR2 followed the procedures described in Wei 
et al. (2009, 2015). Approximately 20 mg of annual sample was weighted, dissolved in 0.2 mL of 3 M HNO3 
and diluted to 1 mL with 0.1 M HNO3. Then, the solution was first loaded onto the column containing Bio-
Rad AG50W-X8 cation resin to remove the Ca matrix, followed by a second column containing Amberlite 
IRA 743 resin to concentrate and purify B. The δ11B measurements were carried out on a Neptune Plus 
multi-collector inductively coupled plasma mass spectrometer (MC-ICP-MS, Thermo Fisher Scientific), fol-
lowing the measurement strategy described in Wei et al. (2015). Multiple measurements of JCp-1 yielded 
an average δ11B value of 24.18 ± 0.40‰ (2SD, n = 10), which was consistent with the previously reported 
values (e.g., McCulloch et al., 2014).

For coral cores 15WC23 and 15WC26, we adopted a more efficient method described in McCulloch 
et al. (2014), with δ11B and B/Ca being measured from the same weighted samples. Briefly, about 10 mg of 
sample powder was dissolved in 0.5 mL of 0.51 M HNO3, with a small aliquot of 95 μL diluted in 7.5 mL 2% 
HNO3 to a final concentration of ∼100 ppm Ca for B/Ca measurements via ICP-MS. The rest of the sample 
solution (∼400 μL) was loaded onto the preconditioned column, which contained 0.6 mL AG50W-X8 resin 
above 1.0 mL AG1-X8 resin to remove the cation (e.g., Ca, Mg, and Sr) and anion (e.g., SO4

2−) matrices, 
respectively. The column was then eluted with 6 × 0.5 mL 0.075 M HNO3, yielding a ∼100 ppb B solution 
ready for δ11B analysis via MC-ICP-MS. The coral standard JCp-1 was chemically treated with the same pro-
cedures as the samples and was measured repeatedly with the samples, yielding an average B/Ca values of 
472.9 ± 12.5 μmol/mol (SD, n = 4) and δ11B value of 24.42 ± 0.36‰ (2σ, n = 4), within the analytical error 
of previously reported values (Hathorne et al., 2013; McCulloch et al., 2014).

2.4.  Estimates for Coral Calcifying Fluid Carbonate Chemistry and Seawater pH

The boron isotopic composition of the coral skeleton (δ11Bcoral) is believed to be mainly inherited from the 
δ11B signature of borate ions (δ11B(B(OH)4−)) in coral extracellular CF, of which the fractionation is pH-de-
pendent. Thus, coral pHcf can be estimated from the following equation (Zeebe & Wolf-Gladrow, 2001):

 
 

    

  
     

11 11
sw coral

cf B 11 11
B3 B4 coral sw B3 B4

B BpH pK – log
B B 1000 1

� (1)

where δ11Bsw is the B isotope composition of seawater (δ11Bsw = 39.61‰; Foster et al., 2010) and the B iso-
tope fractionation factor (αB3-B4) is 1.0272, as estimated by Klochko et al. (2009). The B dissociation constant 
(pKB) is well defined by temperature and salinity, with a value of 8.597 at a temperature of 25°C and salinity 
of 35 (Dickson, 1990). To calculate pHcf, the temperature of coral growth periods was estimated from the Sr/
Ca-SST relationship (Deng, Chen, et al., 2017). The salinity was set as 34, as indicated in Dong et al. (2017), 
and assumed to change little over time.

As the incorporation of B(OH)4
− substitutes for CO3

2− in the aragonite lattice during CaCO3 precipitation, 
with the partition coefficient KD dependent on the solution pH, where KD = 2.965exp(−0.0202[H+]T) (Mc-
Culloch et al., 2017), skeletal B/Ca ratios are used to estimate the concentration of carbonate ions within the 
CF ([CO3

2−]cf). Combined with pHcf derived from δ11Bcoral and assuming that [B]cf is equal to the total boron 
concentration in seawater, [CO3

2−]cf can be calculated with the following equation:

CO

B OH

B/Cacf
D

cf

CaCO

3

2
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 
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with knowledge of both pHcf and [CO3
2−]cf, the DICcf can then be calculated.
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Since seawater provides the primary supply for the chemical composition of coral internal CF, the under-
lying connection between pHsw and pHcf can be used to estimate pHsw changes from pHcf. The empirical 
relationship between pHsw and pHcf is obtained from coral culture experiments; thus, pHsw can be estimated 
by the following equation (Hönisch et al., 2004; McCulloch et al., 2012):

  cf swpH 0.46 pH 4.72 .P cylindrica� (3)
by which we found that the reconstructed pHsw (average of 8.05 ± 0.05) via the three modern corals showed 
the best agreement with the in situ pHsw measurements (an average of 8.04 ± 0.03 for the measurements in 
2014–2015, total scale) in Dong et al. (2017), compared to the pHsw value (average of 7.88 ± 0.05) estimated 
from the equation specific for massive Porites spp. (Krief et al., 2010). While applying the pHcf-pHsw calibra-
tion of branching P.cylindrica on massive Porites spp. seems risky, previous study has demonstrated that this 
relationship can produce decent results for a Porites australiensis (D'Olivo et al., 2019).

2.5.  Evaluation of δ11B and B/Ca Intercolony Variability for Porites spp. Coral

The δ11B determinations of five sets of Porites spp. corals (Figure  S1 in Supporting  Information  S1) are 
adopted to assess the coral intercolony differences, including:

1.	 �Three corals from the east coast of Hainan Island (northern SCS; two-year resolution)
2.	 �Two corals from the Havannah Island and one coral from the nearby Pandora Reef (Great Barrier Reef, 

GBR; D'Olivo et al., 2015; annual resolution)
3.	 �Two corals from the Arlington Reef (GBR; coral AREO 4 from Wei et al., 2009; and coral 10AR2 from this 

study; annual resolution)
4.	 �Two corals from the Davies Reef (GBR; McCulloch et al., 2017; monthly resolution)
5.	 �Two corals from the Ningaloo Reef (Western Australia; McCulloch et al., 2017; monthly resolution)

With respect to B/Ca, only three sets of Porites spp. corals, that is, (1, 4, 5), are available to assess intercolony 
differences.

The absolute value of the difference between the coeval δ11B (or B/Ca) time series is calculated by subtract-
ing the δ11B (or B/Ca) values of the identical year or month. The average of the absolute difference (avgabs) 
can be used to assess coral intercolony differences. In addition, the mean difference between the coeval time 
series is also calculated by subtracting the arithmetic mean average of the two records, which represents the 
general bias induced by intercolony differences.

3.  Results
3.1.  Replication Tests of Coral Boron Systematics

3.1.1.  δ11B

Boron isotopes of the two adjacent cores 15WC23 and 15WC26 from Hainan Is. varied within the normal 
δ11B range (22‰–26‰) for modern Porites spp. corals (e.g., Chen et al., 2019; D'Olivo et al., 2019, 2015; Pe-
lejero et al., 2005; Wei et al., 2009, 2015). The two time series exhibited comparable long-term mean values 
of 24.10‰ and 24.31‰, respectively, but divergent patterns resulted in no correlation between them (Fig-
ure 2a). The avgabs between the two time series is about 0.72‰, comparable to the 2σ of the magnitude of 
analytical precision (0.36‰, 2σ, or magnitude of 0.72‰; Table 1). However, compared with our previously 
reported coral core 11LW4, which was also collected from the east coast of Hainan Island but ∼10 km away 
from them (Wei et al., 2015), considerable differences (p < 0.05; two-sample t tests; Table S2 in Support-
ing Information S1) were found for the coeval δ11B determinations (Figure 2a, Table 1), with a large avgabs 
of 1.19‰ and a moderate mean offset of 0.76‰ between 11LW4 and 15WC26, and an equivalent level avgabs 
of 1.12‰ and a mean offset of 0.97‰ between 11LW4 and 15WC23.

The δ11B results of coral 10AR2 from the mid-shelf Arlington Reef in the GBR fluctuated from 22.81 to 
24.90‰, also falling within the normal δ11B variation range, and showed a moderate offset (0.53‰, Ta-
ble 1, Figure 2b) with the coeval δ11B determinations of another adjacent colony AREO 4 (reported in Wei 
et al., 2009). However, patterns of the two time series were divergent, leading to considerable absolute dif-
ferences with values as large as 2.72‰ (p < 0.05; two-sample t tests; Table S2 in Supporting Information S1). 
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Figure 2.  Assessment of δ11B individual differences for Porites spp. corals. Comparisons between the coeval δ11B determinations of corals from: (a) East Hainan 
Island (northern SCS, 11LW4 of Wei et al., 2015, 15WC23 and 15WC26 of this study); (b) Arlington Reef (mid-shelf GBR, AREO 4 of Wei et al., 2009 and 10AR2 
of this study); (c) Pandora Reef and Havannah Island (inner-shelf GBR, D'Olivo et al., 2015); (d) Davies Reef (mid-shelf GBR, McCulloch et al., 2017); and (e) 
Ningaloo Reef (Western Australia, McCulloch et al., 2017), respectively. The absolute value of the difference between colonies is shown below each comparison. 
Note that δ11B records in (a–c) are biennially or annually resolved, while in panels (d and e) are monthly-resolved.
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Nevertheless, the avgabs of 0.78‰ was still within the 2σ of the magnitude of analytical precision (0.40‰, 2σ, 
or magnitude of 0.80‰; Table 1).

Significant differences were also observed from the other sets of corals reported in literature (Figure 2; the 
results of two-sample t tests are summarized in Table S2 in Supporting Information S1). Large avgabs of 
1.09‰ (Table 1) was found for corals from the Havannah Island (Figures 2c and 2d), much above the 2σ of 
the magnitude of analytical precision (0.35‰, 2σ, or magnitude of 0.70‰; D'Olivo et al., 2015). In addition, 
coral δ11B records from two nearby reefs (i.e., Havannah Island and Pandora Reef) showed intercolony dif-
ferences of similar magnitude, with 0.75‰ between HAV06a and PAN02a, and 0.93‰ between HAV09_3b 
and PAN02a (Table 1); this was still larger than the 2σ of the magnitude of analytical precision (0.70‰; 
D'Olivo et al.,  2015). In contrast, monthly-resolution δ11B determinations of corals from the Davies and 
Ningaloo Reef displayed moderate individual differences, with avgabs of 0.69‰ and 0.44‰ (Table 1), respec-
tively, compared to the analytical precision (0.32‰, 2σ; or magnitude of 0.64‰). Despite having significant 
absolute difference, it appears that the mean offset between coeval δ11B time series is relatively smaller 
compared to the avgabs, ranging from 0.02 to 1.05‰ with an average of 0.56‰ (Table 1).

Divergent patterns found in the annually resolved δ11B determinations for each set of corals result in a lack 
of correlation between the coeval δ11B time series. However, monthly-resolution δ11B variations are always 
related among corals, which is possibly due to the prominent seasonality, as we can still see differences from 
the coeval time series; for example, differences are evident in the variation amplitude (Figure 2d) and phase 
offset between the δ11B records (Figure 2e).

Converting δ11B into pHcf suggests a mean difference of as large as ∼0.07 units for corals from the same reef, 
which could translate to ∼0.14 units bias for the long-term averaged pHsw estimation when assuming a con-
stant pHcf-pHsw relationship (pHsw = (pHcf −4.72)/0.46; this conversion amplifies the impacts of intercolony 
differences in pHcf).

3.1.2.  B/Ca

Skeletal B/Ca also varied dramatically among colonies (Figure 3; the results of two-sample t tests are sum-
marized in Table S3 in Supporting Information S1). 11LW4 has the highest B/Ca values with an average of 
602.9 μmol/mol, showing large avgabs of 183.7 μmol/mol and 135.3 μmol/mol in comparison to 15WC23 

Sample 
resolution Location

Sample 
name

δ11B 
variation 

range

Analytical 
precision 

(2σ)

Mean value
Mean 

difference
Average absolute 

difference

δ11B pHcf δ11B pHcf δ11B (SD) pHcf (SD)

Annual or 
Biennial

Pandora Reef, Havannah Island, Inner-
shelf GBR

PAN02ag 23.04–25.95 0.35 24.49 8.53 0.31a 0.02a 0.75 (0.51) a 0.05 (0.03) a

HAV09_3bg 23.14–25.26 24.18 8.51 1.05b 0.06b 1.09 (0.73) b 0.07 (0.05) b

HAV06ag 24.22–26.27 25.23 8.57 0.74c 0.04c 0.93 (0.61) c 0.06 (0.04) c

Arlington Reef, Mid-shelf GBR AREO 4h 21.06–25.14 0.35 23.35 8.45 0.53 0.04 0.78 (0.62) 0.05 (0.04)

10AR2 22.81–24.90 0.40 23.88 8.49

Hainan Island, South China Sea 11LW4 21.51–25.36 0.44 23.34 8.45 0.76d 0.05d 1.19 (0.76) d 0.08 (0.05) d

15WC23 22.21–25.54 0.36 24.10 8.50 0.21e 0.02e 0.72 (0.58) e 0.05 (0.04) e

15WC26 23.23–25.27 24.31 8.52 0.97f 0.07f 1.12 (0.69) f 0.07 (0.05) f

Monthly Davies Reef, Mid-shelf GBR Dav13-2i 22.44–23.99 0.32 23.14 8.44 0.52 0.03 0.69 (0.41) 0.05 (0.03)

Dav13-3i 21.21–24.26 22.62 8.41

Ningaloo Reef, Western Australia CB-1i 22.05–24.27 23.11 8.44 0.02 0.00 0.44 (0.37) 0.03 (0.02)

CB-2i 22.18–23.88 23.09 8.44
aDifference was calculated from PAN02a-HAV09_3b. bDifference was calculated from HAV06a-PAN02a. cDifference was calculated from HAV06a-HAV09_3b. 
dDifference was calculated from 15WC23-11LW4. eDifference was calculated from 15WC26-15WC23. fDifference was calculated from 15WC26-11LW4. gData 
from D'Olivo et al. (2015). hData from Wei et al. (2009). iData from McCulloch et al. (2017).

Table 1 
δ11B Individual Differences of Porites spp. Corals
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and 15WC26 (Figure 3a, Table 2), respectively, much above the 2σ of the magnitude of analytical precision 
(57.2 μmol/mol). However, smaller avgabs was found between the adjacent two corals 15WC23 and 15WC26 
(56.7 μmol/mol), and between the monthly B/Ca records (21.0 μmol/mol for Davies Reef and 59.9 μmol/
mol for Ningaloo Reef; McCulloch et al., 2017; Figures 3b and 3c, Table 2). Generally, the mean offset of B/
Ca between colonies showed an equivalent level with the respective avgabs (Table 2), all pointing to consid-
erable intercolony differences in skeletal B/Ca values. When combined with δ11B-pHcf to convert B/Ca into 
the DICcf, it showed a much greater individual difference in coral DICcf, with mean difference up to 1,444 
μmol/kg (Table 2).

3.2.  Skeletal Boron Systematics and the Estimation of Coral CF Carbonate Chemistry in the 
Northern SCS Over the Past Millennium

The δ11B values of the three modern corals from Hainan Is. varied from 21.5 to 25.5‰, exhibiting no sig-
nificant long-term decline trend for the past 110 years (1900–2010; Figure 4). Despite showing significant 
individual differences as mentioned above, the cores had an average δ11B level of 23.92 ± 0.82‰ (SD), which 
was comparable to the records derived from the south coast of Hainan Island and also fell within the global 
δ11B range for Porites spp. corals (Figure 5). To better extract environmental signals, composite records were 

Figure 3.  Assessment of B/Ca individual differences for Porites spp. corals. Comparisons between the coeval B/Ca determinations of corals from: (a) 
East Hainan Island (northern SCS, 11LW4 of Wei et al., 2015, 15WC23 and 15WC26 of this study); (b) Ningaloo Reef (Western Australia, M. T. McCulloch 
et al., 2017); and (c) Davies Reef (mid-shelf GBR, M. T. McCulloch et al., 2017), respectively. Absolute value of the difference between colonies is shown below 
each comparison. Note that B/Ca records in (a) are biennially resolved, while in panels (c and d) are monthly-resolved.

 25724525, 2021, 10, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2021PA

004319 by G
uangzhou Institution O

f G
eochem

istry, W
iley O

nline L
ibrary on [02/11/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Paleoceanography and Paleoclimatology

CHEN ET AL.

10.1029/2021PA004319

9 of 15

obtained for the common period 1900–2010. The data of each core were first normalized to the respective 
mean value according to the equation: n x x

t t c
   , where tE x  is the δ11B value at a certain year and x

c
 is the 

mean δ11B value for a given coral. Then, we took the average of the normalized data ( n
t
 ) at a certain year and 

added with the average mean value of all three cores ( x
all

 ) to preserve the units, i.e., N
t
  =  n

t
 + x

all
 . The final 

results (Figure 4) showed a marginal long-term decline trend superimposed on the inter-decadal variations, 
with this decline being more prominent for the period of 1900–1978 (linear regression, df = 44, p < 0.05).

In contrast, the fossil corals showed higher δ11B, with values varying from 23.5 to 27.5‰ (Figure 4) and av-
eraging at 25.59 ± 0.52‰ (SD, Figure 5). The mean δ11B value of each fossil coral is consistently higher (by 
1.25–2.32‰) than that of the modern corals, with a mean difference of ∼1.67‰ between them. Two-sample 
t test (Table S4 in Supporting  Information S1) also suggested that the δ11B values for the two groups of 
corals were significantly different (p < 0.01). Differences also existed within the four fossils, with the mean 
difference between each other varying from 0.48 to 1.07‰. According to coral's U-Th ages and the noted cli-
mate anomalies for the last millennium, we grouped them into the LIA corals (13OC4 and 11LW2) and the 
MCA corals (11QG1 and 11QG3). Within each group, mean δ11B difference was relatively small (0.01‰ and 
0.48‰), below the 2σ of the magnitude of analytical precision (0.80‰), while the mean difference between 
the LIA and MCA was slightly higher with value of 0.82‰.

Skeletal B/Ca ratios of each coral record also exhibited inter-annual to decadal variations (Figure 4), and 
varied more dramatically among the three modern corals compared to the fossil (Figure 5). Mean difference 
for the coeval B/Ca determinations of the modern corals was as high as 183.7 μmol/mol, while the B/Ca 
records of fossil corals showed relatively smaller differences, with an average of 42.8 μmol/mol. The mean 
offset between the MCA and the LIA corals or between the fossil and modern corals is also small, with the 
value of 51.9 μmol/mol and of 51.3 μmol/mol, respectively, all below the 2σ of the magnitude of analytical 
precision (57.2 μmol/mol). Including the previously reported B/Ca results (mainly from the Australia cor-
als), all modern corals had a mean level of 493.5 ± 78.6 μmol/mol (SD, Figure 5), showing no significant 
difference (t = −1.92, df = 11, p = 0.08; two-sample t test) in comparison with the fossil corals from the 
Hainan Island which averaged at 537.3  ±  38.1  μmol/mol (SD, Figure  5), in consideration of analytical 
precision or intercolony differences. Nevertheless, it appears that B/Ca values of all the fossil corals fell in 
the upper region of the modern range. Composite records of B/Ca were also calculated following the same 
manner aforementioned, exhibiting a long-term increasing trend (linear regression, df = 51; p < 0.05) for 
the recent 110 years.

Converting boron systematics into the carbonate chemistry of coral CF suggested a typically higher pHcf of 
8.59 for the fossil corals, significantly different from the modern corals (8.47, Table 3), with p-value below 
0.05 (two-sample t test; Table S4 in Supporting Information S1), but no distinct changes in coral DICcf levels 
(3,621 μmol/kg for the fossil corals and 4,166 μmol/kg for the modern corals; p > 0.05; two-sample t test; 
Table S4 in Supporting Information S1) throughout the past millennium (Figure 4). Furthermore, although 

Sample 
resolution Location

Sample 
name

B/Ca variation 
range

Analytical 
precision (2σ)

Mean value
Mean 

difference Average absolute difference

B/Ca DICcf B/Ca DICcf B/Ca (SD) DICcf (SD)

Biennial Hainan Island South China Sea 11LW4 552.8–669.8 28.60 602.9 3,396 183.1a 1444a 183.7 (39.2) a 1,443 (425) a

15WC23 366.5–517.9 419.8 4,840 48.8b 580b 56.7 (33.0) b 664 (230) b

15WC26 435.0–511.7 468.6 4,260 134.3c 864c 135.3 (33.3) c 866 (416) c

Monthly Davies Reef Mid-shelf GBR Dav13-2d 326.1–449.3 NA 384.0 5,549 22.3 277 21 (17.8) 257 (210)

Dav13-3d 333.7–491.2 406.3 5,272

Ningaloo Reef CB-1d 385.0–522.9 442.4 4,868 59.0 547 59.9 (24.7) 625 (419)

CB-2d 434.2–527.7 501.4 4,321
aDifference was calculated from 15WC23-11LW4. bDifference was calculated from 15WC26-15WC23. cDifference was calculated from 15WC26-11LW4. dData 
from M. T. McCulloch et al. (2017).

Table 2 
B/Ca Individual Differences of Porites spp. Corals
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it also seemed that the LIA corals tended to have a higher pHcf compared to the MCA, the offset between 
the two groups of corals was only about 0.07, comparable to the mean offset of coral pHcf (0.07) and below 
the estimated largest intercolony differences in pHcf (0.08, Table 1). More samples need to be included to 
ascertain this difference. The negative relationship between coral pHcf and DICcf, commonly observed in the 
previously reported corals (e.g., Chen et al., 2019; D'Olivo et al., 2017, 2019; McCulloch et al., 2017), remains 
significant in the Hainan corals, with the exception of 11LW4 (Table 3). It is unclear why no significant 
correlation of pHcf-DICcf is found for 11LW4, but we speculate that the heterogeneity of coral CF chemistry 
(Chalk et al., 2021) or the sampling positions (Reed et al., 2021) may result in the lack of correlation be-
tween the measurements of B/Ca and δ11B from two different sets of powder samples.

The pHsw, estimated from δ11B-derived pHcf, exhibited an evident offset (∼0.24 pH units) between the pre- 
and post-industrial periods with average values of 8.29 and 8.05, respectively (Table  3). This suggests a 
prominent seawater pH decline in the east coast of Hainan Island.

Figure 4.  Boron systematics of the modern and fossil Porites spp. corals from the east Hainan Is. and the estimates for the carbonate chemistry of coral 
calcifying fluid: (a) δ11B, (b) B/Ca, (c) pHcf, and (d) DICcf. Data for the modern corals are colored with blue for 11LW4, pink for 15WC23, and green for 15WC26, 
and bold black for the composite records. Mean average for each record is also indicated with the straight line.
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4.  Discussion
4.1.  Intercolony Differences in Coral Boron Systematics

Replication tests show that corals from the same reef environment can exhibit considerable absolute dif-
ferences (or mean differences) in their coeval boron systematics (Figures 2 and 3), with this divergence 

being much larger for annually-biennially resolved records. Two-sam-
ple t tests (Table S2 in Supporting Information S1) indicate that, with 
the exception of corals from the Ningaloo Reef and the two adjacent 
colonies from the Hainan Island (15WC23 and 15WC26), the other sets 
of corals show significant differences (p < 0.05) in their coeval δ11B de-
terminations. Moreover, even with analytical precision being accounted 
for, only 3 out of 9 δ11B comparisons show acceptable avgabs values (<2σ 
the magnitude of analytical precision). As for B/Ca, the three sets of 
corals all exhibit significant differences (p < 0.05, two-sample t tests, 
Table  S3 in Supporting  Information  S1), and 2 out of 5 comparisons 
show avgabs or mean difference below the 2σ the magnitude of analyt-
ical precision. Accordingly, these all point to considerable intercolony 
differences in coral boron systematics, with the mean offset as high as 
1.05‰ for δ11B and 183.1 μmol/mol for B/Ca. Additionally, the variation 
pattern of annual-biennial records are also not consistent within each 
set of corals, barely showing any correlation between each other, even 
for the colonies growing within 5  m distance (15WC23 and 15WC26, 
10AR2 and AREO 4). Although certain studies (Wei et  al.,  2015; Wu 
et al., 2018) have demonstrated a good replication of δ11B record with-
in the same colony, our study suggests a poor δ11B (as well as B/Ca) 
replication among different colonies, in particular for the annual- and 
biennial-resolution records.

Figure 5.  Box-whisker plots of skeletal δ11B and B/Ca in the modern and fossil corals from the Hainan Is. in the northern South China Sea. For comparison, 
global data sets of boron systematics for the Porites spp. are also shown, including Chen et al. (2019), D'Olivo et al. (2015, 2019), Kubota et al. (2017), M. T. 
McCulloch et al. (2017), Pelejero et al. (2005), Shinjo et al. (2013) and Wei et al. (2009, 2015). The blue lines indicate the mean average with the standard 
deviation shown as the shaded area.

Sample 
name

Climate 
epoch δ11B pHcf pHsw B/Ca DIC

pHcf-
DICcf

a

Modern corals

11LW4 CWP 23.34 8.43 8.00 604.2 3,396 -

15WC23 24.10 8.48 8.06 419.8 4,840 −0.70

15WC26 24.31 8.50 8.09 468.6 4,260 −0.60

Average 23.92 8.47 8.05 497.5 4,166 /

Fossil corals 

13OC4 LIA 25.76 8.63 8.38 574.5 3,468 −0.44

11LW2 26.24 8.61 8.34 574.7 3,398 −0.70

11QG1 MCA 25.17 8.55 8.21 507.6 3,913 −0.45

11QG3 25.18 8.56 8.22 537.8 3,706 −0.38

Average 25.59 8.59 8.29 548.6 3,621 /
aCorrelation with p > 0.05.

Table 3 
Boron Systematics and Estimated Carbonate Chemistry in Coral 
Calcifying Fluid
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This intercolony difference in coral boron systematics is likely a manifestation of large inherent differ-
ence in coral CF carbonate chemistry, with the average of absolute difference as high as 0.08 for pHcf and 
1,444 μmol/kg for DICcf. Since our intercolony differences evaluation includes colonies from different sites 
within the same reef, it is possibly that micro-environmental pH or DIC effects might also contribute to 
such difference, as seawater provides the basic supply for coral CF. However, for corals growing next to each 
other with minimal micro-environmental effects, we still find moderate absolute difference between them. 
This hints that the physiological differences of corals offer each colony a different capability to control its 
internal CO2 system and to up-regulate the internal pHcf, resulting in great intercolony differences in CF 
carbonate chemistry. Furthermore, since these Porites corals are not identified at a species level, interspecif-
ic differences may also contribute to some of this observed intercolony differences.

4.2.  Variation in CF Carbonate Chemistry Over the Past Millennium

Coral pHcf appears to exhibit a marginal increase from the MCA to LIA, followed by a considerable decrease 
to the Current Warm Period (CWP, standing for the post-industrial warming period; Figure 4). However, 
taking the intercolony differences into consideration, the pHcf offset between the MCA and LIA corals is 
∼0.07, slightly below the upper limit of the observed pHcf individual differences (0.08; Table 1), comparable 
to the mean offset of coeval coral pHcf (0.07; Table 1). Thus, the conclusion that there is a shift toward higher 
pHcf for the LIA corals remains uncertain until more fossil corals are included. Taking all fossil corals as a 
whole, the pre-industrial pHcf level (8.59, estimated from 4 colonies) is ∼0.12 higher than that of the post-in-
dustrial level (8.47, estimated from 3 colonies). The value exceeds the estimated individual pHcf difference 
(0.08, Table 1), suggesting considerable pHcf decline for the modern corals in this region. Another modern 
coral (Song-5, Figure 1) from the south coast of Hainan Island also exhibits a similar lower pHcf level com-
pared to the fossil corals with a mean value of 8.49 (1841–2001; Liu et al., 2014), corroborating the reduced 
coral pHcf in the nearshore Hainan Island and suggesting significantly negative impact of OA on coral pHcf.

By contrast, despite of evident declines in coral pHcf, it appears that the DICcf of Porites, even when only 
the post-1980 data (during which warming begins to suppress coral symbiosis and metabolism) are consid-
ered, shows no significant changes throughout the past 1 ka. This suggests that corals' ability to concen-
trate carbon for calcification have not been significantly disturbed by anthropogenic impacts, such as ocean 
warming or nearshore activities in this region. However, it should be noted that our data sets involve a small 
number of coral samples, and thereof there is possibility that the striking intercolony differences of DICcf 
might obscure any changes in DICcf induced by anthropogenic forcing.

4.3.  Implications for Seawater pH Changes

The reconstructed pHsw from each fossil coral record shows comparable average levels within the respective 
climate epoch, with mean values of 8.22 and 8.36 for the MCA and LIA, respectively. This yields a difference 
of approximately 0.14 units for coral-derived pHsw between the MCA and LIA, which is, however, equals to 
the largest pH reconstruction bias estimated from the coral δ11B intercolony differences. More coral samples 
are needed to confirm this pHsw changes between the two notable climate epochs over the last millennium. 
Nevertheless, the estimated mean pHsw value (∼8.29) from all fossil corals (n = 4) is much higher than that 
of the modern record (∼8.05; n = 3), indicating a more marked pHsw decrease of ∼0.24 from the LIA to 
the CWP. This prominent pHsw decline exceeds the modeled global average pHsw reduction induced by OA 
(∼0.10, Orr et al., 2005), but is comparable to the OA estimation in the nearshore south Hainan (∼0.24, Liu 
et al., 2014) and in the California Current Ecosystem (∼0.21, Osborne et al., 2020).

The striking pHsw decline, occurring around the transition from the LIA to CWP, leads us to speculate that 
increased atmospheric CO2 from the mid-19th century may contribute greatly to this reduction (Figure 6), 
since the uptake of CO2 by the ocean is one of the major factors driving pHsw changes, especially modern 
OA (Feely et al., 2004). Therefore, we plot our coral records with another pHsw reconstruction from the 
south Hainan Is. (Liu et al., 2014) as well as the atmospheric CO2 concentration (Figure 6). It appears that 
the overall coral pHsw reconstruction follows the atmospheric CO2 changes, with higher pHsw levels and no 
significant centennial variability during the pre-industrial era, but lower pHsw levels and a long-term de-
cline for the industrial era (Figure 6). However, the composite pHsw reconstruction derived from the modern 
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corals (CE 1900–2010, n = 3; Figure 6) exhibits an overall slow decline rate of −0.0004 ± 0.0002 pH/years, 
which could only result in about 0.04 ± 0.02 pHsw decline for the past 110 years. This slow decline rate is 
likely a result of elevated pHsw level from 1980 onwards (Figure 6), because we find a more prominent pHsw 
decline with a rate of −0.0012 ± 0.0004 pH/year for the period of 1900–1978, which is basically comparable 
to the rapid decline rate of −0.0015 ± 0.0002 pH/year (CE 1841–2001) in the south coast of Hainan Island 
(Liu et al., 2014). This suggests that east Hainan Island has also experienced significant ocean acidification 
over the past century. However, it seems that other local processes have come into play in recent 30 year, 
which likely have alleviated the CO2-induced OA effect in this region, as the pace of pHsw decline slows. 
This highlights the importance of a further understanding of the pHsw regulation by local physical or biolog-
ical processes and their interactions with OA, to offer a better projection for the future situation.

5.  Conclusions
Coral δ11B and B/Ca exhibit considerable intercolony differences, with mean offset as large as 1.05‰ and 
183.1 μmol/mol, respectively. This indicates that splicing coral boron systematic records to generate long-
term reconstruction of coral CF chemistry and pHsw variation carries great risks, in particular without coe-
val replication records.

Our estimation from δ11B and B/Ca records of 4 fossil and 3 modern corals in the northern SCS suggest 
that, the pHcf of modern corals has shifted to lower values compared to the fossil with an average decline 
of 0.12, but the DICcf changes is less noticeable though the B/Ca ratios of fossil corals all fall in the upper 
region of the modern range. The pHcf decline, likely an effect of ocean acidification, highlights significant 
anthropogenic influences on corals' capacity to up-regulate pH at their calcification site, which is central to 
coral resilience to OA, thereof making corals more vulnerable to future climate change.

The overall coral pHsw reconstruction over the past millennium seems to follow the variation of atmos-
pheric CO2 concentration, demonstrating significant CO2-induced ocean acidification in the northern SCS. 
Nevertheless, in the east coast of Hainan Island, pHsw has staged a recovery since the 1980, slowing down 
the OA rate, hinting a compensating effect from local physical or biological processes, and underlining the 
important roles of local natural forcing in regulating pHsw.

Figure 6.  Comparison between atmospheric CO2 concentration and coral-derived pHsw reconstructions in the 
nearshore Hainan Island of the northern SCS over the past millennium. Records for the east coast are shown with blue 
lines, with a close-up of modern composite records shown in the inset. Records of the south coast (Liu et al., 2014) are 
shown with red lines. Despite exhibiting a marginal declines (of −0.0004 ± 0.0002 pH/year) for the period of 1900–
2010, pHsw of the east coast reduced more prominently (−0.0012 ± 0.0004 pH/year) from 1900 to 1978 with this decline 
rate comparable to the estimation for the south coast −0.0015 ± 0.0002 pH/year; 1847–2001). Note that atmospheric 
CO2 concentration is plotted on an inverted scale on the y axis, with data from Keeling et al. (2001).
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Data Availability Statement
Data set for this article can be found at Chen et al. (2021): δ11B and B/Ca measurements of the modern and 
fossil Porites corals from the east coast Hainan Island in the northern South China Sea. Zenodo (https://doi.
org/10.5281/zenodo.4896184).
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