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Abstract

Geochemical records preserved in the long-lived carbonate skeleton of corals provide one of the few means to reconstruct
changes in seawater pH since the commencement of the industrial era. This information is important in not only determining
the response of the surface oceans to ocean acidification from enhanced uptake of CO,, but also to better understand the
effects of ocean acidification on carbonate secreting organisms such as corals, whose ability to calcify is highly pH dependent.
Here we report an ~200 year 8''B isotopic record, extracted from a long-lived Porites coral from the central Great Barrier
Reef of Australia. This record covering the period from 1800 to 2004 was sampled at yearly increments from 1940 to the pres-
ent and 5-year increments prior to 1940. The 3!'B isotopic compositions reflect variations in seawater pH, and the §'3C
changes in the carbon composition of surface water due to fossil fuel burning over this period. In addition complementary
Ba/Ca, 8'80 and Mg/Ca data was obtained providing proxies for terrestrial runoff, salinity and temperature changes over
the past 200 years in this region. Positive thermal ionization mass spectrometry (PTIMS) method was utilized in order to
enable the highest precision and most accurate measurements of 3''B values. The internal precision and reproducibility for
3"'B of our measurements are better than +0.2%, (26), which translates to a precision of better than +0.02 pH units. Our
results indicate that the long-term pre-industrial variation of seawater pH in this region is partially related to the decadal-
interdecadal variability of atmospheric and oceanic anomalies in the Pacific. In the periods around 1940 and 1998 there
are also rapid oscillations in 5''B compositions equivalent changes in pH of almost 0.5 U. The 1998 oscillation is co-incident
with a major coral bleaching event indicating the sensitivity of skeletal 5''B compositions to loss of zooxanthellate symbionts.
Importantly, from the 1940s to the present-day, there is a general overall trend of ocean acidification with pH decreasing by
about 0.2-0.3 U, the range being dependent on the value assumed for the fractionation factor g3 g4y of the boric acid and
borate species in seawater. Correlations of 8!'B with 8'3C during this interval indicate that the increasing trend towards ocean
acidification over the past 60 years in this region is the result of enhanced dissolution of CO, in surface waters from the rap-
idly increasing levels of atmospheric CO,, mainly from fossil fuel burning. This suggests that the increased levels of anthro-
pogenic CO; in atmosphere has already caused a significant trend towards acidification in the oceans during the past decades.
Observations of surprisingly large decreases in pH across important carbonate producing regions, such as the Great Barrier
Reef of Australia, raise serious concerns about the impact of Greenhouse gas emissions on coral calcification.
© 2009 Elsevier Ltd. All rights reserved.
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ecosystems on a global scale. Atmospheric CO, concentra-
tions are approaching 390 ppm, far beyond the ‘natural’
range of 200-280 ppm present during the past 400 kyr of
glacial/interglacial cycles, and are continuing to increase
at an accelerating rate of >2 ppm/yr. About 30-40 percent
of the CO, injected into the atmosphere over the last cen-
tury has been taken-up by the oceans (Orr et al., 2001), with
a resultant increase in the hydrogen ion concentration [H']
of seawater, causing a reduction in seawater pH and trend
towards ocean acidification (Caldeira and Wickett, 2003).
Model calculations indicate that the increased levels of
atmospheric CO, relative to the pre-industrial era has al-
ready caused an overall decrease of global seawater pH of
0.1 U, and further pH reduction of 0.2-0.3 are predicted
for the next century (Caldeira and Wickett, 2003; Haugan
and Drange, 1996) as discussed in the Fourth Assessment
Report of IPCC (Intergovernmental Panel on Climate
Change, 2007). Ocean acidification will reduce the level of
carbonate saturation in seawater (Feely et al., 2004; Morse
et al., 2006; Orr et al., 2005) and lead to reductions in rates
of calcification (e.g. Langdon and Atkinson, 2005). If ocean
acidification continues on its present trajectory, CaCOj dis-
solution will become more serious, as aragonite unsatura-
tion is approached. As a result, some key marine
calcareous organisms, such as calcareous micro-organisms
and corals, will have difficulty to maintain their external
carbonate skeletons (Kleypas et al., 1999; Hoegh-Guldberg
et al., 2007; Miles et al., 2007; Roberts et al., 2006). In par-
ticular, coral reefs will be at great risk as coral calcification
appears to be extremely sensitive to the level of carbonate
saturation (Langdon and Atkinson, 2005).

Unfortunately, very little is known about the regional
variability of ocean acidification on decadal to centennial
time-scales, especially since the industrial era. Our current
knowledge of ocean acidification is mainly the result of
model calculations (Kleypas et al., 1999; Cao and Caldeira,
2008) and unlike other key climatic indices, such as temper-
ature and salinity, until recently, seawater pH has seldom
been recorded in marine observations due to the non-rou-
tine nature of the measurements. Accordingly, long-term
continuous seawater pH records are scarce, with records
now only approaching several decades from the offshore
sites of Hawaii (Hawaii Ocean Time-series: HOT, see
http://hahana.soest.hawaii.edu/hot/hot_jgofs.html)  and
Bermuda (Bermuda Atlantic Time-series Study: BATS,
see http://bats.bios.edu/). This raises questions of how re-
gional controls on seawater pH operate and what processes
influence the variation of seawater pH over decadal to cen-
tennial time-scales. This lack of knowledge hinders at-
tempts to properly evaluate not only the current status of
ocean acidification, but importantly future trends and likely
impacts on marine biota.

Boron isotopic systematics in marine carbonate provides
a proxy for seawater pH as there is an isotopic fractionation
between the boric acid, B(OH)3 and borate ion, B(OH); ™
species in seawater (Kakihana et al., 1977), with the relative
proportions of these species being controlled by pH (Her-
shey et al., 1986). Furthermore, only the B(OH),~ species
is incorporated into marine carbonate (Vengosh et al.,
1991), hence the boron isotope composition in carbonate

is a function of the ambient seawater pH during calcifica-
tion (Hemming and Hanson, 1992; Vengosh et al., 1991).
Some studies, however, argued that some observed high
'1B/19B ratios in corals might indicate partial incorporation
of B(OH); into coral skeletons, potentially compromising
the utility of coral boron isotopes as a seawater pH indica-
tor (Xiao et al., 2006). Taking account of the calcification
mechanism in corals at the cellular scale (Gattuso et al.,
1999), the boron isotopic composition of coral skeletons re-
flect those of the internal fluid called extracytoplasmic cal-
cifying fluid (ECF), which underlies the -calicoblastic
epithelium, or lowest tissue layer of the coral polyp cells
where calcification takes place (Honisch et al., 2004). The
ECF is separated from the ambient seawater by the coral
polyp cells. It is generally postulated that Ca-ATPase en-
zymes work to transport protons, generated during calcifi-
cation, away from the ECF to maintain high pH and
transplant Ca>* to the site of calcification at the same time
for calcification (Al-Horani et al., 2003a; Gattuso et al.,
1999; McConnaughey and Whelan, 1997). The on-going
process of H' generation and removal results in larger
pH variation in the ECF compared to that in ambient sea-
water (Al-Horani et al., 2003a; Hemming et al., 1998; Kuhl
et al., 1995). Moreover, very little is known about the mech-
anism for boron transportation to the ECF from ambient
seawater. Which species, B(OH); or B(HO),, is preferen-
tially transported, how they penetrate the polyp cells to
reach ECF, and the boron speciation within the ECF, re-
main largely unknown. All of these factors can potentially
complicate the relationship between coral skeletal boron
systematics and ambient seawater pH. Fortunately, calibra-
tions undertaken under controlled conditions using cul-
tured biogenic carbonate, such as foraminifers (Sanyal
et al., 2001) and corals (Honisch et al., 2004), indicates that
the boron isotope composition in carbonates actively re-
sponds to changes of the ambient seawater pH, implying
that boron isotope compositions in biogenic carbonate reli-
ably reflect the changes in seawater pH, notwithstanding
the uncertainties in calibration and species effects discussed
below.

Most of the studies of boron isotope systematics in car-
bonates have focused on reconstructing paleoseawater pH
in longer time-scales, such as glacial/interglacial cycles
(10° years) or longer (10° years) through the early Cenozoic
(Honisch et al., 2004; Honisch and Hemming, 2005; Pear-
son and Palmer, 1999; Sanyal et al., 1997; Sanyal et al.,
1995), in which the pH records are used to infer levels of
atmospheric pCO,. To date very few studies have focused
on the recent decadal to centennial pH record, which is
the appropriate timescale for studying the effects of ocean
acidification driven by anthropogenic emissions of CO,.
An exception is a pH record covering the past 300 years
produced by the ANU laboratories at 5-yearly resolution
using boron isotopic variations in a Porites coral from Flin-
ders Reef in the Coral Sea, offshore of the East Australia
(Pelejero et al., 2005). It is interesting to note that the var-
iation of seawater pH in this region is mainly in response to
the Interdecadal Pacific Oscillation (IPO) of ocean-atmo-
sphere anomalies, with an ~50-year cycle in the past
300 years (Pelejero et al., 2005). However, due to these
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oscillations there is no convincing evidence for a decrease in
pH that can be unambiguously attributed to ocean acidifi-
cation. This maybe due to the coral record ceasing in the
mid 1980s, combined with the relatively large IPO oscilla-
tions. This indicates the importance of natural variability
in seawater pH and that higher atmospheric CO, concen-
tration will not necessarily result in a uniform reduction
in seawater pH (Haugan and Drange, 1996). It is therefore
apparent that the response of seawater pH to atmospheric
CO, concentration is not a simple process, particularly in
coral reef environments where coral calcification and pho-
tosynthesis can significantly perturb local pH. As recog-
nized in the earlier study of Pelejero et al. (2005) more
paleo-pH records covering the past several centuries at dif-
ferent locations and sufficient resolution are needed for a
better understanding of how larger-scale ocean variations
may interact with locally generated changes in pH produced
within coral reef environments.

In order to reconstruct seawater pH variations over the
past ~200 years (1800-2004) we have determined the boron
isotopic variations at high temporal resolution from the
carbonate skeleton of a long-lived Porites coral from the
central Great Barriers Reef (GBR) of Australia. In contrast
to the record of Pelejero et al. (2005), this coral is within the
GBR and close to the Australian continent (~30 km). The
time resolution of our record from 1940 to 2004 is at an an-
nual resolution and at 5-yearly intervals prior to 1940, the
latter being similar to the sample resolution of Pelejero
et al. (2005). This new record provides insights into varia-
tion of seawater pH in a major near-shore coral reef at dec-
adal to centennial time-scales. In addition to boron
isotopes, Mg/Ca (proxy for sea surface temperature;
SST), 8'3C (proxy for 8'C of dissolved inorganic carbon;
DIC), 8'%0, and Ba/Ca (proxies for terrestrial input) are
also reported. These geochemical records provide con-
straints on how seawater pH variation response is related
to other climate/environment changes.

2. MATERIALS AND METHODS

A Porites sp. coral core was drilled in Arlington Reef,
immediately offshore Cairns in the north-east coast of
Australia in November 2004 (Fig. 1) using underwater dril-
ling techniques and associated logistics developed at the
Australian National University. The coral core was cut
length-wise into 7-mm-thick slabs. Annual density bands
where revealed by X-rays and occasional flood-plume re-
lated fluorescent lines by long-wave UV light and used to
establish the chronology of the coral core. Generally, the
highest density bands correspond to winter skeletal growth,
and the fluorescent lines, when present, correspond closely
with the summer period (January-February) when freshwa-
ter inputs from the coastal rivers are intensified by the Aus-
tralian summer monsoon. The density and fluorescent
chronologies agree well with each other and were indepen-
dently verified by high resolution laser geochemistry.

The slabs were ultrasonically cleaned in water purified by
Millipore system (MQ water), rinsed three times and dried at
40 °C prior to sampling. Before collecting the samples, preli-
minary milling along the designated sample track was under-

taken to remove the upper ~1 mm surface. Fine powder was
milled from 2 mm wide sampling grooves along the center of
the maximum growth axis. The samples from 2004 to 1940
were milled in 1-year intervals, and in 5-year intervals from
1939 to 1800. For further details of the sampling method re-
fer to Hendy et al. (2002) and Pelejero et al. (2005).

About 20 mg of fine powder was placed into a clean plas-
tic tube, and then ~1 mL 30% H,0, added and reacted with
the coral powder for about two days. This step removes most
of the organic matter inform the coral samples. The tube was
then centrifuged and the supernatant removed. The remain-
ing coral powder was then rinsed x3 times with Milli-Q
water. The coral sample was dissolved with ~0.2 mL 3 N
HCI, and diluted to 1 mL with 0.1 N HCI.

A two-step column procedure was used to separate and
purify the coral boron. The first column comprises ~0.5 mL
of AG 50 x 8 cation resin filled in a 2 mL BioSpin column.
The sample in 1 mL 0.1 N HCI was loaded onto the column
directly. The sample was eluted with 2mL (0.5 mL x 4)
0.1 N HCI and collected for further boron purification.
The first column process removes the dominant Ca fraction
that may form Ca(OH), precipitates causing significant
boron losses when increasing the pH during the subsequent
step. Concentrated NH,OH was then added until the pH
value is >12. After allowing ~1 h for equilibrium, the solu-
tion was loaded onto the second B specific column, consist-
ing of ~0.5 mL Amberlite IRA 743 resin in a 2 mL BioSpin
column. Boron is quantitatively absorbed by the resin, and
washed by eluting the column with ~0.03 M NH,OH (re-
peated x3 times) and 0.5 mL Milli-Q water. Boron was
then eluted with 2.5 mL (0.5 mL x 5) 0.1 N HCI and col-
lected. Some CsOH and mannitol were added into the B
fraction to make the B/Cs and B/mannitol molar ratios at
about a ratio of 1:2 and 3:4, respectively (Lemarchand
et al., 2002), assuming that the boron concentration in coral
samples is about 50 ppm. The solution was then dried under
an infrared lamp at a temperature <60 °C in preparation
for mass spectrometry.

The sample was loaded onto a degassed single Ta fila-
ment using 4 uLL 0.1 N HCI, and dried under a lamp at
<60 °C. Following the procedure of (Xiao et al., 1988),
~1 pL graphite suspension solution was added to the sam-
ple before it is completely dried, and the sample then imme-
diately loaded into the mass spectrometer for boron isotope
measurements.

Boron isotope compositions were measured on a Finni-
gan TRITON thermal ionization mass spectrometry
(TIMS) in the Research School of Earth Sciences at the
Australian National University. Positive ions with masses
at 309 (13Cs!PCs!IB160100 + 13¢5 3¢5 1°B190170)* and
308 ("*3Cs'*3Cs'B'°0'°0)" were measured at high mass
in order to reduce the amount of instrumental-induced
mass fractionation (Spivack and Edmond, 1986). The bor-
on isotope ratio !'B/!°B can be calculated from the ratio of
39M /%M with an 7O correction (Spivack and Edmond,
1986) of:

"'B/'B ="M /**M-0.00078

Boron isotope compositions are expressed as 8''B:
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Flinders Reef

Fig. 1. Map showing the location of Arlington Reef in the Great Barrier Reef (GBR) and Flinders Reef in the Coral Sea. Dashed lines
indicate the main coral reefs within the GBR. Insert shows location of the Great Barrier Reef of Northern Queensland.

611B = |:(11B/10B)sample/(“B/IOB)standard - 1:| x 1000

relative to the NIST SRM 951 standard.

Since the RSES TRITON center cup cannot exceed mass
300, the higher faraday cup H3 was adjusted to measure
masses 308 and 309 when the center cup was positioned at
masses 295 and 296, respectively. Simultaneously, the H2
cup was adjusted to measure mass 301 (!3Cs!'¥3Cs*>Clyt
with the H3 cup at mass of 309. The ratio of 309/308 was
measured in dynamic mode using H3 with 308 intensities
in the range 50-100 mv. Multi-collector measurements
where not possible due to space limitations for adjacent cups
at masses 308-309 despite the use of the zoom optics. Mea-
surements for each sample consisted of four blocks, with
each block containing 20-25 cycles. Such ratio measurement
generally reached <0.01% internal 2¢ precision for 309/308
ratios, corresponding to an error of better than +0.0008

or ''B/'°B ratio.

Fig. 2 shows the within-run variations and reproducibil-
ity of 'B/!1°B ratios for the boron isotope standard, SRM
951, which was loaded directly onto a Ta filament without
any chemical treatments. Fig. 2 shows no detectable
UB/19B ratio drift within a single measurement, and the
reproducibility of different measurements is excellent, indi-
cating that mass fractionation between 308 and 309 from
different filament loads and during mass spectrometry mea-
surement is insignificant.

In contrast when measuring coral samples there is gener-
ally an increasing trend in the ''B/!°B ratio (Fig. 3a), which is
attributed to isobaric interference of (!*3Cs!**Cs!2C!
NIGO)Jr on >%Cs,BO,™. The isobaric *%Cs,CNO™ interfer-
ence is presumed to be from coral derived organic material
despite the coral samples being treated with H,O, before col-
umn chemistry. Some organic material apparently remains
with the anomalously low 309/308 ratios attributed to
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Fig. 2. Variations of ''B/!°B ratios of SRM 987 during measure-
ment using TRITON positive (P) TIMS. The ''B/'°B ratios were
calculated from the measured mj/e 309/308 ratios using: 'B/'°B =
309Cs,BO, /2% Cs,BO,-0.00078. Symbols indicate the results from
different filaments. The shaded bars indicate the average of the
11B/1°8 ratios for a single filament.
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Fig. 3. Variations of ''B/!°B and 3°'Cs,CI"/*®Cs,BO, " ratios of a
coral sample during measurement using PTIMS. (a) ''B/'°B ratios
as measured using 39Cs,BO," and 308CszBOfcomplexes. (b)
Measured **'Cs,CIT/2®Cs,BO," ratios. The vertical dashed line
marks the point of exhaustion of 3*'Cs,CI", indicating that
308C52CNOJr interference on the ''B/'°B ratios derived from
309Cs,BO, /7% Cs,BO, " is insignificant.

308Cs,CNO" interference. Because organic matter is ex-
hausted more quickly than Cs,BO,T, during measurement,
a gradual decreasing of **®Cs,CNO™ isobaric interference,
produces an increase in 309/308 ratio. Interference free
309/308 data is therefore obtained from the plateau region
shown in Fig. 3a, which occurs after the organic matters
has decayed. Thus careful monitoring of interferences is
essential for accurate ''B/!'°B ratios. Some studies suggest
the addition of H3PO, to the sample during filament loading
(Wei et al., 2004). H;PO4 may retard the ionization of
Cs,BO,™, and help to exhaust organic interferences before
data collection. However, the decay rate of Cs,BO," signal
increases at higher temperature and as a result, the Cs,BO,"
signal generally cannot be sustained to obtain high-precision
results necessary for this study.

Here we also use >°'Cs,Cl* to monitor 3%Cs,CNO™.
Like 3%Cs,CNO™, 3*'Cs,ClT is more readily exhausted
compared to Cs,BO,". As shown in Fig. 3b, the
01Cs,CIT % Cs,BO, ' ratio decreases rapidly at the early
stage of measurement, concomitant with an increasing
309/308 ratio. When the **'Cs,CI"/*”Cs,BO," ratio de-
creases to a very low level, generally about 107°-107%, the
ratio of 309/308 also reaches a plateau, indicating that the
isobaric interference of *®Cs,CNO™ is insignificant and
the 3''B data is interference free. Using this method, the pre-
cision and reproducibility of 'B/'°B for coral samples are
comparable with those obtained for the SRM 951 standard.

In order to evaluate the influence of column chemistry
on boron isotope ratios, SRM 951 solutions were also pro-
cessed through the two-step column chemistry used for the
coral samples. The ''B/!°B ratios of the SRM 951 after such

Table 1
Boron isotope composition of standard SRM 951, Davies Reef
coral and seawater.

''B/1°B 2 3''Be 20
Standard SRM 951 directly loaded on Ta filament
Mean 4.0532 0.0003
Standard SRM 951 processed through column chemistry
1 4.0530 0.0006 —0.06 0.15
2 4.0535 0.0012 0.07 0.29
3 4.0536 0.0006 0.10 0.16
4 4.0520 0.0008 —0.30 0.20
5 4.0534 0.0004 0.06 0.10
6 4.0534 0.0006 0.05 0.14
7 4.0542 0.0005 0.24 0.12
8 4.0530 0.0006 —0.06 0.15
9 4.0535 0.0012 0.07 0.29
10 4.0538 0.0005 0.14 0.13
Mean 4.0534 0.0004 0.06 0.10
Working standard: Davies Reef coral
1 4.1547 0.0009 24.84 0.22
2 4.1549 0.0013 24.90 0.32
3 4.1562 0.0008 25.21 0.19
4 4.1562 0.0008 25.20 0.19
5 4.1561 0.0006 25.18 0.13
6 4.1557 0.0005 25.09 0.12
7 4.1547 0.0007 24.84 0.17
8 4.1566 0.0003 25.31 0.07
9 4.1563 0.0005 25.24 0.12
10 4.1559 0.0003 25.14 0.07
11 4.1548 0.0005 24.87 0.12
12 4.1550 0.0004 24.92 0.10
Mean 4.1558 0.0004 25.12 0.11
Seawater
1 4.2155 0.0003 40.05 0.07
2 4.2165 0.0003 40.32 0.08
3 4.2153 0.0002 40.02 0.05
4 4.2150 0.0002 39.95 0.05
Mean 4.2156 0.0002 40.08 0.08

a 8B = 1000 x [(''B/'B)sample/(''B/!°B)standard — 1], where
(''B/'°B)standard equals the long-term average of SRM 951
directly loaded on Ta filament, 4.0532.

treatment show an average of 4.0542 + 0.0005 (n = 10),
which is the same as the long-term average of SRM 951
of 4.0540 +0.0003 without chemical processing. The
B/B results of SRM 951 after column chemistry are
listed in Table 1. A modern Porites coral, collected at
Davies Reef in the central Great Barrier Reefs, was used
as a secondary working standard, and repeatedly measured
with other coral samples. These results are also listed in
Table 1, and the average 1B/19B of Davies Reef coral is
4.1558 + 0.0004, corresponding to 8''B =25.12 4+ 0.11 rel-
ative to the long-term average of SRM 951 (4.0540) mea-
sured on our machine. A seawater standard from the
Great Barrier Reef was also analyzed giving a 5''B value
of 40.08 + 0.08 (Table 1).

Acids and NH4OH were prepared using distilled reagents,
and H,0, and mannitol used are in analytical grade form.
The blank of all the reagents, including Milli-Q water,
HCI, NH4OH, and mannitol, as well as the blank of the
whole chemical procedure and loading blank on Ta filament,
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have been tested using isotope dilution spiked with the '°B
SRM 952. The blanks were measured using negative ions
of ¥B0O,™ and ¥*BO,~ (Pelejero et al., 2005), which is extre-
mely sensitive to small boron signals. All of the blanks are at
the level of 10™° g. The coral sample size in our measurement
is about 20 mg, equivalent to ~107% g of boron and there-
fore, reagents and procedural blanks are insignificant. This
is also supported by the consistency between the ''B/!°B ra-
tios of SRM 951 after column chemistry and those loaded
directly.

Sr/Ca, Mg/Ca and Ba/Ca ratios of the coral samples
were measured on a Varian Vista inductively coupled plas-
ma atomic emission spectrometry (ICP-AES) in the Key
Laboratory of Isotope Geochronology and Geochemistry
of Chinese Academy of Sciences in Guangzhou Institute
of Geochemistry. Details of the analytical methods are gi-
ven by (Wei et al., 2007). Precision for Sr/Ca and Mg/Ca
ratios is better than 0.3%, and about 1-3% for Ba/Ca ratios.
Oxygen and carbon isotopes of the coral samples were mea-
sured on a GV Isoprime II isotope ratio mass spectrometry
(IRMS) coupled with Dual Inlet® and Multiprep®, an on-
line carbonate preparation system, in the same laboratory.
The oxygen and carbon isotope compositions are expressed
as 8'%0 and 8'*C relative to Vienna PDB standard. Preci-
sion for oxygen and carbon isotopes are better than
0.08%, (1o) and 0.05%, (10), respectively. These data, to-
gether with the boron isotope results, are listed in Table 2
and shown in Fig. 4.

3. RESULTS

The 8''B values of the Porites coral from Arlington Reef
ranges from 25.4%, to 21.1%,. The maximum &''B value of
25.49, occurs in the 1857, representing a 5-year interval,
and in the 1947 1-year sample, a similar value of 25.1%, is
obtained. The minimum 3''B values (<22%,) occur during
1935-1940 also a S5-year sample and in the yearly samples
at 1998 and 2004. Importantly from 1941 to 2004, there is
an overall trend of decreasing coral 3''B values (Fig. 4a).

The §'3C of the coral varies relatively systematically
from —0.98%, to —3.569%, with an overall decrease towards
more negative 3'>C values for the period of 1850-2004
(Fig. 4b). However, the decrease during the most recent
50 years is especially significant, from ~—1.49, in 1942 to
~—3.6%, in 2004, representing an overall shift of ~—29 .

The Mg/Ca ratios range from 3.5 to 4.5 mmol/mol.
From 1800 to 1910, the Mg/Ca ratios decrease gradually,
and increase for the period from 1950 to 2004 (Fig. 4c). Sig-
nificant negative 8'0 peaks and positive Ba/Ca peaks are
observed around the years 1840, 1880 and 1953 consistent
with major river flood-plumes reaching the reef. The 5'0
show a slight decreasing trend after 1920, which is similar
to that of the 8'*C and inverse to that of the Mg/Ca ratios.

4. DISCUSSION
4.1. Long-term variation of coral 5''B

The temporal variation of the 8''B of the coral from
Arlington Reef exhibits an overall decreasing trend since

1940 and obvious interdecadal fluctuations since 1800 as
shown in Fig. 4. Such interdecadal fluctuations have also
been observed in another coral 3''B record in Flinders Reef
in the adjacent region (Pelejero et al., 2005), which is the only
other published long-term coral 8''B record and also shows
a relationship to the Interdecadal Pacific Oscillation (IPO)
of ocean-atmosphere anomalies (Pelejero et al., 2005). The
temporal variations of both coral 5''B records, as well as
the filtered IPO index, represented by the temperature
anomalies during January-February-March (Folland et al.,
1999; Power et al., 1999) are shown in Fig. 5. The coral
5''B in Flinders Reef vary from 22.99%, to 24.89%,, which
is within the variation range for those in Arlington Reef,
but the maximum fluctuation amplitude in the Flinders Reef
record is only about half of that in the Arlington Reef record
(Fig. 5). Even though not exactly in phase, the interdecadal
fluctuations in the two coral 8!'B records appear to be par-
tially related to the variation of the IPO index, in particular
the rapid variations of coral 8''B correspond to rapid IPO
changes. For example, the rapid increase of 8''B values
around 1940 in the Arlington Reef record, approximately
corresponds to the rapid shifting of the IPO index from its
maximum positive value (~1.7) in 1940 to its maximum neg-
ative value (~—1.7) in 1951 (Fig. 5). It is noted, however,
that there are also some inconsistencies with the IPO, in par-
ticular the high 8''B values from 1993 to 1995 followed by
the rapid fall in values centered at 1998, suggesting that
other factors are also at play.

The interdecadal fluctuation of these coral 3''B records
from the Great Barrier Reef is further illustrated by their
power spectra (Fig. 6), which were calculated using the soft-
ware of REDFIT (Schulz and Mudelsee, 2002). A robust
48-year cycle is present in the Flinders Reef pH spectrum
(Fig. 6a), and a robust 22- and 10-year cycles, which are sig-
nificant at the 95% confident level, and a weak 50-year cy-
cle, which is significant at the 80% confident level, are
present in the Arlington Reef pH spectrum (Fig. 6b). These
decadal-interdecadal cycles are the characteristic periodici-
ties for the Pacific Decadal Oscillation (PDO) of Pacific cli-
mate variability (Mantua and Hare, 2002) or IPO (Folland
et al., 1999; Power et al., 1999), and they are well repre-
sented in coral paleoclimate records covering the past sev-
eral centuries in the Pacific and adjacent regions (Cobb
et al., 2001; Linsley et al., 2000a; Linsley et al., 2000b;
Sun et al., 2004). The difference of the periodicities shown
by the two pH records may in part be attributed to the dif-
ference in age range and temporal resolution. The Flinders
Reef record has longer time span, ~300 years, but lower
time resolution, in 5-year interval, while the Arlington Reef
record covers a shorter time span from 1800 to 2004, but at
higher resolution (l-year intervals) from 1940 to 2004.
Therefore, the lower frequency (~50-year) is readily appar-
ent in the Flinders Reef record, whereas the higher frequen-
cies (22-year and 10-year) are more apparent in the
Arlington Reef record. Even though the periodicities repre-
sented are different, they may still be related to the PDO or
IPO, indicating that the long-term variation of seawater pH
in the west Pacific may response to the decadal-interdeca-
dal climate variability in the Pacific on centennial time
scale. However, the specific mechanisms for the linkage



Table 2

The analyzed and calculated data of AREO 4 coral.

Sample ID Year® Mg/Ca® (x107%) Sr/Ca® (x1073) Ba/Ca® (x1079) 313C (%) 3180° (%) 3B (%) 20 pH® 26 mean®
AREO 4 1805-09 1807 4.310 7.762 3.53 —1.59 —4.40 23.61 0.16 8.02 0.02
AREO 4 1810-14 1812 4.139 7.910 4.03 —2.00 —4.49 24.53 0.15 8.13 0.02
AREO 4 1815-19 1817 4.302 7.773 3.36 —1.47 —4.56 22.74 0.15 7.90 0.02
AREO 4 1820-24 1822 4.101 7.792 3.71 —1.25 —4.49 23.86 0.16 8.05 0.02
AREO 4 1825-29 1827 4.249 7.745 3.31 —1.36 —4.37 24.77 0.12 8.15 0.01
AREO 4 1830-34 1832 4.233 7.809 3.58 —1.22 —4.49 23.60 0.14 8.02 0.02
AREO 4 1835-39 1837 4.333 7.747 3.44 —1.26 —4.40 23.12 0.16 7.95 0.02
AREO 4 1840-44 1842 4.330 7.756 5.31 —1.46 —5.15 22.88 0.16 7.92 0.02
AREO 4 1845-49 1847 4.437 7.728 2.81 -0.99 —4.51 22.94 0.20 7.93 0.03
AREO 4 1850-54 1852 4.125 7.715 3.22 —1.03 —4.37 22.90 0.17 7.92 0.02
AREO 4 1855-59 1857 4.065 7.705 2.82 —0.99 —4.36 25.38 0.08 8.22 0.01
AREO 4 1860-64 1862 3.986 7.693 422 —0.98 —4.49 22.63 0.12 7.88 0.02
AREO 4 1865-69 1867 3.991 7.686 3.21 —1.06 —4.54 22.53 0.17 7.87 0.02
AREO 4 1870-74 1872 3.929 7.642 3.19 —1.49 —4.65 22.53 0.20 7.87 0.03
AREO 4 1875-79 1877 3.841 7.639 4.13 —1.08 —4.59 23.14 0.17 7.96 0.02
AREO 4 1880-84 1882 4.003 7.663 6.78 —1.29 -5.77 22.96 0.19 7.93 0.02
AREO 4 1885-89 1887 3.968 7.730 3.21 —1.45 —4.39 23.50 0.16 8.00 0.02
AREO 4 1890-94 1892 3.757 7.695 2.96 —1.41 —4.60 23.17 0.14 7.96 0.02
AREO 4 1895-99 1897 3.847 7.676 3.60 —1.69 —4.42 23.43 0.17 7.99 0.02
AREO 4 1900-04 1902 3.758 7.643 3.40 —1.61 —4.51 23.37 0.14 7.99 0.02
AREO 4 1905-09 1907 3.619 7.709 3.75 —1.65 —4.84 23.95 0.19 8.06 0.02
AREO 4 1910-14 1912 3.583 7.720 3.07 —1.95 —4.44 22.52 0.16 7.86 0.02
AREO 4 1915-19 1917 3.747 7.726 3.40 —1.26 —4.58 24.00 0.13 8.07 0.01
AREO 4 1920-24 1922 3.855 7.729 2.92 —1.59 —4.34 22.62 0.19 7.88 0.03
AREO 4 1925-29 1927 3.672 7.732 3.12 —1.90 —4.99 23.98 0.12 8.06 0.01
AREO 4 1930-34 1932 3.785 7.708 2.82 -2.15 —4.81 22.02 0.14 7.78 0.02
AREO 4 1935-39 1937 3.787 7.699 2.61 —1.63 —4.68 21.63 0.19 7.70 0.04
AREO 4-1940 1940 3.805 7.786 4.03 —1.77 —4.89 21.65 0.17 7.71 0.03
AREO 4-1941 1941 3.837 7.688 2.68 —1.44 —4.39 23.90 0.16 8.05 0.02
AREO 4-1942 1942 3.616 7.758 4.26 —1.37 —4.69 24.24 0.14 8.09 0.02
AREO 4-1943 1943 3.667 7.747 2.80 —1.85 —5.32 24.09 0.15 8.08 0.02
AREO 4-1944 1944 3.637 7.746 3.53 —1.40 —4.70 24.22 0.28 8.09 0.03
AREO 4-1945 1945 3.746 7.705 3.52 —1.91 —4.83 24.05 0.24 8.07 0.03
AREO 4-1946 1946 3.671 7.665 2.85 —1.28 —4.97 2473 0.15 8.15 0.02
AREO 4-1947 1947 3.676 7.762 3.76 —1.64 —4.77 25.14 0.10 8.19 0.01
AREO 4-1948 1948 3.590 7.741 3.60 —1.74 —4.49 24.64 0.13 8.14 0.01
AREO 4-1949 1949 3.625 7.687 3.43 -1.72 —4.81 23.80 0.17 8.04 0.02
AREO 4-1950 1950 3.673 7.722 4.18 —1.65 —4.74 23.99 0.21 8.06 0.02
AREO 4-1951 1951 3.811 7.736 3.56 —1.54 —4.83 24.08 0.14 8.08 0.02
AREO 4-1952 1952 3.786 7.735 2.81 —1.69 —4.70 23.46 0.16 8.00 0.02
AREO 4-1953 1953 4.104 8.036 7.22 -2.12 —5.64 23.32 0.17 7.98 0.02
AREO 4-1954 1954 3.780 7.671 3.80 —1.75 —5.28 23.45 0.18 8.00 0.02
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AREO 4-1955
AREO 4-1956
AREO 4-1957
AREO 4-1958
AREO 4-1959
AREO 4-1960
AREO 4-1961
AREO 4-1962
AREO 4-1963
AREO 4-1964
AREO 4-1965
AREO 4-1966
AREO 4-1967
AREO 4-1968
AREO 4-1969
AREO 4-1970
AREO 4-1971
AREO 4-1972
AREO 4-1973
AREO 4-1974
AREO 4-1975
AREO 4-1976
AREO 4-1977
AREO 4-1978
AREO 4-1979
AREO 4-1980
AREO 4-1981
AREO 4-1982
AREO 4-1983
AREO 4-1984
AREO 4-1985
AREO 4-1986
AREO 4-1987
AREO 4-1988
AREO 4-1989
AREO 4-1990
AREO 4-1991
AREO 4-1992
AREO 4-1993
AREO 4-1994
AREO 4-1995
AREO 4-1996
AREO 4-1997

1955
1956
1957
1958
1959
1960
1961
1962
1963
1964
1965
1966
1967
1968
1969
1970
1971
1972
1973
1974
1975
1976
1977
1978
1979
1980
1981
1982
1983
1984
1985
1986
1987
1988
1989
1990
1991
1992
1993
1994
1995
1996
1997

3.943
3.810
3.938
3.988
4.123
3.980
3.761
4.004
3.828
3.890
3.827
3.850
3.790
3.836
3.756
3.892
3.899
3.926
4.011
3.728
3.791
3.961
3.855
3.765
4.005
4.038
4.031
4.186
3.896
3.775
3.832
3.837
3.886
4.033
4.133
3.896
4.093
4.078
3.888
3.966
4.111
4.311
3.998

7914
7.760
7.992
7.762
8.006
8.073
7.673
7.749
7.653
7.663
7.686
7.734
7.685
7.695
7.670
7.661
7.968
7.674
7.926
7.579
7.674
7.824
7.597
7.695
7.655
7.703
7.906
7.618
7.685
7.648
7.601
7.693
7.675
7.487
7.722
7.707
7.694
7.698
7.727
7.690
7.619
7.606
7.713

3.54
2.74
2.87
2.91
3.48
3.34
2.37
3.34
2.68
3.04
2.69
3.51
2.93
3.33
3.20
3.05
3.49
4.22
4.47
2.68
3.66
2.85
3.00
3.47
2.72
3.17
3.46
3.25
2.63
3.23
3.83
2.38
2.95
4.12
3.76
3.33
2.99
2.58
2.64
2.86
4.12
2.88
3.22

—1.44
—1.62
—1.86
-1.79
-1.77
—1.64
—1.83
-1.73
—1.86
—1.78
—1.83
-1.92
—1.68
—1.81
-1.76
-1.77
—1.65
—2.00
—-1.72
—1.71
—1.96
—1.76
—2.23
—2.25
—1.87
-2.10
—1.94
—1.85
-1.72
—1.96
—2.28
—2.46
-2.35
=2.77
—3.08
—2.60
-2.22
—2.89
—2.55
—2.42
-2.50
—2.75
—2.65

—4.90
—5.01
—4.93
—4.52
—4.81
—4.51
—4.66
—4.69
—5.42
—4.90
—4.73
—4.95
—4.63
—4.94
-5.40
—4.52
—4.85
—5.37
—4.75
—4.62
-5.17
—4.64
—5.36
—5.24
—4.66
—5.20
—4.79
—4.89
—4.70
—4.96
—5.37
—5.53
—5.41
—5.42
—5.45
—5.26
—4.84
—5.54
—4.98
—4.59
—4.87
—4.98
—4.70

23.14
22.96
23.25
23.67
23.06
23.55
23.04
22.76
23.09
23.30
23.74
24.08
23.61
23.96
23.90
23.52
23.57
23.90
23.19
23.83
23.77
23.34
22.96
23.37
23.45
22.29
23.26
23.32
23.61
23.82
23.38
22.42
22.71
22.70
22.97
22.86
22.88
23.40
24.61
24.19
24.16
22.62
21.65

0.18
0.23
0.13
0.17
0.21
0.24
0.18
0.15
0.13
0.17
0.11
0.11
0.15
0.15
0.18
0.29
0.18
0.19
0.14
0.15
0.11
0.16
0.17
0.16
0.20
0.22
0.16
0.16
0.16
0.20
0.25
0.23
0.28
0.18
0.14
0.20
0.18
0.11
0.13
0.17
0.13
0.16
0.18

7.96
7.93
7.97
8.02
7.94
8.01
7.94
7.90
7.95
7.98
8.03
8.08
8.02
8.06
8.05
8.01
8.01
8.05
7.96
8.04
8.04
7.98
7.93
7.99
8.00
7.83
7.97
7.98
8.02
8.04
7.99
7.85
7.89
7.89
7.93
7.92
7.92
7.99
8.14
8.09
8.08
7.88
7.71

(continued on next page)

0.02
0.03
0.02
0.02
0.03
0.03
0.02
0.02
0.02
0.02
0.01
0.01
0.02
0.02
0.02
0.04
0.02
0.02
0.02
0.02
0.01
0.02
0.02
0.02
0.02
0.03
0.02
0.02
0.02
0.02
0.03
0.04
0.04
0.03
0.02
0.03
0.02
0.01
0.02
0.02
0.01
0.02
0.03
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Table 2 (continued)

Sample 1D

e

20 mean

pH®
7.57
7.77
7.81
7.76
8.04
8.03
7.66

20
0.21

3""BY (%,)

21.06
21.97
2222
21.93
23.82
23.74
21.45

3'%0° (%,)

-5.21
—4.80
-5.29
—4.97
—5.32
—5.96
—5.25

81°C° (%)

—2.82
-3.33
—3.14
-3.12
—2.69
-2.72
—3.56

Ba/Ca® (x107°)

Sr/Ca® (x1073)

7.610

Mg/Ca® (x1073)

4.351
4.061

Year®

0.05
0.03
0.02
0.03
0.02
0.02
0.05

2.92
3.60
3.48
3.46
3.10
4.40

22.16

1998
1999
2000
2001

AREO 4-1998

0.20
0.14
0.16
0.16
0.16
0.28

7.722
7.628

AREO 4-1999

4.120
4.160
4.238

AREO 4-2000

7.653

AREO 4-2001

7.663

2002
2003

AREO 4-2002
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7.752

4.196
4.108

AREO 4-2003

7.691

2004

AREO 4-2004

# Samples from 1805 to 1939 are in 5-year interval, and the years for these samples are the average of the 5-year.

® Mg/Ca, Sr/Ca and Ba/Ca are molecular ratios.

¢ §13C and 8'%0 are relative to Vienna PDB standard.

4 B are relative to the long-term average of SRM 951 measured on this machine, 4.0532.

8.60 (Honisch et al., 2004) and seawater 8''B = 40.08%, of our measurement for the GBR

¢ pH values are calculated using the following parameters: op3 pa) = 1.0204 (Xiao et al., 2006), pKp

seawater.
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Fig. 4. Temporal variations of 8''B, 8'3C, Mg/Ca, 8'0 and Ba/Ca
ratios of the Porites coral from Arlington Reef. The vertical lines
indicate the pronounced oscillations of §'®0 and Ba/Ca ratios
around the year of 1840, 1880 and in 1953.

between the variations of coral 8''B in the GBR and IPO
index is unclear and as discussed below only partially ac-
counts for the overall variability.

In addition to the interdecadal fluctuations, there is an
overall decreasing trend in the Arlington Reef 3''B record,
particularly after 1940, when 3''B varies from ~25%, in
1947 to ~219, in 2004. This trend is not readily apparent
in the Flinders Reef as it does not cover the time interval
after 1990. The overall trend of decreasing 8''B in the
Arlington Reef record also corresponds to the more contin-
uous trend to more negative of 8'°C values and the progres-
sive increase of Mg/Ca ratios after 1940 (Fig. 4), where
significant positive correlation, (coefficient of 0.62 with
n=64, p<0.0001), exists between 8''B and 8'°C, and sig-
nificant negative correlation, (coefficient of —0.60 with
n =64, p<0.0001), occurs between 8''B and Mg/Ca ratios
(Fig. 7). Coral Mg/Ca is very sensitive to temperature
change with higher Mg/Ca in coral skeleton corresponding
to higher sea surface temperatures (SST) (Mitsuguchi et al.,
1996). Even though biological/metabolic effect may influ-
ence Mg/Ca in coral skeleton (Mitsuguchi et al., 2003),
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Fig. 5. Comparison between the 5''B records of the Porites corals
from Arlington Reef and Flinders Reef, and the IPO index. The 5''B
record from Flinders Reef is from Pelejero et al. (2005). The IPO index
is the temperature anomaly of January-February-March (Folland
etal., 1999). The shaded bar highlights the rapid change around 1940.
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which hinder the utility of Mg/Ca to obtain precise SST re-
cords in old corals, the positive correlation between SST
and Mg/Ca in modern corals is generally robust (Wei
et al., 2000). In our coral records from Arlington Reef as
shown in Fig. 4, the gradual increase of Mg/Ca since
1940 indicates continuously warming in this region, which
agrees with the generally trend of global warming. The re-
gional warming is also supported by the trend of more neg-
ative 8'0 values shown in Fig. 4. On the other hand, even
though metabolic CO, within the polyps is believed to play
a significant role in calcification of coral skeleton, the con-
tribution of the DIC from external seawater remains an
important factor (Al-Horani et al., 2003a). Thus, the
long-term change of the coral 3'>C recorded in the Arling-
ton coral is interpreted as reflecting the dissolved inorganic
carbon (DIC) in the surface ocean. Therefore, the variation
of coral 8''B at Arlington Reef positively correlates with
the on-going decrease of the §'°C of DIC in seawater,
and negatively correlates with the secular warming in this
region after 1940.

As discussed, the 5''B composition of coral skeletons re-
cords the pH in the ECF, the internal fluid where calcifica-
tion occurs (Honisch et al., 2004), so the coral ''B

04r — b) Arlington Reef

©
w
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2 B
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Fig. 6. Power spectra of the two pH records calculated using the software of REDFIT (Schulz and Mudelsee, 2002).(a) Record from Flinders
Reef; (b) record from Arlington Reef. The horizontal bars indicate the bandwidths, and the dashed lines indicate the 95% and 80% confident

levels.
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Fig. 7. Correlations between pH and 8'3C and Mg/Ca ratios of the Porites coral after 1940.
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variation indicates the pH change in the ECF rather than
that in ambient seawater. The mechanisms controlling the
relationship between the pH in the ECF changes in ambient
seawater pH remains uncertain, and clearly biological
processes in coral polyps, such as photosynthesis and respi-
ration, can obviously influence the ECF pH values (Al-
Horani et al., 2003a). Thus, while the role of biological or
‘vital effects’ on coral 8''B compositions cannot be ignored,
coral culturing experiments under controlled conditions
indicate that the variations of the 8''B in coral skeleton ac-
tively response to the pH changes in ambient seawater. Cor-
als generally exhibit a broadly similar relationship to that
expected for the theoretical fractionation curve of
B(OH), , but with systematic species dependent offsets
(Honisch et al. 2004, 2007). Therefore, the variation of coral
3'!B appears to primarily reflect the pH changes in ambient
seawater, even though more calibrations are required to
convert coral 3''B values into precise seawater pH values
for seawater. In this respect, the interdecadal fluctuation
of the coral 8''B records in the GBR may indicate a re-
sponse of seawater pH changes to the PO, and the signif-
icant trend of decreasing 5''B values in the Arlington
Reef record after 1940 is consistent with a secular trend to-
wards ocean acidification or decreasing seawater pH in this
region.

The negative correlation between the SST and the coral
3''B as shown in Fig. 7 shows a correlation between secular
seawater acidification and warming since 1940. Increasing
SST decreases the solubility of CO, in seawater and may
therefore partially mitigate the trend of decreasing pH. Fur-
thermore for corals operating below their thermal optimum,
increasing temperature may enhance the photosynthesis of
the zooxanthella, and thereby increase the pH in the ECF
for calcification (Al-Horani et al., 2003a), as protons are con-
sumed during photosynthesis (McConnaughey and Whelan,
1997). Thus, by itself increasing SST would tend to favor
higher 8''B in coral skeleton rather than the observed trend
of decreasing 3"'B values. However, the observed negative
correlation between the coral pH and the increasing SST
(higher Mg/Ca) indicates that since 1940 temperature effects
have been more than offset by the secular decrease of seawa-
ter pH from rapidly rising atmospheric CO,. This is consis-
tent with the model calculations of Cao et al. (2007) who
show that increasing SST from climate change produces only
second-order modifications to the ocean carbonate chemis-
try, with the main driver being increased CO, emissions.

The positive correlation between coral 8''B and §'°C
shown in Fig. 7 indicates a correlation between seawater
acidification and decreasing DIC §'3C in this region since
1940. The trend of increasing negative DIC §'*C in the past
century is attributed to increasing anthropogenic emissions
of CO, to the atmosphere with strongly negative 8'°C val-
ues from burning of fossil fuels (Bohm et al., 2002; Quay
et al., 2003). Increasing anthropogenic emissions thus not
only increases levels of atmospheric CO, concentration
but also decreases the 5'C composition of the atmosphere.
Therefore, the positive correlation between coral pH and
813C records provides strong confirmation that the seawater
acidification is closely linked to the anthropogenic CO,
emissions from burning of fossil fuels.

4.2. Estimating the seawater pH changes from the coral §''B
record

Assuming that the 8''B in carbonates is representative
of the B(OH),™ in seawater, pH values can be calculated
from the carbonate 8''B using the following equation
(e.g. Zeebe et al., 2001).

11 S11
5 BSW_b BCarbonale

g3 43" Bearbonate — ' Bsw -+ 1000 (ot gy — 1)

pH=pK3s —log

The parameters in this equation are as follows: og3 g4 (or
oB(oH),-B(OH),~ Tepresents the fractionation factor for iso-
tope exchange between B(OH); and B(OH)4™ in seawater,
pKg the equilibrium constant for the dissociation of boric
acid, and 8'"'Bgw and 8''Bcarbonate represent the 3B in
seawater and in carbonate, respectively. Recognizing that
the coral 5''B records the pH in the ECF rather than that
in the ambient seawater (Honisch et al., 2004), the empir-
ical relation between coral 8''B and seawater pH may
have offsets from the theoretical equation. The pKp
(~8.6) and seawater 8''B (~39.5%,) have been experimen-
tally determined and relatively well constrained particu-
larly for recent samples (Honisch et al., 2004). However,
there is still considerable debate (Honisch et al., 2007),
particularly on the appropriate value of o3 p4), (Klochko
et al., 2006; Zeebe, 2005) and Pagani et al. (2005) chal-
lenges the utility of boron isotope as seawater pH proxy
on longer time-scales.

Currently, there are several possible ops g4y values.
The theoretically o3 g4y, of ~1.0194 calculated at
25 °C, by (Kakihana et al., 1977) has generally been used
in pH calculation (Honisch et al., 2004; Pelejero et al.,
2005; Sanyal et al., 2001; Sanyal et al., 1996). However,
most recent improved theoretical calculations give ops-
B4y values ranging from ~1.020 to ~1.030 at 25°C
(Klochko et al., 2006; Zeebe, 2005), with new experimen-
tal measurements suggesting an o3 p4) in seawater at
25°C of 1.0272 £ 0.0006 (Klochko et al., 2006). In a crit-
ical re-evaluation of the empirical data (Honisch et al.,
2007) suggest that o3 psy = 1.020 may best fit the empir-
ical relationship between coral 8''B and seawater pH.
This value is similar to that suggested for Porites coral
by Xiao et al. (2006), of 1.0204. It is important to note
that the use of different o3 g4y in calculating seawater
pH from coral 8!'B, effects not only the absolute pH val-
ues but also has a second-order effect on the differential
changes in pH.

Table 3
Summary of pH calculated from 8''B of the Arlington Reef coral
using different 0/(B3-B4)-

op3-psy Maximum  Minimum  Amplitude  Grand mean
pH pH

1.0194 8.20 7.46 0.74 7.94

1.0204 8.28 7.71 0.57 8.05

1.0272 8.58 8.29 0.29 8.45

The calculation assumes pKg = 8.59 and seawater 5''B = 39.5%,.
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Fig. 8. pH estimations from the 8''B records of the Porites corals
from Arlington Reef and Flinders Reef. The shaded bar indicates
the major bleaching event in the Great Barrier Reef during 1998.

In the absence of a detailed knowledge of how the
physiological mechanisms of calcification and photosyn-
thesis influence the boron isotopic composition of the
carbonate skeleton (Honisch et al., 2004), calibrating
3'"'B in coral skeleton using in-situ measured seawater
pH values remains a priority. Unfortunately as noted
by other authors (Zeebe, 2005) this has been inhibited
by the lack of continuous in-situ measured pH records
within coral reefs.

Recognizing these limitations Table 3 summaries the
maximum, minimum, variation amplitude and grand mean
of the coral pH values calculate using the different values of
%B3_pay, assuming pKp = 8.59 and seawater §''B = 39.5%,,.
The calculated pH using op3 g4y = 1.0272, range from 8.58
to 8.29 with an average of 8.45; far too high compared with
the average pH of modern seawater of 8.1 to 8.2. The pH
calculated using o g3 g4y = 1.0194 range from 8.20 to 7.46,
with grand mean of 7.94. The minimum pH, 7.46, is clearly
out of the range of the modern observed seawater pH in the
west Pacific, of 7.7-8.2 (Honisch and Hemming, 2004), and
the grand mean, 7.94, is lower than modern observations.
The calculated pH using og3 g4y = 1.0204 is more reason-
able giving a slightly higher range from 8.25 to 7.71, which
are closer to modern observation, although the low values
are still apparently anomalous.

Considering the uncertainties in both the Honisch et al.
(2004, 2007) and Xiao et al. (2006) estimations, here we use
an average value of 1.0204 for o g3 g4y consistent with the
suggestion of Xiao et al. (2006) and seawater ''B=
40.08%,, our measured value for the GBR seawater, in our
calculation, and the calculated pH results are listed in Table
2, and shown in Fig. 8. The pH record in Flinders Reef'is also
shown in Fig. 8 for comparison. The 5'!B-coral record of sea-
water pH in Arlington Reef appears to have changed signif-
icantly in the past 200 years, with a decreasing trend in pH
from 8.22 in 1947 to 7.66 in 2004. This suggests an increasing
trend towards acidification of seawater in Arlington Reef
particularly during the last 60 years. Regardless of the pH
calibration used, our coral ''B record also indicates abrupt
changes in seawater pH variation amplitude particularly dur-
ing the late 1940s and late 1990s of up to ~0.5 pH units. These
rapid short-term oscillations are much larger than what can
be attributed to regional changes in seawater pH, suggesting

that other factors are influencing the coral 8''B values as dis-
cussed in Section 4.3 below.

4.3. Vital effects versus local changes in the pH of coral reef
waters

The much larger pH variation ranges in the Arlington
Reef record compared to those in the Flinders Reef record
appears to indicate that the change of seawater pH is spa-
tially variable, and in particular the variation of seawater
pH may be enlarged in the near-shore regions compared
to regions away from shore.

Local changes in reef water pH at Arlington Reef may
arise from low salinity flood-plumes since the runoff from
eastern Australian rivers generally has a wide range of pH
values, from >8.5 to <5 (Hatje et al., 2001; Sammut
et al., 1996). With the increasing prevalence of acid soil run-
off from disturbance of coastal mangrove systems the prev-
alence of low pH runoff in coastal regions has increased
significantly (Lin and Melville, 1993; Sammut et al.,
1996). Although Arlington Reef is a typical outer mid-shelf
reef, it is relatively close to the coast and occasionally sub-
ject to the influence of flood-plumes generated by the mon-
soonal dominated river runoff. Flood-plume impacts can be
constrained by the combined use of Ba/Ca and §'*0 com-
positions. Riverine fluxes to the Great Barrier Reef are gen-
erally characterized by high Ba contents due to desorption
of Ba from suspended terrestrial sediments, and hence high
Ba/Ca ratios in corals generally indicates terrestrial (sedi-
ment) inputs (Alibert et al., 2003; McCulloch et al., 2003).
In addition the 5'%0 composition of the river water is much
lower than that of the seawater, and thus low salinity river
flood-plumes are characterized by more negative 8'%0 val-
ues in coral skeleton (McCulloch et al., 1994). There are
three large Ba/Ca peaks occurring in 1840, 1880 and in
1953, accompanied by significant negative §'%0 peaks
(Fig. 4). These are indicative of large river flood-plumes
impacting to the central GBR during these periods. How-
ever, there is no 8!'B anomaly or significantly lower pH val-
ues associated with these events indicating that flood-plume
activity has minimal effects on the pH of Arlington Reef.
Also, the Ba/Ca variation shows no trend that is similar
to that of the 8''B after 1940. Therefore, terrestrial input
to the GBR cannot account for the large decrease in reef
water pH implied by the low &!'B values.

An alternate and more feasible explanation of the short-
term rapid oscillations in 8''B values especially during the
1940 and 1998 periods is due to major changes in the phys-
iological processes or vital effects controlling coral calcifica-
tion. Recent experimental studies by (Al-Horani et al.,
2003b) using micro-electrodes within the calcifying region
(ie beneath the calicoblastic ectoderm) of the corals confirm
that along with increasing the Ca ion concentration the pH
is also increased. This increases the concentration of car-
bonate relative to bicarbonate ions and hence the degree
of aragonite saturation, thereby promoting calcification.
It is also likely that physiological processes associate with
coral calcification will also modify the boron isotopic com-
position relative to that expected for the borate species in
ambient seawater. Although the likely physiological control
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or ‘vital effect’” on the B isotopic composition is not well
understood, higher internal pH required for coral calcifica-
tion may provide an explanation for the difference between
the empirically observed B fraction of 1.020 versus the high-
er value of 1.0276 given by from direct estimates of op3_p4).

Coral bleaching will significantly perturb calcification as
a result of the loss of the zooxanthella. This is consistent
with the observation in 1998 and in early 2002 of wide-
spread coral bleaching in the GBR (Berkelmans et al.,
2004), due to exceptionally warm temperatures. It is sug-
gested that this caused via a major reduction of the internal
pH at the sites of coral calcification hence reducing the skel-
etal 8''B values. Thus, in addition to registering external
changes in reef water pH, the coral 3''B values maybe
highly sensitive indicators of coral bleaching. If correct this
would imply that a major coral bleaching event also oc-
curred during the 1940s when the 8''B values registered a
decrease in pH to 7.75.

5. SUMMARY

In this paper, we report a long-term &!'B variation re-
cord of a Porites coral from the Great Barriers Reef, to-
gether with other geochemical records that are closely to
climatic and environmental changes, such as Mg/Ca,
Ba/Ca ratios, and oxygen and carbon isotopes. These re-
cords cover the time span from 1800 to 2004 at 1 to 5-year
time resolution. They provide details of changes seawater
pH over the past 200 years in this region, and provide strong
constraints on the processes driving changes in surface sea-
water pH. The main points of this study are as follows:

1) Positive TIMS method was adopted in this study to
provide high-precision measurements of boron isoto-
pic composition of modern corals. The internal
precision and reproducibility for 8''B of our mea-
surements are all better than +0.2% (20), providing
an equivalent precision for pH estimations of gener-
ally better than +0.02.

2) The long-term variation of seawater pH derived from
coral 8''B record shows robust decadal-interdecadal
cycles with periods of 22-year and 10-year over the
past 200 years in this region. This suggests that the
long-term seawater pH variation in this region is clo-
sely related to the decadal-interdecadal variability of
atmospheric and oceanic anomalies in Pacific, which
agrees with findings by Pelejero et al. (2005).

3) Coupled with this long-term variation, a significant
acidification trend occurs from 1940s to present, with
pH decrease of about 0.2-0.4, estimating using differ-
ent g3 g4y values. Comparisons with other paleocli-
mate proxies in particular 8'*C values, indicate that
the trend towards ocean acidification over the past
60 years in this region is mostly the result of rapidly
increasing of levels of atmospheric CO, contributed
by human activities. This suggests that the increasing
of anthropogenic CO, in atmosphere has caused sig-
nificant acidification in the oceans in the past dec-
ades, especially in coastal regions and that the rate
of ocean acidification is increasing.

4) The boron isotopic systematics in corals is also highly
sensitive to perturbations in the physiological pro-
cesses controlling coral calcification. In particular
coral bleaching may have the effect of substantially
reducing the pH beneath the calicoblastic ectoderm
at the site of calcification. This results in a major
reduction in the 3''B composition of the resultant
skeletal aragonite suggesting that in addition to
recording ambient seawater pH conditions B isotopes
are sensitive indicators of past bleaching events.
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