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Abstract

Coral barium to calcium (Ba/Ca) ratios have been used to reconstruct records of upwelling, river and groundwater dis-
charge, and sediment and dust input to the coastal ocean. However, this proxy has not yet been explicitly tested to determine
if Ba inclusion in the coral skeleton is directly proportional to seawater Ba concentration and to further determine how addi-
tional factors such as temperature and calcification rate control coral Ba/Ca ratios. We measured the inclusion of Ba within
aquaria reared juvenile corals (Favia fragum) at three temperatures (�27.7, 24.6 and 22.5 �C) and three seawater Ba concen-
trations (73, 230 and 450 nmol kg�1). Coral polyps were settled on tiles conditioned with encrusting coralline algae, which
complicated chemical analysis of the coral skeletal material grown during the aquaria experiments. We utilized Sr/Ca ratios
of encrusting coralline algae (as low as 3.4 mmol mol�1) to correct coral Ba/Ca for this contamination, which was determined
to be 26 ± 11% using a two end member mixing model. Notably, there was a large range in Ba/Ca across all treatments, how-
ever, we found that Ba inclusion was linear across the full concentration range. The temperature sensitivity of the distribution
coefficient is within the range of previously reported values. Finally, calcification rate, which displayed large variability, was
not correlated to the distribution coefficient. The observed temperature dependence predicts a change in coral Ba/Ca ratios of
1.1 lmol mol�1 from 20 to 28 �C for typical coastal ocean Ba concentrations of 50 nmol kg�1. Given the linear uptake of Ba
by corals observed in this study, coral proxy records that demonstrate peaks of 10–25 lmol mol�1 would require coastal sea-
water Ba of between 60 and 145 nmol kg�1. Further validation of the coral Ba/Ca proxy requires evaluation of changes in
seawater chemistry associated with the environmental perturbation recorded by the coral as well as verification of these results
for Porites species, which are widely used in paleo reconstructions.
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1. INTRODUCTION

Coral inclusion of barium (Ba) has been linked to
changes in ocean chemistry with variability in coral Ba/
Ca implicated as a climate proxy of river discharge, river
sediment transport, upwelling, and groundwater discharge
(itself a rainfall proxy) (Table 1 and references therein).
Reconstruction of such environmental records provides
Table 1
Coral Ba/Ca environmental proxy studies.

Reference Ba/Ca
baseline
(lmol mol�1)

Ba/Ca peak
(lmol mol�1)

Proxy

Jupiter et al. (2008) 3.5 7 River
4 6 River
3 8 River

Prouty et al. (2010) 3.4 8.0 Sediment
5.5 10.2 Sediment
2.8 21.6 Sediment
3 17.8 Sediment

Wyndham et al. (2004) 4 15 Unknown
4 15 Unknown

McCulloch et al. (2003) 4 12 River

Reuer et al. (2003) 4.7 5.7 Upwelling

Sinclair and McCulloch
(2004)

4 12 River
4 17 River

Chen et al. (2011) 6 15 Physiological
6 15 Physiological

Fleitmann et al. (2007) 4 50 River/
sediment

4 9.5 River/
sediment

Sinclair (2005) 4 13 Unknown
4 12 Unknown

Alibert et al. (2003) 4.5 14 River
3 6 River

Montaggioni et al.
(2006)

4.3 21 Upwelling
1.3 5.2 River

Lea et al. (1989) 4.1 5.1 Upwelling

Alibert and Kinsley
(2008)

4 25 Upwelling

Carriquiry and Horta-
Puga (2010)

7.5 9.3 River

7.5 9.3 River

Horta-Puga and
Carriquiry (2012)

4.7 7.5 Groundwater
4.3 5.6 Groundwater

Fallon et al. (1999) 3.9 5.1 Upwelling

Moyer et al. (2012) 3.3 4.8 River

Tudhope et al. (1996) 5 15 Upwelling
3 6 Upwelling
valuable insight into past climate conditions. The utility
of the coral Ba/Ca proxy stems from several factors. First,
Ba readily substitutes for Ca within the aragonite skeleton
due to similar ionic radii. Second, terrestrial water and sed-
iment sources have elevated Ba compared to seawater
(Gaillardet et al., 2003; Shaw et al., 1998). Finally, the tem-
perature dependent partitioning of Ba between inorganic
aragonite and fluid has been determined experimentally
Species Location

Porites Round Top island, Great Barrier Reef
Porites Keswick Island, Great Barrier Reef
Porites Scawfell Island, Great Barrier Reef

P. lobata Kamalo, Molok’a Reef, Hawaii
P. lobata One Ali’i, Molok’a Reef, Hawaii
P. lobata Umpipa’a, Molok’a Reef, Hawaii
P. lobata Pala’au, Molok’a Reef, Hawaii

Porites Havannah Island, Great Barrier Reef
Porites Pandora Reef, Great Barrier Reef

Porites Havannah Island and Pandora Reef, Great
Barrier Reef

Montastrea

annularis

Isla Tortuga, Venezuela

Porites King Reef, Great Barrier Reef
Porites Pandora Reef, Great Barrier Reef

Porites Daya Bay, South China Sea
Porites Daya Bay, South China Sea

Porites Kenya

Porites Kenya

Porites Cow Island, Great Barrier Reef
Porites Orpheus Island, Great Barrier Reef

Porites Pandora Reef, Great Barrier Reef
Porites Davies Reef, Great Barrier Reef

P. lobata Amedee Islet, New Caledonia
P. lobata Vata Ricaudy Reef, New Caledonia

Pavona clavus Galapagos Islands

Porites New Ireland, Papua New Guinea

Montastraea

faveolata

Anegada de Adentro Reef, Veracruz Reef
System, Gulf of Mexico

M. Faveolata Isla Verde, Veracruz Reef System, Gulf of
Mexico

M. annularis Cancun, Mexico
M. annularis Cancun, Mexico

P. lobata Shirigai Bay, Japan

M. Faveolata Fajardo Puerto Rico

Porites Marbat, Oman, Red Sea
Porites Wadi Ayn, Oman, Red sea
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(Dietzel et al., 2004; Gaetani and Cohen, 2006). Indeed,
variability in coral Ba/Ca ratios typically cannot be
explained by temperature changes alone, indicating addi-
tional influences. However, several studies report coral
Ba/Ca ratios that did not vary in concert with a known dri-
ver. For example, Tudhope et al. (1996) and Sinclair (2005)
reported elevated coral Ba/Ca that did not correlate to
known upwelling or river runoff sources. Such uncertainty
highlights the need to better understand the origin of coral
Ba/Ca as an environmental proxy.

Coral Ba/Ca-based climate records are typically con-
structed by regressing coral Ba/Ca against a measure of
the parameter of interest (e.g. river discharge or water tem-
perature or nutrients as a proxy for upwelling) with the
underlying assumption that variability in the Ba/Ca of the
coral skeleton reflects changes in seawater chemistry caused
by variability in the environmental driver (Table 1). In
order for this assumption to be true, the following condi-
tions have to be met: first, temperature driven changes in
coral Ba/Ca should be insignificant compared to the other
driver of the Ba/Ca signal, or can be adequately corrected
for; second, seawater Ba/Ca should increase in direct pro-
portion to the proposed driver (i.e. terrestrial input, river
flow, and groundwater discharge); and third, corals should
incorporate the seawater Ba/Ca signal in a predictable
fashion.

To gain a mechanistic understanding of the Ba/Ca coral
proxy and test the three conditions listed above, we grew
Favia fragum coral polyps in seawater amended with Ba
at three different concentrations and three different temper-
atures to quantify solid-solution Ba partitioning as a func-
tion of temperature, calcification rate, aragonite saturation
state, and seawater Ba concentration.

2. METHODS

2.1. Experimental conditions

The coral culture experiments were performed at the
Bermuda Institute of Ocean Sciences (BIOS) in July 2011.
Nine aquaria (20 L) were established in three different tem-
perature controlled (�27.7, 24.6 and 22.5 �C) and Ba-
amended (73, 230 and 450 nmol kg�1) baths such that each
tank had a different combination of temperature and Ba
concentration (Table 2). These Ba concentrations are well
below the saturation state of witherite (BaCO3) (log equilib-
rium constant = �8.57 (Busenberg and Plummer, 1986),
experiment log solubility product = �10.0 to �10.9). Sea
water was supplied from the lagoon adjacent to BIOS
through a seawater intake and had an ambient temperature
of 27 �C and Ba concentration of 44 nmol kg�1. Tempera-
ture was monitored in all but one of the tanks with OnsetTM

HOBO water temperature loggers and the three tanks at
each temperature treatment shared a water bath. Ambient
CO2 conditions were maintained by directly bubbling air
through micropore bubble ‘wands’ attached at the base of
each aquarium thereby maintaining a stable aragonite satu-
ration state; this also served to keep the tanks well mixed.
The tanks were drained and refilled with filtered seawater
(5 lm) at the beginning of the experiment and then on days
5 and 11 to prevent the buildup of nutrients during the 14-
day experiment. Once the tanks were filled, they were
amended with a dissolved Ba standard (a high purity
BaCO3 dissolved in 0.11% nitric acid, Fluka� Analytical).
Samples for salinity, trace element content, total alkalinity
(TA), and dissolved inorganic carbon (DIC) were collected
at the beginning and end of the experiment, as well as prior
to each water change and after the element addition had
equilibrated in the tank for one hour (a total of 8 measure-
ments of water chemistry in each tank during the course of
the experiment). Some evaporation was observed despite
plastic covering on the aquaria, which likely explains the
range in salinities and water chemical properties observed
among different tanks over time (Table 2 and Supplemental
Table 1).

2.2. Coral culture

Mature adult F. fragum colonies were collected from
nearby reefs 3 to 5 days prior to the July spawn
(Goodbody-Gringley and de Putron, 2009). They were kept
in outdoor flow-through aquaria during the day and iso-
lated at night. Zooxanthellate larvae were collected each
morning, and then added to plastic containers with mesh
tops containing ceramic tiles (de Putron et al., 2011). These
tiles were preconditioned for larval recruitment by placing
them on the nearby reef for several months prior to use.
During this time, encrusting coralline algae (hereafter
CCA) and other algal growth was established on the tiles.
Some CCA and algal growth was removed from the tile
prior to use in the experiment, thus CCA growth occurred
during pre-conditioning on the reef as well as in controlled
aquaria conditions. The larvae were then allowed to settle
on these tiles in aquaria established at experimental condi-
tions for 48 h to encourage coral planulae to attach to the
tiles and metamorphose into polyps, at which point
calcification of the coral skeleton begins. At this point,
the tiles were removed from the mesh-topped containers
and placed directly in the aquaria. Each day, light levels
were maintained for 12 h at 215 ± 59 lmol quanta m�2 s�1

(± indicates one standard deviation throughout). The
polyps were allowed to grow for 14 days, after which
the polyps were removed from the aquaria, rinsed with a
5% bleach solution to remove organic material, subse-
quently rinsed with deionized water, and dried (Drenkard
et al., 2013).

2.3. Analytical methods

Tank salinity was measured at BIOS with an Autosal
salinometer. The alkalinity and dissolved inorganic carbon
samples were poisoned with mercuric chloride immediately
after collection and analyzed using a Marianda VINDTA-
3C analysis system at Woods Hole Oceanographic Institu-
tion. Total alkalinity was determined by non-linear curve
fitting of data obtained by open-cell titrations and DIC
concentrations were determined by coulometric analysis.
The pCO2 and aragonite saturation state were calculated
from discrete tank temperature, salinity, TA, and DIC sam-
ples using the CO2SYS program (Lewis and Wallace, 1998;



Table 2
Aquaria experimental conditions, dissolved Ba, coral precipitation rate, solid Ba/Ca and Sr/Ca and KBa.

Tank# Salinity ± SD Temperature
(�C ± SD)

CO2

(ppmv ± SD)
XAR (±SD) [Ba]

(nmol kg�1

± SD)

Dissolved Ba/Ca
(lmol mol�1

± SD)

Calcification rate
(mg d�1 ± SD)

Solid Ba/Ca
(lmol mol�1

± SD)b

Solid Sr/Ca
(mmol mol�1

± SD)

KBa
b Individuals/

Measurementsc

1: coral 34.7 ± 1.1 27.7 ± 0.9 320 ± 50 3.2 ± 0.3 79 ± 23 7.5 ± 2.0 6.2 ± 4.2 12.1 ± 1.6 8.2 ± 0.6 1.62 ± 0.21 43/24
2: coral 34.9 ± 1.1 27.8 ± 1.0 320 ± 30 3.3 ± 0.2 223 ± 26 22 ± 2.4 4.2 ± 3.2 37.1 ± 5.7 7.8 ± 0.5 1.69 ± 0.26 37/21
3: coral 35.2 ± 0.5 27.7 ± 0.9 350 ± 80 2.9 ± 0.5 463 ± 24 44 ± 2.4 7.0 ± 3.4 77.2 ± 6.1 8.2 ± 0.5 1.63 ± 0.11 36/22
4: coral 35.3 ± 0.6 24.7 ± 0.9 410 ± 30 3.0 ± 0.1 73 ± 12 7.0 ± 1.1 5.0 ± 4.3 12.4 ± 1.2 8.0 ± 0.5 1.76 ± 0.18 38/20
5: coral 35.3 ± 0.4 24.6 ± 0.6 380 ± 60 3.1 ± 0.4 236 ± 22 23 ± 2.1 5.2 ± 4.5 36.5 ± 6.5 8.3 ± 0.7 1.62 ± 0.29 33/18
6: coral 35.3 ± 0.3 24.5 ± 0.5 520 ± 100 2.4 ± 0.4 439 ± 9 42 ± 1.0 3.1 ± 1.7 77.1 ± 6.2 8.4 ± 0.5 1.71 ± 0.13 48/15
7: coral 35.4 ± 0.5 (22.5 ± 1.1)a 490 ± 30 3.0 ± 0.0 72 ± 13 6.8 ± 1.1 2.6 ± 1.7 14.2 ± 2.7 7.7 ± 0.6 2.09 ± 0.40 47/14
8: coral 35.3 ± 0.5 22.4 ± 1.1 550 ± 20 2.7 ± 0.1 220 ± 38 21 ± 3.5 1.9 ± 1.0 42.6 ± 3.1 7.7 ± 0.6 1.87 ± 0.11 26/10
9: coral 35.3 ± 0.3 22.6 ± 1.1 700 ± 30 2.1 ± 0.1 440 ± 11 43 ± 1.8 1.0 ± 0.6 77.2 ± 2.9 8.4 ± 0.4 1.78 ± 0.07 23/4

1, 4, 7:
CCA

35.1 ± 0.8 Includesd all
T treatments,
22.4–27.8

410 ± 80d 3.1 ± 0.2 75 ± 17 7.1 ± 1.5 nc 8.8 ± 0.8 3.5 ± 1.0 nc 3/3

2, 5, 8:
CCA

35.2 ± 0.7 Includesd all
T treatments,
22.4–27.8

415 ± 110d 3.0 ± 0.3 225 ± 28 22 ± 2.6 nc 13.4 ± 1.9 3.4 ± 0.7 nc 3/3

3, 6, 9:
CCA

35.3 ± 0.4 Includesd all
T treatments,
22.4–27.8

525 ± 170d 2.5 ± 0.5 447 ± 27 43 ± 2.7 nc 35.0 ± 9.2 5.0 ± 1.1 nc 2/2

a Temperature was not measured in tank 7, so temperature is the average of tanks 8 and 9, which shared the same temperature-controlled water bath.
b Coral Ba/Ca and KBa were calculated after correction for CCA contamination.
c Groups of individuals were combined for elemental analysis on samples of �70 lg. KBa was calculated from these combined samples. nc: not calculated for encrusting coralline algae (CCA).
d CCA physical parameters are averaged over tanks: 1, 4, 7 (low Ba treatment), 2, 5, 8 (medium Ba treatment) and 3, 6, 9 (high Ba treatment).
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Pelletier et al., 2007) utilizing the constants of Mehrbach
et al. (1973) as refit by Dickson and Millero (1987).

Each corallite, the coral skeleton, was examined under a
microscope, removed from the ceramic tile and weighed on
a microbalance (Cohen and Holcomb, 2009). This weight
was used to calculate calcification rate over the 14-day exper-
iment. Efforts were made to remove only the corallite, how-
ever some material from the heavily encrusted tiles adhered
to the corallites, as evidenced by low Sr/Ca ratios (see discus-
sion in Section 3.1 below). Several samples of CCAwere also
removed and analyzed in the same manner as coral samples.
Elemental analysis was conducted on individual skeletons
that weighed at least 70 lg, otherwise multiple individuals
from the same tile were grouped together for analysis. Skele-
tal material was dissolved in 5% Optima nitric acid and ana-
lyzed via inductively coupled plasma mass spectrometry
(ICP-MS) on a Finnigan Element II at the Woods Hole
Oceanographic Institution ICP-MS Facility. Counts of
48Ca, 88Sr and 138Ba were made in low-resolution mode with
45 scans per sample and a 3-minute wash in 5% nitric acid
between samples. Sample counts were blank corrected with
a 5% nitric acid solution. Ba/Ca and Sr/Ca elemental stan-
dards were gravimetrically prepared and used to monitor
instrument drift. Three carbonate reference materials were
analyzed, including two fish otolith standards (FEBS-1,
Ba/Ca = 4.2 lmol mol�1, Sr/Ca = 2.5 mmol mol�1

National Research Council Canada, and one detailed in
Yoshinaga et al. (2000), Ba/Ca = 2.2 lmol mol�1, Sr/
Ca = 2.8 mmol mol�1) and the JCp-1 coral reference stan-
dard (Ba/Ca = 7.5 lmol mol�1, Sr/Ca = 8.7 mmol mol�1,
Okai et al. (2002)). Based on repeated standard measure-
ments analytical uncertainty for Ba/Ca was 1 lmol mol�1

and for Sr/Ca, 0.5 mmol mol�1.
Dissolved Ba in aliquots (filtered at 0.22 mm) from each

tank in the coral culture experiment was analyzed by iso-
tope dilution mass spectrometry (Fassett and Paulsen,
1989). Samples were diluted 25 times with 5% Optima nitric
acid, spiked with 135Ba and analyzed via ICP-MS for
masses 135Ba and 138Ba in low-resolution mode with 45
scans per sample and a 3-minute rinse in 5% nitric acid.
Sample counts were corrected for blanks measured in 5%
nitric acid. Ca concentrations were determined with a Dio-
nex ion chromatograph referenced to the IAPSO standard
(10.5 ± 0.1 mmol kg�1, n = 20). To quantify accuracy, Ba
was measured in the SLRS-4 dissolved reference material
(89.3 ± 1.8 nmol kg�1 (measured) compared to
88.8 nmol kg�1 (reference), n = 10). Additional reference
waters without certified Ba concentrations were measured
to determine analytical precision and uncertainty at higher
and lower Ba concentrations: NASS-5: 45 ± 0.5 and
SLEW-3: 179 ± 2, n = 10); analytical uncertainty was
2 nmol kg�1 based on these replicate analyses since sample
Ba concentrations were greater than 70 nmol kg�1.

3. RESULTS

3.1. Coral barium incorporation experiments

Conditions within the individual tanks are shown in
Table 2 and Supplemental Table 1. Salinity in all tanks
was �35, with a standard deviation of 3%. The three tem-
perature conditions (27.7, 24.6 and 22.5 �C) experienced a
standard deviation of 1.1 �C over the course of the 14-day
experiment. The CO2 content and resulting aragonite satu-
ration state is dependent on the water temperature, thus
tanks at lower temperatures had slightly higher CO2 levels
and lower saturation states. This was particularly evident
in Tank 9, the low temperature, high Ba tank (Table 2).
Coral polyps in this tank had the lowest calcification rates
(Table 2). However, in general, most tanks had a saturation
state of approximately 3. The three different dissolved Ba
concentrations (�73, 230 and 450 nmol kg�1) were main-
tained in the aquaria for the length of the experiment with
a standard deviation of 1–2.5 nmol kg�1 (Table 2, Supple-
mentary Table 1). The resulting water Ba/Ca were 6.8–
7.5, 21–23 and 42–44 lmol mol�1 with a standard deviation
of 1–3.5 lmol mol�1 (Table 2).

Coral polyps grown in seawater amended with Ba incor-
porated this signal in their skeletal material, demonstrating
a direct response to increased seawater Ba/Ca (individuals
n = 325, element ratio measurements n = 164 due to analy-
sis of some grouped individuals). However, low Sr/Ca val-
ues and a linear trend between Sr/Ca and Ba/Ca suggested
that calcite from encrusting coralline algae was included in
samples with the coral aragonite (Fig. 1a). Samples of CCA
material with no coral skeleton present had a Sr/Ca ratio of
3.5 ± 1.0, 3.4 ± 0.7 and 5 ± 1.1 mmol mol�1 and Ba/Ca
ratios of 8.8 ± 1.8, 13.4 ± 1.9 and 35 ± 9.2 lmol mol�1

for the �73, 230 and 450 nmol kg�1 Ba treatment levels,
respectively (Table 2). To correct for inclusion of CCA
material, which would lower Ba/Ca ratios relative to pure
aragonite (see mixing line in Fig. 1a), we calculated two-
end member mixing between the contaminating CCA phase
and aragonite. In this approach, we use Sr/Ca ratios to esti-
mate the fraction of CCA in each sample according to:

f C ¼ Sr=CaM � Sr=CaA
Sr=CaC � Sr=CaA

ð1Þ

where Sr/CaM, Sr/CaA, and Sr/CaC are the measured coral-
lite, aragonite end member and CCA ratios respectively.
The aragonite end member was estimated from the temper-
ature dependence of aragonite Sr/Ca ratios:

Sr=Ca ¼ 10:781� 0:0597T ðPorites; ½Felis etal:; 2004�Þ
ð2Þ

Sr=Ca ¼ 10:73� 0:0657T ðPorites; ½Correge etal:; 2000�Þ
ð3Þ

Sr=Ca ¼ 10:184� 0:00408T ðFavia; ½Seo etal:; 2013�Þ
ð4Þ

These three Sr/Ca temperature relationships are quite
different; the two Porites relationships used here were cho-
sen since they predict coral aragonite Sr/Ca ratios that vary
by 0.2 mmol mol�1 over the temperature range of these
experiments, while the Seo et al. (2013) relationship is exclu-
sively for the species used in these experiments (Favia).
When the fraction of material contributed by CCA is calcu-
lated from Eq. (1) using aragonite Sr/Ca end member val-
ues from either Eqs. (2), (3) or (4), the difference was



Fig. 1. (a) There is a linear relationship between Sr/Ca and Ba/Ca for the Favia fragum corallites that lies outside values anticipated for pure
aragonite phases, suggesting mixing of a encrusting coralline algae (CCA) end member (gray squares) with aragonite. (b) Ba/Ca for
uncorrected (solid symbols) and corrected (empty symbols) versus fraction CCA contribution to the sample based on two end member mixing
with Sr/Ca. Samples with a CCA contribution >50 wt% (squares) were excluded from analysis.
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small (3 ± 1%). In the end, we chose to include all three
relationships in the uncertainty analysis to produce the
most reasonable uncertainty for the fraction CCA and
resulting corrected coral Ba/Ca (see below). Uncertainty
associated with corrections for CCA contamination was
constrained with Monte Carlo simulations (105 iterations)
using the following uncertainties (Table 2): (1) CCA Sr/
Ca measurement average and standard deviation for each
treatment, (2) analytical Sr/Ca measurement uncertainty,
(3) tank temperature average and standard deviation and
(4) the average coral Sr/Ca for coral aragonite calculated
according to Eqs. (2), (3) and (4). The simulations suggest
that on average CCA contributed 30 ± 16 wt% (Fig. 1b).
Samples with greater than 50 wt% CCA contribution (18
of the 164 samples, Fig. 1b and Supplemental Table 2)
had very high corrected Ba/Ca and were excluded from
all further analysis. Excluding those samples resulted an
average CCA contribution by weight of 26 ± 11%.

The same two end member mixing relationship was used
to calculate the Ba/Ca ratio of the coral aragonite:

Ba=CaA ¼ Ba=CaM � f CBa=CaC
1� f C

ð5Þ

where Ba/CaM is the measured ratio of the mixed coral and
CCA sample, and Ba/CaC was 8.8 ± 1.8, 13.4 ± 1.9 and 35
± 9.2 lmol mol�1 for the three Ba treatment levels. This
correction assumes that CCA and aragonite have the same
calcium concentration, which requires that the CCA end-
member is some form of CaCO3. The average increase from
measured Ba/Ca to final aragonite values was 1.0
± 0.8 lmol mol�1 (9 ± 6%), 6.7 ± 3.6 lmol mol�1 (22
± 12%), and 11.9 ± 6.2 lmol mol�1 (19 ± 10%) for low,
medium and high Ba treatments respectively (Fig. 1b). Once
again, the temperature dependence of the Sr/Ca ratio did
not have a large impact on the resulting Ba/Ca (1.0
± 0.9 lmol mol�1 difference between Eq. (3) and (4) for
all 148 samples). We used Monte Carlo simulations to
determine the uncertainty in corrected coral Ba/Ca, as dis-
cussed above, including these additional sources of uncer-
tainty: (1) CCA Ba/Ca measurement average and
standard deviation for each treatment and (2) analytical
Ba/Ca measurement uncertainty. Corrected coral Ba/Ca
averaged 12.7 ± 2.0, 38.0 ± 6.0 and 77.2 ± 5.8 lmol mol�1

at the three dissolved Ba concentrations (Fig. 2). While this
correction is important, it does not change the conclusion
that corals incorporate Ba linearly over this seawater Ba
range.

The corallite calcification rate exhibited a temperature
dependence, with higher calcification rates observed at
higher temperatures (n = 325, Fig. 3a). Inclusion of CCA
material attached to the coral skeleton will result in calcifi-
cation rates that are too large, so the same correction was
done as above to remove the contribution of this material
prior to calculating calcification rates. Since the correction
could only be done for samples with measured Sr/Ca ratios,
when multiple individuals were grouped for a single analy-
sis, the weighted calcification rate of that composite sample
was corrected for CCA inclusion. We exclude samples with
>50 wt% CCA. All further discussion and analysis is based
on these samples (n = 148, Fig. 2b–d). In addition to the
diminished metabolic response at lower temperatures, these
tanks also had a lower saturation state since CO2 is more
soluble in water at 22.5 versus 27.7 �C. Calcification is
inhibited at lower saturation states. The range in calcifica-
tion rates for individual polyps was quite large, with the
majority of specimens in the warm tanks (27.7 �C) having
calcification rates between 4.2 and 7.0 mg CaCO3 d

�1,
while rates in the cool tanks (22.5 �C) fell between 1.0
and 2.6 mg d�1 (Fig. 3 and Table 2). The lowest calcifica-
tion rates were also coincident with the lowest saturation
states, particularly for tanks 9, 8 and 6, although there
was no statistical difference (two-way factorial ANOVA
test, p > 0.1) between saturation states at the different
treatments.



Fig. 2. (a) Coral Ba/Ca versus water Ba/Ca for Favia fragum polyps grown in barium amended aquaria at three different temperatures. Best-
fit lines are solid (T = 22.5 �C), dotted (T = 24.6 �C) and dashed (T = 27.7 �C). These lines were fit through the origin and the slopes yield the
experiment distribution coefficient, K. Histogram of individual distribution coefficients for (b) T = 22.5 �C, (c) T = 24.6 �C and (d) T = 27.7 �
C, 11 bins for each temperature treatment.
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4. DISCUSSION

4.1. Coral Ba uptake

The distribution coefficient describes the partitioning of
Ba between solid aragonite and dissolved phases according
to:

KBa ¼ Ba=Caargonite
Ba=Cadissolved

ð6Þ

The distribution coefficient must be constrained to
quantitatively use coral Ba/Ca as an environmental paleo
proxy of ocean water chemistry. Experimental results indi-
cate the corals incorporate Ba in direct proportion to the
seawater dissolved Ba across a large concentration range
(72–463 nmol kg�1). To our knowledge, this is the first time
the concentration response of Ba uptake into coral arago-
nite has been demonstrated experimentally. Our results
are consistent with those observed for other marine species
(calcite foraminifera, Lea and Spero, 1992; and aragonitic
fish otoliths, Bath et al., 2000; Elsdon and Gillanders,
2003). However, there is large variability in individual Ba
uptake efficiency resulting in variable distribution coeffi-
cients (Figs. 2 and 4). Below we consider the potential
impact of temperature, calcification rate, and aragonite sat-
uration state on this inter-specimen variability.

4.2. Coral Ba/Ca distribution coefficient

4.2.1. Temperature dependence of KBa

Experiments with inorganic aragonite over large temper-
ature ranges (10–75 �C) show that KBa is inversely related
to temperature (Dietzel et al., 2004; Gaetani and Cohen,
2006), such that aragonite precipitated at a lower tempera-
ture will have a higher Ba/Ca (Fig. 4a). There is a large
range in skeletal Ba/Ca, as discussed above. To evaluate



Fig. 3. (a) Coral calcification rate for uncorrected (solid) and CCA corrected (empty) versus temperature. Data at each temperature includes
polyps from each of the three different Ba treatments. The best-fit line (solid) is shown for the relationship: coral calcification
rate = 0.68 � temperature � 12.29 (T in �C, r2 = 0.14, p < 0.0001); dashed lines indicate the 95% confidence interval, while dotted line
represents 95% prediction interval. Histograms of corrected calcification rate for each temperature treatment are shown in (b) T = 22.5 �C, (c)
T = 24.6 �C and (d) T = 27.7 �C. Precipitation rates from each treatment were grouped into an equal number of bins (11) in the histograms,
corresponding to different bin ranges for each temperature.
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the influence of temperature on Ba partitioning, the distri-
bution coefficient at each experimental temperature was cal-
culated from the regression slope between coral and water
Ba/Ca with an intercept set at zero. The choice of Sr/Ca
temperature dependence for the CCA correction results in
a maximum change of 0.1 in the KBa. This represents
approximately 5% and 6% of the low and high temperature
average KBa, respectively, and is similar to the KBa stan-
dard error, as calculated from the linear regressions. In
these experiments, the distribution coefficients were: 27.7 �
C, KBa = 1.73 (1.69–1.77, 95% confidence interval (CI)),
at 24.6 �C, KBa = 1.79 (1.73–1.84, 95% CI) and at 22.5 �
C, KBa = 1.88 (1.81–1.95, 95%CI). The 95% confidence
intervals overlap due to the large range in polyp Ba/Ca.
Lea et al. (1989) report lower KBa values for mature colo-
nies of Diploria labyrinthiformis (Bermuda) and Montastrea

annularis (Bermuda) (KBa = 1.27 ± 0.03) and for Pavona

Clavus (Galapagos) (KBa = 1.41 ± 0.14). The temperature
dependence of the distribution coefficient for the F. fragum
polyps falls along this regression line (Fig. 4a):

KBa ¼ 2:514� 0:190� 0:02865� 0:01487T ð7Þ
where T is temperature in �C. The experimentally precipi-
tated inorganic aragonite in Gaetani and Cohen (2006) dis-
plays a greater temperature dependence than we observe for
the Favia polyps or reported in Dietzel et al. (2004) (also in
DeCarlo et al. (2015); see discussion below). Over the tem-
perature range used in these experiments (22.5–27.7 �C),
Dietzel et al. (2004) predicts a decrease in KBa of 0.19,
DeCarlo et al. (2015) predicts a 0.22 decrease, and



Fig. 4. (a) Temperature dependence of the Ba distribution coefficient (KBa) for the Favia fragum corallites grown in culture as well as three
abiogenic KBa temperature dependences. Values for Lea et al. (1989) M. annularis (Bermuda) and P. Clavus (Galapagos) are also shown. For
this experiment, KBa at each temperature was calculated from the slope of corrected coral Ba/Ca versus water Ba/Ca; KBa error bars are the
95% confidence interval for the slope and temperature error bars represent the standard deviation during the experiment. KBa calculated for
each individual is also shown. The best-fit line (solid) is shown for the experimental distribution coefficient-temperature relationship:
KBa = 2.514 � 0.02865T (T in �C). (b) Abiogenic aragonite KBa values vary as a function of aragonite saturation state (data from DeCarlo
et al. (2015) and Holcomb et al. (2016) as described in the text). The F. fragumKBa fall off this relationship, likely as a result of modification of
calcifying fluid, as saturation state is shown for the bulk aquaria water.
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Gaetani and Cohen (2006) predict a decrease of 0.37, com-
pared to the 0.15 reduction that we observe in the Favia

experiment.

4.2.2. Precipitation rate and aragonite saturation state

influence on KBa

In addition to temperature, elemental partitioning in
aragonite has been related to other variables, such as calci-
fication rate (Reynaud et al., 2007), extension rate
(Pingitore et al., 1989; Saenger et al., 2008), aragonite satu-
ration state (Kleypas et al., 1999; DeCarlo et al., 2015), and
Rayleigh fractionation (Gaetani and Cohen, 2006). In these
experiments, calcification rate, temperature, and aragonite
saturation index are linked since we observed an increase
in calcification at higher temperatures and saturation states,
as reported previously (F. fragum, Barkley, 2011; Sty-

lophora pistillata, Reynaud et al., 2003; Cladocora caespi-

tosa, Rodolfo-Metalpa et al., 2008), although evidence
has been presented elsewhere for a decline in calcification
at the highest temperature used in these experiments
(27.7 �C, Galaxea fascicularis and Dendrophyllia, Marshall
and Clode, 2004). This increase in calcification at higher
temperatures is potentially due to higher efficiency in the
enzyme-regulated processes associated with calcification at
increased temperatures, although species dependence can-
not be ruled out (Marshall and Clode, 2004).

KBa has been shown to increase concurrent with precip-
itation rates (Cohen and Gaetani, 2010). To explore the
potential impact of calcification rate on Ba partitioning,
we can compare the F. fragum experiment results to inor-
ganic aragonite precipitation experiments (Dietzel et al.,
2004; Gaetani and Cohen, 2006; Holcomb et al., 2010). In
this study, the KBa was calculated for each individual or
grouped sample (see Methods) and compared to the calcifi-
cation rate determined for that individual or grouped sam-
ple. In addition, we calculated KBa from the abiogenic
experiments described in DeCarlo et al. (2015) and
Holcomb et al. (2016). We did this by using the measure-
ments of the aragonite Ba/Ca from Holcomb et al.
(2016), the fluid [Ca] from DeCarlo et al. (2015), the local
seawater Ba/Ca from Gaetani and Cohen (2006), and fol-
lowing the partitioning calculations described in DeCarlo
et al. (2015).

The coral KBa values reported here are higher than those
determined for inorganic aragonite reported by Dietzel
et al. (2004) and Holcomb et al. (2010), but less than the
values predicted by Gaetani and Cohen (2006) or calculated
from DeCarlo et al. (2015) and Holcomb et al. (2016)
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(Fig. 4a). These experiments induced precipitation by creat-
ing supersaturated conditions with respect to aragonite.
The experimental study design resulted in varying precipita-
tion rates for each study: Dietzel et al., 2004 reports
�10 mg d�1, 40–70 mg d�1 reported by Gaetani and
Cohen (2006) and DeCarlo et al. (2015) ranged from 50
to 500 mg d�1 (170 average). The growth rate in the Hol-
comb et al. experiment is not reported, although Cohen
and Gaetani (2010) indicate that it was lower than 40–
70 mg d�1. In this study, precipitation rates for F. fragum

in each treatment averaged from 1 to 7 mg d�1. Precipita-
tion rate does not appear to explain the higher KBa reported
here compared to the abiogenic experiments. Note that
while precipitation rate and distribution coefficient are both
correlated to temperature in this experiment, there is no
correlation between calcification rate and KBa (r2 = 0.01).
While it is possible the range in precipitation rates in the
current culture experiments is too small compared to the
individual polyp variability to discern a precipitation rate
dependence on KBa, calcification rate does not appear to
drive changes in KBa.

Coral biomineralization processes may drive Ba/Ca vari-
ability in our experiments. Corals precipitate their skeletons
from a calcifying fluid that is supplied by seawater, but is iso-
lated, or semi-isolated, with respect to the external seawater
environment (Cohen andMcConnaughey, 2003; Venn et al.,
2011; Gagnon et al., 2012). Precipitation of aragonite from
an isolated reservoir modifies the elemental composition of
the calcifying fluid by raising pH, effectively elevating the
aragonite saturation state (Al-Horani et al., 2003; Venn
et al., 2013). During this process, elements with Ki > 1 (such
as Ba) are depleted relative to Ca in the coral calcifying fluid
as precipitation proceeds from an isolated reservoir of fluid.
Greater precipitation rates will therefore decrease the Ba/Ca
ratio of the calcifying fluid and the Ba/Ca ratio of the coral
skeleton precipitated from the fluid. Gaetani et al. (2011)
described this as a Rayleigh fractionation process and found
that themass fraction of aragonite precipitated from the fluid
increases (i.e. greater extent of precipitation) with increasing
temperature. In addition, abiotic aragonite experiments have
shown an increase in KBa with increasing aragonite satura-
tion state (Fig. 4b, Supplemental Table 3: KBa calculated
according to DeCarlo et al. (2015) from fluid [Ca]
(DeCarlo et al., 2015), dissolved Ba/Ca ratio (Gaetani and
Cohen, 2006), and aragonite Ba/Ca (Holcomb et al.,
2016)). TheF. fragum results fall off of the inorganic relation-
ship, though, however saturation state is reported for the
bulk seawater, not the calcifying fluid, which is likely higher.
Variability in calcifying fluid chemistry and precipitation effi-
ciency could potentially explain the large variability in coral
Ba/Ca and individual KBa seen here, as well as contribute to
the temperature dependence of KBa that we observed. How-
ever, these influences cannot be resolved in this study.

5. IMPLICATIONS FOR CORAL BA/CA AS A

PALEOPROXY

Through coral culture work we have shown that corals
incorporate Ba in direct proportion to seawater concentra-
tions up to >400 nmol kg�1. Based on the distribution coef-
ficient temperature dependence found here, the potential
influence of temperature on coral Ba/Ca ratios from 20 to
28 �C in constant coastal ocean Ba concentrations of
50 nmol kg�1 would be 1.1 lmol mol�1, or �13% increase
corresponding to cooler temperatures. Peak Ba/Ca ratios
have been reported that are much greater than this, for
example peak values of 12–17 lmol mol�1, attributed to
river discharge to the Great Barrier Reef (Sinclair and
McCulloch, 2004); 6–15 lmol mol�1 attributed to upwel-
ling in the Red Sea (Tudhope et al., 1996); and 8–
18 lmol mol�1, attributed to sediment input in Hawaii
(Prouty et al., 2010) (see Table 1). The partition coefficient
temperature dependence is not sufficient to explain such
large coral Ba/Ca peaks. If these increases in coral Ba/Ca
are due primarily to changes in water chemistry, then ele-
vated coastal ocean Ba concentrations must be sustained
over the time period that corresponds to coral calcification.
There is less evidence for large, temporally-sustained
coastal ocean Ba concentrations of 80–140 nmol kg�1, or
higher, to support the large coral Ba/Ca peaks identified
in Table 1. Typical coastal ocean Ba range from 40 to
75 nmol kg�1, and are dependent on external dissolved Ba
inputs and water residence times (Shaw et al., 1998;
Gonneea et al., 2014). In addition, oceanic Ba cycling
between the dissolved and particulate phase is controlled
in part by productivity through precipitation of barite
(BaSO4) in decomposing organic matter and ultimately bur-
ial in sediments (Dehairs et al., 1980; Ganeshram et al.,
2003). However, it is unlikely that this process will modify
coastal ocean Ba concentrations to sufficiently explain the
commonly observed annual cycle in coral Ba/Ca. Finally,
the organic matter associated with the coral polyp is highly
enriched in Ba, which is removed prior to analysis through
oxidation of sample material (Lea and Boyle, 1993). While
there is some evidence that organic matter is preserved
within the skeleton (Ingalls et al., 2003), it is not known if
this organic matter contributes to coral skeletal Ba/Ca
below the polyp layer. Given the current uncertainty in
how Rayleigh fractionation, calcification rate, extension
rate, and saturation state affect coral Ba/Ca ratios, relating
coral Ba/Ca paleo records to changes in seawater Ba/Ca
should be approached with caution. Finally, it is necessary
to quantify natural variability in ocean Ba concentrations
across appropriate temporal scales in response to the vari-
ous environmental conditions for which Ba has been
invoked as a useful tracer.
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