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A conservative element in seawater, uranium is readily incorporated into the aragonitic
skeletons of scleractinian corals, making them an important paleoclimate archive that
can be absolutely dated with U-Th techniques. In addition, uranium concentrations
(U/Ca ratios) in corals have been suggested to be influenced by the temperature and/or
carbonate ion concentration of the ambient seawater based on empirical calibrations.
Microsampling techniques have revealed strong heterogeneities in U/Ca within individual
specimens in both surface and deep-sea corals, suggesting a biological control on the
U incorporation into the skeletons. Here we further explore the mechanism of uranium
incorporation in coral skeletons with the deep-sea species Desmophyllum dianthus, an
ideal test organism for the biomineralization processes due to its relatively constant
growth environment. We find a negative correlation between bulk coral U/Ca and
temperature as well as ambient pH and [CO3

2−] that is consistent with previous studies.
By sampling the growth bands of individual corals, we also find a twofold change in U/Ca
within individual corals that is strongly correlated with the δ18O, δ13C, and other Me/Ca
ratios of the bands. A similar correlation between U/Ca and stable isotopes as well
as other Me/Ca ratios are observed in bulk deep-sea coral samples. With a numerical
coral calcification model, we interpret the U/Ca-stable isotope correlation as a result of
changes in uranium speciation in response to internal pH elevations in the extracellular
calcifying fluid (ECF) of the corals, and suggest that the Ca2UO2(CO3)3(aq) complex, the
dominant U species in seawater, may be the major species incorporated into the coral
skeleton. Therefore, the correlation between U/Ca and ambient [CO3

2−] is likely a result
of the response of the biomineralization process, especially the magnitude of internal
pH elevation, to the growth environment of the corals. Our data suggest overall lower
alkalinity pump rates in corals from low saturation seawater compared to those from
high saturation seawater, and possible increases in Ca2+ supply from active pumping
relative to seawater transport in response to the environmental stress of low saturation.
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INTRODUCTION

The minor and trace element contents (Me/Ca ratios) of biogenic
carbonates have been used for paleoclimate reconstructions
for decades. Among them, uranium is of interest due to its
relatively high concentrations allowing it to be used as a dating
tool as well as a geochemical proxy, especially in biogenic
aragonites (Broecker, 1963; Edwards et al., 1987; Min et al.,
1995; Shen and Dunbar, 1995; Cheng et al., 2000; Cutler et al.,
2003; Russell et al., 2004; Robinson et al., 2006; Anagnostou
et al., 2011; Keul et al., 2013; Raddatz et al., 2014; Chen
T. et al., 2016; DeCarlo et al., 2016). Uranium is soluble in
oxic seawater as uranyl-carbonate complexes and is readily
incorporated into the aragonite lattice (Langmuir, 1978; Djogić
et al., 1986; Reeder et al., 2000, 2001). However, the exact
mechanism of uranium incorporation into carbonate minerals
is still under debate (Reeder et al., 2000, 2001; Anagnostou
et al., 2011; DeCarlo et al., 2015; Chen X. et al., 2016; Chen,
2020), complicating its use as a paleoclimate proxy. The uranium
incorporation mechanism is further complicated by more recent
discoveries that the dominant uranium species in seawater
are actually Ca-UO2-CO3 and Mg-UO2-CO3 complexes due
to their high stability constants in a medium of high ionic
strength (Dong and Brooks, 2006; Endrizzi and Rao, 2014;
Chen X. et al., 2016).

Early work on surface corals found seasonal variations
in U/Ca that track sea surface temperature (Min et al.,
1995; Shen and Dunbar, 1995). Through thermodynamic
calculations of a simple exchange reaction (UO2

2+ directly
substituting Ca2+ in aragonite), it was found that the negative
correlation between coral U/Ca and temperature is mainly a
result of the temperature dependence of the carbonate system
constants and its resulting influence on the speciation of
uranium, rather than the temperature dependence of uranium
partitioning into the mineral (Min et al., 1995). As a result,
the incorporation of uranium into coral skeletons can also
be influenced by changes in the carbonate chemistry of
the ambient seawater (Min et al., 1995; Shen and Dunbar,
1995). This has inspired efforts in developing U/Ca in
biogenic carbonates as a proxy for seawater carbonate ion
concentrations ([CO3

2−]), especially in the deep ocean where
temperature changes are more limited. Empirical calibrations
show that U/Ca in both corals and foraminifera are negatively
correlated with seawater [CO3

2−] or pH (Russell et al.,
2004; Anagnostou et al., 2011; Inoue et al., 2011; Raitzsch
et al., 2011; Keul et al., 2013; Raddatz et al., 2014; Allen
et al., 2016). A negative U/Ca-[CO3

2−] correlation was also
observed in inorganic aragonite precipitation experiments in
seawater, without significant influence from temperature or
pH, although the apparent sensitivity of U/Ca to [CO3

2−] is
different between laboratory-grown aragonite and coral skeletons
(DeCarlo et al., 2015).

Different ideas have been proposed for this negative
correlation regarding both the uranium species that gets
incorporated into the mineral and the exact incorporation
mechanism (Reeder et al., 2000; Anagnostou et al., 2011; DeCarlo
et al., 2015; Chen X. et al., 2016; Chen, 2020). In solutions of

low ionic strength, UO2(CO3)3
4− is the dominant species above

pH = 8 and increases in abundance with higher pH (Langmuir,
1978; Djogić et al., 1986). Spectroscopic evidence suggests
that uranium in aragonite has the same bonding structure
as aqueous UO2(CO3)3

4− (Reeder et al., 2000). Therefore,
the negative correlation between carbonate U/Ca and seawater
[CO3

2−] may be a result of a reduced adsorption efficiency for
UO2(CO3)3

4− at high [CO3
2−] (Barnett et al., 2000; Anagnostou

et al., 2011). Such a model, however, does not account for
the more complicated uranium speciation in seawater more
recently discovered (Dong and Brooks, 2006; Endrizzi and Rao,
2014; Chen X. et al., 2016). The biomineralization process of
the calcifying organisms, especially the internal pH elevation in
the calcifying fluid of the organisms (Al-Horani et al., 2003;
Zoccola et al., 2004; de Nooijer et al., 2009; Venn et al., 2011;
Toyofuku et al., 2017), could bring additional complexity to
the U/Ca-[CO3

2−] relation observed in biogenic carbonates
without good constraints on the actual carbonate chemistry of the
calcifying fluid.

Here we further study the incorporation mechanism of
uranium in biogenic aragonite with deep-sea corals as a test
organism. Deep-sea corals are well-suited to study the impact of
the biomineralization process on geochemical tracers (i.e., “vital
effects”), due to their relatively constant growth environment
and the large tracer gradient observed in individual specimens
(Adkins et al., 2003; Rollion-Bard et al., 2003, 2010; Robinson
et al., 2006, 2014; Gagnon et al., 2007). Strong tracer correlations
have been found in the skeletons of individual deep-sea corals
that can be attributed to a common biomineralization process
(Adkins et al., 2003; Gagnon et al., 2007; Chen S. et al., 2018).
In particular, the strong correlation between carbon and oxygen
isotopes (δ18O and δ13C) of deep-sea coral skeletons has been
quantitatively explained with a process-based coral calcification
model, which provides the potential to realistically constrain
the carbonate chemistry of the extracellular calcifying fluid
(ECF) of the corals (Chen S. et al., 2018). As a result, we
can explore the fundamental mechanisms of vital effects in the
incorporation of minor and trace elements in corals by making
coupled Me/Ca and stable isotope measurements. With a suite of
modernDesmophyllum dianthus specimens, we show a consistent
relation between U/Ca and the stable isotopes (δ18O and δ13C)
as well as other Me/Ca ratios of the skeletons in bulk samples
and within individual corals. We then discuss the incorporation
mechanism of uranium in corals and its implications for U/Ca as
a paleo-[CO3

2−] proxy.

MATERIALS AND METHODS

Sample Preparation
The D. dianthus specimens used in this study were either
provided by the Smithsonian Museum of Natural History or
collected from Seamounts south of Tasmania with the deep
submergence vehicle Jason during cruise TN-228 in 2008–2009
on the R/V Thompson. Most corals were collected with tissue
remains on them and are therefore considered modern. They
span a wide range of geographic locations and environmental
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TABLE 1 | Bulk U/Ca of D. dianthus used in this study.

Coral ID Lon (◦E) Lat (◦N) Depth (m) Temp (◦C)a [CO3
2−] (µmol/kg) This study U/Ca (µmol/mol) Anagnostou U/Ca (µmol/mol)

19249 −119.5 34.0 274 7.8 ± 0.8 56 ± 2 1.868 ± 0.015b 2.04 ± 0.14c

BigBeauty −62.2 −54.7 816 3.6 ± 0.3 101 ± 6 1.996 ± 0.003

47409 −39.4 −54.5 672.5 1.9 ± 0.3 77 ± 3 2.057 ± 0.008 2.13 ± 0.08

Leda-b 147.3 −44.3 1,460 2.9 ± 0.2 71 ± 3 2.100 ± 0.009

Leda-t 147.3 −44.3 1,460 2.9 ± 0.2 71 ± 3 2.159 ± 0.005

Gaia 150.3 −44.8 2,395 2.1 ± 0.1 78 ± 2 2.512 ± 0.008

83583 −127.8 32.9 464 6.0 ± 0.1 46 ± 1 2.125 ± 0.049 2.33

82065 −129.8 −54.8 585.5 5.3 ± 1.0 108 ± 3 1.357 ± 0.021 1.77 ± 0.05

94071 173.3 −30.7 615 9.0 ± 0.3 111 ± 2 1.884 ± 0.002

47407D −129.8 −54.8 549 5.5 ± 1.0 107 ± 3 1.346 ± 0.004 0.93 ± 0.1

84820 −91.6 0.2 806 5.9 ± 0.1 58 ± 2 1.982 ± 0.007 2.01 ± 0.15

62309 −67.7 40.4 521.5 5.7 ± 1.0 102 ± 2 1.312 ± 0.005 1.32 ± 0.08

47394 162.0 −51.0 352 5.7 ± 1.0 122 ± 2 1.566 ± 0.006

53377 167.8 −51.1 210 7.1 ± 0.5 125 ± 2 1.595 ± 0.007

48744 9.8 43.3 627.5 13.1 ± 0.1 203 ± 1 1.860 ± 0.004

80404 −4.2 35.4 395 13.2 ± 0.1 184 ± 1 1.600 ± 0.006

80358 −7.8 48.0 358 11.2 ± 0.1 145 ± 3 1.434 ± 0.006 0.85 ± 0.01

47413A 167.6 −50.6 421 6.8 ± 0.4 123 ± 3 1.492 ± 0.010 1.79

Titan-b 147.3 −44.4 2,066 2.4 ± 0.2 75 ± 2 1.656 ± 0.006

Titan-t 147.3 −44.4 2,066 2.4 ± 0.2 75 ± 2 1.965 ± 0.003

97275 117.6 21.7 421 9.0 ± 0.4 142 ± 4 1.424 ± 0.002

aUncertainties in temperature and [CO3
2−] are estimated from multiple stations in the vicinity of the coral growth sites in the GLODAP v2.0 database. b1σ errors calculated

from measurements of different powder aliquots of individual corals. cData and errors as originally reported in Anagnostou et al. (2011). Only corals that were measured
in both studies are listed in this column.

conditions (Table 1). The environmental conditions of the corals
are estimated from nearby stations in the GLODAP v2 database
(Key et al., 2015; Olsen et al., 2016) with Ocean Data View
(Table 1). The carbonate chemical speciation of the ambient
seawater is calculated with alkalinity and dissolved inorganic
carbon (DIC) in the GLODAP v2 database using CO2SYS, with
carbonate chemistry constants from Millero (2010) and in-situ
estimates of silicate and phosphate concentrations for each coral.

For bulk coral samples, a small piece containing both the septa
and theca was removed from the coral calice. After physically
abrading the outer surface, the coral piece was rinsed in ethanol
and DI water, dried with compressed air, and crushed into
fine powder with mortar and pestle, before chemical processing
and geochemical measurements. A few to tens of milligrams
of powder were collected for each coral. Different aliquots of
the same powder sample were used for stable isotope and
Me/Ca measurements.

To study the tracer variability within individual corals, we also
sampled growth features in cross sections of the coral skeletons
with a Merchantek micromill system, with a method similar
to Adkins et al. (2003) and Gagnon et al. (2007). To generate
coupled Me/Ca and stable isotope measurements on the same
samples, we micromilled growth bands that are typically 100 µm
wide, 200 µm deep, and 1–3 mm long. This allowed us to
collect 30–100 µg of powder for stable isotope measurements
and 50–200 µg of powder for Me/Ca measurements of the same
growth band, and directly compare the distribution patterns in
different tracers.

Geochemical Analysis
The stable isotopes were measured at Scripps Institution of
Oceanography using a Thermo MAT 253 mass spectrometer
equipped with a Kiev IV carbonate preparation device. The
samples were measured against an in-house reference gas with
an isotopic composition originally calibrated to the Vienna
Pee Dee Belemnite (VPDB) scale through the NBS-17 gas
standard. The carbonate samples were further calibrated to the
VPDB scale with the NBS-19 carbonate standard. The long-
term reproducibility (1σ) for carbonate measurements in the
mass range employed here is 0.03h for δ13C and 0.08h
for δ18O.

The Me/Ca ratios of the samples were measured in two
different labs at the University of St. Andrews and the California
Institute of Technology. Measurements of the micromilled
samples were split between the two labs, while all the bulk
samples were measured at Caltech. With a cleaning test at
University of St. Andrews, we found minimal impact of
a two-step chemical cleaning (0.1 M NH4OH+1% H2O2
and 0.0005 M HNO3) on measured U/Ca compared to
uncleaned powder from the same coral sample. As a result,
the samples were directly dissolved in 5% HNO3 before
Me/Ca analyses. Dilutions of the primary solutions (1:100
at St. Andrews, 1:40 at Caltech) were made to check for
[Ca2+] with 48Ca intensity on the mass spectrometer, after
which 1 mM [Ca2+] secondary solutions were made for the
Me/Ca measurements. The measurements were performed on
an Agilent 7500a ICP-MS at St. Andrews, and an Agilent
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7500cx ICP-MS at Caltech. Multiple elements were collected
during the analyses, including Li, B, Mg, Ca, Mn, Sr, Cd,
Ba, and U. The same method was used for the bulk and
micromilled samples. This paper specifically focuses on uranium
due to its complex speciation as compared to other metal
cations. Spatial distributions of other elements in deep-sea coral
skeletons are also presented to make cross correlations with
uranium, but the detailed mechanisms of these elements will be
discussed elsewhere.

The U/Ca ratios of the D. dianthus samples were calibrated
with well characterized in-house multi-element standards
with compositions similar to biogenic carbonates. Coral
standard Jcp-1 was measured with the samples to check
for the accuracy of the measurements. We obtained U/Ca
ratios of 1.192 ± 0.012 µmol/mol (N = 3) at St. Andrews
and 1.188 ± 0.005 µmol/mol (N = 15) at Caltech, both
within uncertainty of the interlab calibration value of
1.192 ± 0.045 (1σ) µmol/mol (Hathorne et al., 2013),
suggesting our U/Ca measurements are accurately calibrated
with sub-percent precision.

Coral Calcification Modeling
The goal of this study is to couple stable isotopes and U/Ca
to study the uranium incorporation mechanism. The coral
calcification model developed by Chen S. et al. (2018) for stable
isotopes is used to constrain the carbonate chemistry of the ECF
of the corals together with the stable isotope measurements. The
model can quantitatively explain all the δ18O and δ13C features
in deep-sea corals in the framework of internal pH elevation
modulated by the enzyme carbonic anhydrase (Chen S. et al.,
2018). As a result, we expect the model to realistically simulate
the carbonate chemistry of the ECF of the corals corresponding
to a given stable isotope measurement.

The incorporation of minor and trace elements (with Mg2+

as an example) into the coral skeleton can be modeled with the
following equations:

d[Ca]ECF
dt

=
1

τsw
([Ca]sw − [Ca]ECF)+

1
2
fCa

FAlk
z
−

FCaCO3

z
(1)

d
[
Mg

]
ECF

dt
=

1
τsw

([
Mg

]
sw −

[
Mg

]
ECF

)
−

1
z
FCaCO3DMg

[
Mg

]
ECF

[Ca]ECF
(2)

Both equations include a seawater flushing term with a
timescale of τsw. The time scale of seawater turnover should
be the same for all geochemical tracers, and is constrained to
be a few minutes for D. dianthus based on the stable isotopes
(Chen S. et al., 2018). For Ca2+, there is an additional source
from the alkalinity pump (FAlk) by membrane bond Ca-ATPase.
The fCa term in the alkalinity pump flux represents the fraction
of the total alkalinity flux from Ca2+ pumping, and accounts
for the fact that other forms of alkalinity pumps have been
described in corals (Jokiel, 2013; Barott et al., 2015; Barron et al.,
2018). Ca2+ is removed from the ECF by aragonite precipitation
(FCaCO3 ), with z being the thickness of the ECF (10 µm) to
convert fluxes into concentration changes. For Mg2+, the only

source is from seawater flushing, and the sink term is co-
precipitation with aragonite with a distribution coefficient of DMg
[DMg = (Mg/Ca)coral /(Mg/Ca)ECF].

As a trace element, the speciation of uranium is dominated
by the major ions and the carbonate system. With the
carbonate chemistry of the ECF constrained by the stable isotope
measurements and the model, we can calculate the corresponding
uranium speciation to simulate its incorporation process, and
therefore study its incorporation mechanism into coral skeletons.
To calculate uranium speciation, we use stability constants
determined for high ionic strength conditions from Guillaumont
et al. (2003) and Endrizzi and Rao (2014). As with Ca and Mg, the
incorporation of uranium into the coral skeleton can be modeled
with the equation:

d[U]ECF
dt

=
1

τsw
([U]sw − [U]ECF)− DU

χU [U]ECF
[Ca]ECF

FCaCO3

z
(3)

Here we introduce the term χU as the fraction of the uranium
species that gets incorporated into the coral skeleton in total
uranium, and test different incorporation mechanisms with the
uranium speciation calculations. Following the definition of χU ,
the U/Ca of the coral aragonite can be calculated as:

(U/Ca)coral = DU
χU [U]ECF
[Ca]ECF

(4)

We note that there are different definitions of DU in
previous inorganic precipitation experiments regarding whether
the denominator should be [Ca2+] or [CO3

2−] in the U/Ca
ratio (Meece and Benninger, 1993; Gabitov et al., 2008; Raddatz
et al., 2014; DeCarlo et al., 2015). We choose [Ca2+] because
it is more commonly used in the literature, and uranium most
likely substitutes for calcium in the aragonite lattice regardless
of the species that is preferentially incorporated (Min et al.,
1995; Reeder et al., 2000). Together with the stable isotopes,
major ion concentrations and the corresponding carbonate
chemistry, we can calculate the steady state [U]ECF and U/Ca of
the coral skeleton.

RESULTS

Empirical Tracer Calibration of Bulk
Samples
Figure 1 shows plots of bulk D. dianthus U/Ca with temperature
and carbonate chemistry of the ambient seawater. We see
that coral U/Ca is negatively correlated with temperature,
seawater [CO3

2−] and pH, consistent with previous studies
(Min et al., 1995; Shen and Dunbar, 1995; Anagnostou
et al., 2011; Inoue et al., 2011; Raddatz et al., 2014).
The correlation with [CO3

2−] (R = –0.70, p < 0.001)
is stronger than with pH (R = –0.66, p = 0.002) and
temperature (R = –0.55, p = 0.015), although all three
are statistically significant. However, we observe a wide
range of scatter in these correlations that is similar to
the data collected by Anagnostou et al. (2011) with laser
ablation ICP-MS, despite using different analytical methods
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FIGURE 1 | Correlations between bulk D. dianthus U/Ca with (A) temperature, (B) seawater pH, (C) seawater [CO3
2−], and (D) 1[CO3

2−]. Red squares are from
this study and blue circles are from Anagnostou et al. (2011) with 1σ error bars. The black lines show linear fits to the data in this study considering uncertainties in
both environmental estimates and U/Ca measurements following York et al. (2004). Two corals from the Mediterranean Sea are excluded from the linear fits.

and calibration standards that could cause measurement offsets
in the same corals (Table 1). In our sample set, two
corals from the Mediterranean Sea seem to deviate from
the U/Ca-[CO3

2−] trend defined by other corals, suggesting
possible changes in their biomineralization process in a
special environmental setting (Figure 1B). When these two
corals are excluded, the U/Ca-[CO3

2−] relation we obtained
is also statistically indistinguishable from the one found
by Anagnostou et al. (2011). We also find that replacing
[CO3

2−] with 1[CO3
2−] ([CO3

2−]in−situ–[CO3
2−]saturation)

slightly improves the U/Ca calibration (R = –0.75, p < 0.001),
although the scatter is similar with [CO3

2−] and 1[CO3
2−]

(Figures 1C,D). No clear correlations are found for U/Ca with
other environmental conditions.

Tracer Distribution in Individual
Desmophyllum dianthus
Figure 2 shows an example of the distribution of stable isotopes
and some Me/Ca ratios from the micromilled samples in coral
47394. As with previous studies, we find a relatively wide range
of tracer variability within a single D. dianthus specimen (Adkins
et al., 2003; Robinson et al., 2006; Gagnon et al., 2007; Case et al.,
2010; Stewart et al., 2016). In a single septum of 47394, we see a
3.5h range in δ18O, an 8h range in δ13C, a 5% change in Sr/Ca,
a 24% change in B/Ca, and almost twofold changes in Mg/Ca
and U/Ca (Figure 2). Similar ranges of tracer variability are
observed in other corals we sampled. In general, the magnitude
of tracer variability we observe in individual corals is smaller
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FIGURE 2 | Distribution of isotopes and Me/Ca ratios with growth bands in coral 47394. (A) Reflected light image of a thick section of the coral septum that was
micromilled, with white lines showing the micromilled bands. There is a COC band in the middle. (B–G) Transects of δ18O, δ13C, B/Ca, Mg/Ca, Sr/Ca, and U/Ca of
the micromilled bands. The gray bar marks the COC band.

than previous studies. For U/Ca in particular, Robinson et al.
(2006) observed threefold U/Ca changes in individualD. dianthus
with a neutron bombardment and fission track counting method.
The narrower range in our data is most likely a result of the
micromilling procedure, which sampled relatively large amounts
of powder for both stable isotopes and Me/Ca measurements and
caused significant spatial averaging, compared to methods used
in previous studies. However, the tracer variability we were able
to retrieve still covers a sufficiently large gradient that can be used
to infer the underlying biomineralization process. We chose this
spatial averaging so that measurements of Me/Ca ratios and of
stable isotopes could be made on the exact same powder while
still preserving the natural banding resolution.

As with previous observations, we also see distinct isotope
and Me/Ca compositions in the center of calcification (COC)
bands in deep-sea corals, including depletions in δ18O, δ13C,
B/Ca U/Ca, and enrichment in Mg/Ca (Adkins et al., 2003;
Blamart et al., 2007; Gagnon et al., 2007; Case et al., 2010; Stewart
et al., 2016). There is no distinct Sr/Ca change in the COC, also
consistent with previous work (Gagnon et al., 2007; Stewart et al.,
2016). Such tracer correlations can be used to infer whether the
distinct composition of COCs can be explained with the same
biomineralization mechanism as the fibrous secondary aragonite.

U/Ca Correlations With Other Tracers
The distribution of tracers with growth bands points toward
strong tracer correlations in individual D. dianthus skeletons.
This paper focuses on uranium, and the correlations between
other tracers will be discussed elsewhere. Figure 3 shows U/Ca
correlations with Mg/Ca, Sr/Ca, δ18O, and δ13C in micromilled
bands of individual D. dianthus. There is generally a negative
correlation between Mg/Ca and U/Ca, and positive correlations
for U/Ca with Sr/Ca, δ18O and δ13C. The COCs may have
different tracer correlations from the secondary aragonite, but
it is not obvious from the data we collected, which could be a
result of the spatial averaging during the micromilling process.
Coral 48744 from the Mediterranean Sea shows limited tracer
variability in the area we sampled, but still exhibits similar
tracer correlation patterns as other corals. The correlations we
observe between Mg/Ca, Sr/Ca, and U/Ca are consistent with
previous studies of deep-sea corals as well as surface corals

(Sinclair, 2005; Gagnon et al., 2007; Raddatz et al., 2014; DeCarlo
et al., 2016; Stewart et al., 2016). By coupling Me/Ca ratios with
stable isotopes, we also document for the first time the strong
positive correlations between U/Ca, δ18O, and δ13C. Given our
interpretation of the stable isotopes in deep-sea corals (Adkins
et al., 2003; Chen S. et al., 2018), such correlation suggests a
decrease in uranium incorporation into the coral skeletons as the
alkalinity pump rate is increased in the ECF.

In addition to the micromilled growth bands in individual
corals, we also observe strong tracer correlations in our bulk
coral samples (Figure 4) that are similar to the micromilled
samples (Figure 3). For U/Ca-Mg/Ca and U/Ca-δ18O, there
seems to be a single correlation trend in the bulk samples
that is consistent with the micromilled samples in individual
corals (Figures 4A,C). However, corals from supersaturated
and undersaturated seawater show different ranges in tracer
values. Corals from undersaturated seawater generally have
low Mg/Ca, high U/Ca and enriched δ18O values and vice
versa (Figures 4A,C). For U/Ca-Sr/Ca, no clear correlation
is observed when all the corals are considered. However,
corals from undersaturated seawater exhibit positive U/Ca-Sr/Ca
correlations that are similar to the micromill data, while corals
from supersaturated seawater do not show a clear U/Ca-Sr/Ca
correlation (Figure 4B). For U/Ca and δ13C, two separate
correlation trends are observed in the bulk data (Figure 4D).
Corals from warm (T > 5◦C) supersaturated seawater define a
U/Ca-δ13C relation with a shallower slope, while the other corals
define a steeper U/Ca-δ13C slope. Most of the corals on the steep
U/Ca-δ13C trend live in undersaturated seawater, with two corals
from supersaturated seawater at low temperatures (T< 5◦C). The
separation in U/Ca-δ13C slopes can also be seen in the micromill
data, where there is a wider spread in the U/Ca-δ13C correlations
compared to the U/Ca-δ18O correlations (Figures 3C,D).

Uranium Speciation in Seawater
Figure 5 shows uranium speciation changes with pH in
seawater at either a constant alkalinity or a constant DIC
with stability constants from Guillaumont et al. (2003) and
Endrizzi and Rao (2014). We see that the dominant uranium
species is the uncharged Ca2UO2(CO3)3(aq) (58.2%), followed
by MgUO2(CO3)3

2− (19.1%) and CaUO2(CO3)3
2− (16.7%).
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FIGURE 3 | U/Ca correlations with (A) Mg/Ca, (B) Sr/Ca, (C) δ18O and (D) δ13C in individual D. dianthus from micromilling. The filled symbols represent the
secondary aragonite bands, while the open symbols represent COCs and COC-like bands. Coral 62309 was measured at St. Andrews while the others were
measured at Caltech. There are analytical problems with Sr/Ca for 62309 and its Sr/Ca data are not shown.

UO2(CO3)3
4−, the dominant species in freshwater at alkaline pH,

only constitutes a minor fraction (6.0%) of total uranium under
seawater conditions. All other uranium species have negligible
contributions to total uranium. Over much of the pH range
covered, there is little change in the relative contributions of the
dominant uranium species because we assumed constant [Ca2+]
and [Mg2+] in the calculations.

DISCUSSION

Uranium Speciation Changes in the
Biomineralization Process
In contrast to seawater with constant [Ca2+] and [Mg2+], there
are more dynamic changes in the carbonate chemistry and
[Ca2+] in the ECF during the biomineralization process, which
can significantly impact the uranium speciation. Figure 6 shows
uranium speciation changes in the ECF in response to the internal
pH up-regulation by the alkalinity pump at different fCa values.
Changing fCa significantly alters the [Ca2+] dynamics in the ECF
and has strong impacts on the speciation of uranium. When

fCa = 1, the Ca2+ pump is balanced by aragonite precipitation
in the model at different pump rates, maintaining a relatively
constant [Ca2+] in the ECF and therefore small changes in U
speciation, until UO2(OH)3

− takes over at high pH. In contrast,
when fCa = 0, Ca2+ is removed from the ECF by aragonite
precipitation with supply coming only from seawater. Therefore,
[Ca2+] decreases in the ECF for this end member scenario as
the alkalinity pump and precipitation rate increase, causing a
decrease in Ca2UO2(CO3)3 and an increase in MgUO2(CO3)3

2−

at higher pH. We expect such changes in uranium speciation
to influence the amount of uranium incorporated into the coral
skeleton, depending on the species that is preferentially taken into
the aragonite lattice.

Uranium Incorporation Mechanism
Given the sensitivity of uranium speciation to [Ca2+] and
the carbonate chemistry of the solution, the U/Ca proxy is
expected to be strongly influenced by the biomineralization
process. X-ray absorption experiments in synthetic carbonates
showed that uranyl in aragonite has the same bonding
configuration as aqueous UO2(CO3)3

4−, suggesting intact
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FIGURE 4 | U/Ca correlations with (A) Mg/Ca, (B) Sr/Ca, (C) δ18O and (D) δ13C in bulk D. dianthus samples listed in Table 1. The corals are grouped according to
their environmental conditions, with a threshold temperature of 5◦C and aragonite saturation state (�A) of 1.

FIGURE 5 | Uranium speciation in seawater with pH at (A) constant alkalinity of 2,200 µeq/kg and (B) constant DIC of 2,000 µmol/kg. A total uranium concentration
of 13.8 nmol/kg is used for the calculations.

incorporation of the whole unit in place of a Ca polyhedron
with three CO3

2− units (Reeder et al., 2000). These precipitation
experiments, however, were performed in low ionic strength
solutions without significant contributions of the Ca-UO2-
CO3 and Mg-UO2-CO3 complexes to the uranium speciation.
Aragonite precipitation experiments in seawater by DeCarlo

et al. (2015) revealed a dependence of the uranium distribution
coefficient on [CO3

2−] and suggested uranium speciation
changes as the most likely mechanism, although their speciation
calculations do not consider the Ca-UO2-CO3 and Mg-UO2-
CO3 complexes, either. Recent work on uranium isotopes
in synthetic carbonates grown in NaCl solution found very
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FIGURE 6 | Uranium speciation with pH in the ECF from the coral biomineralization model. The three panels correspond to different fractions of Ca2+ (fCa) in the
alkalinity pump ([A] fCa = 0, [B] fCa = 0.5, [C] fCa = 1). Uranium speciation is calculated with steady state [Ca2+], [Mg2+], and carbonate chemistry simulated by the
model corresponding to prescribed alkalinity pump rates. [Mg2+] is almost constant in the model due to very limited removal by precipitation (DMg < < 1 in
aragonite).

small to no fractionation between the solution and the
mineral (Chen X. et al., 2016). Chen X. et al. (2016) suggested the
observed small δ238U enrichment (0.11h) in aragonite relative
to aqueous uranium could be a result of the preferential
incorporation of the charged complexes [CaUO2(CO3)3

2−

and MgUO2(CO3)3
2−] that are expected to be enriched in

238U. However, the 238U enrichment was observed in only
one aragonite experiment, and their later work on biogenic
carbonates found little fractionation between multiple coral
species and seawater (Chen X. et al., 2018), suggesting either
no particular preference for the incorporation of any uranium
species or little isotope fractionation between the species. We can
further test these ideas with the observed tracer correlations in
deep-sea corals.

Among the tracer correlations observed in D. dianthus,
the most robust one is between U/Ca and δ18O in both the
micromill and bulk data (Figures 3C, 4C). The positive U/Ca-
δ18O correlations are almost identical for the micromill and
bulk data. The sign of the correlation suggests a depletion in
uranium incorporation with lower δ18O, which corresponds
to higher alkalinity pump rates and ECF pH. A growth
rate effect cannot explain a U/Ca decrease with higher pH,
since the distribution coefficient for uranium is expected
to increase at higher growth rates in aragonite (Gabitov
et al., 2008). Following Equation (3), a decrease in uranium
incorporation at higher pH is most likely a result of changes
in total uranium concentration and the abundance of the
preferentially incorporated uranium species relative to Ca2+ in
the ECF. We can explore which uranium species is preferentially
incorporated by comparing observed tracer correlations with
model results.

Figure 7 shows the data-model comparison for U/Ca
correlations with other tracers under different uranium
incorporation scenarios. We see that in order to get the correct

signs of tracer correlations in the data, the distribution coefficient
for uranium (DU) has to be greater than 1, regardless of the
uranium species incorporated. With DU > 1, uranium is
preferentially removed from the ECF over Ca, causing a decrease
in U/Ca at higher alkalinity pump rates and ECF pH. With such
a distillation process, U/Ca in corals have lower values and are
more sensitive to [CO3

2−] than inorganic aragonite (DeCarlo
et al., 2015). In terms of the uranium species incorporated
into the coral skeleton, we get a better match between the data
and the model when we either consider total uranium (all
uranium species are incorporated without particular preference)
or the dominant species Ca2UO2(CO3)3, as compared to the
other species (Figure 7). Between Utotal and Ca2UO2(CO3)3,
we see that the model parameter set with Ca2UO2(CO3)3
incorporation at fCa = 0 fits most of the features in U/Ca
correlations with δ18O, Mg/Ca, and Sr/Ca (Figures 7E,J,O).
For Utotal, the fCa values required to fit the U/Ca-δ18O and
U/Ca-Mg/Ca correlations are different, and the model cannot
create the U/Ca-Sr/Ca slope in the majority of the data regardless
of the fCa value (Figures 7A,F,K). As a result, our tracer data
and biomineralization model favors Ca2UO2(CO3)3 as the
uranium species that is preferentially incorporated into the
coral skeletons. Ca2UO2(CO3)3 has several advantages in
terms of incorporation into the aragonite lattice. Besides being
the dominant aqueous uranium species in seawater, it is also
uncharged and has a symmetric structure that is similar to the
arrangement of Ca2+ and CO3

2− ions in the aragonite lattice
(Wu et al., 2016). This may allow it to substitute for three whole
CaCO3 unit cells without much distortion in the structure of
the mineral. This could explain the lack of uranium isotope
fractionation between coral skeletons and seawater observed
by Chen X. et al. (2018). Stoichiometrically, such a substitution
is equivalent to a UO2

2+-for-Ca2+ swap, which may also
explain why the calculations by Min et al. (1995) were able to
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FIGURE 7 | Comparison of tracer correlation patterns between the data and the model. Each row (A–E,F–J,K–O) shows a different tracer correlation from the
micromill data as in Figure 3. Each column (AFK,BGL,CHM,DIN,EJO) corresponds to tracer correlations predicted by the model assuming a certain uranium
species that gets incorporated into the coral skeleton. The three curves correspond to different fCa values in each panel (fCa = 0 black solid, fCa = 0.5 blue dashed,
fCa = 1 red dotted). The uranium distribution coefficients (DU) required to fit the range in U/Ca is listed in Row 1 corresponding to each species. Transparency
shading is added to Columns 2–4 to emphasize the model cases with Utotal and Ca2UO2(CO3)3 that better fit the pattern in the data.

predict the temperature sensitivity of U/Ca based on a simple
UO2

2+-for-Ca2+ exchange reaction.
In addition to diagnosing the uranium species preferentially

incorporated, the data-model comparison also suggests that the
tracer correlation patterns are best explained by the fCa = 0 case.
This is most clearly reflected in the U/Ca-Mg/Ca and U/Ca-
Sr/Ca correlations, where fCa = 0 yields the slopes that best
match the data. When fCa = 0.5 or 1, the simulated range in
Mg/Ca is too small while the range in Sr/Ca is too large for the
same amount of U/Ca changes, and is related to the different
distribution coefficients for these two elements in aragonite
(DMg < < 1, DSr > 1), which has been previously suggested
(Gaetani and Cohen, 2006; Gagnon et al., 2007; Gaetani et al.,
2011) and will be detailed in a separate paper. In brief, the
observed tracer correlations point toward a case of limited Ca2+

pumping (low fCa) in the cross-membrane alkalinity flux to the
ECF in D. dianthus. Given a 5:1 Ca:DIC ratio (and ∼100:1
Ca2+:CO3

2− ratio) in seawater, it is a better strategy for the corals
to elevate DIC and pH in the ECF to facilitate precipitation with
alkalinity pumps that are more efficient than Ca-ATPase, instead
of spending a lot of energy in elevating [Ca2+]ECF. Quantifying
the relative importance of various alkalinity pumps in different
marine calcifying organisms is an interesting target for future
culture experiments.

Finally, it should be noted that our model is not able to fit
all the features in the tracer data. The misfit is mostly seen

at the high pH end with depleted δ18O, high Mg/Ca, and low
U/Ca (Figure 7). There is a kink in most model curves in
Figure 7 related to drastic carbonate chemistry changes as the
pH is elevated above pKa2 of the carbonate system, which is also
reflected in the δ18O-δ13C correlation in the COCs (Adkins et al.,
2003; Chen S. et al., 2018). It is possible that the COCs have a
different incorporation mechanism for minor and trace elements,
as evidenced by their unique elemental compositions and tracer
correlations (high Mg/Ca, low B/Ca, and U/Ca, intermediate
Sr/Ca, Figure 2). This could complicate the empirical tracer
calibrations in bulk coral samples. It is also possible that the
exact uranium incorporation mechanism in aragonite is more
complicated than our simple model can currently account for.

Implications for U/Ca as a [CO3
2−] Proxy

With the micromill data and the biomineralization model, we are
able to find a scenario that explains most of the tracer data in
D. dianthus, with Ca2UO2(CO3)3 as the incorporated uranium
species and limited Ca2+ pumping (low fCa). This could give us
clues to the impact of the biomineralization process on empirical
tracer calibrations for U/Ca. The observation that U/Ca is slightly
better correlated with 1[CO3

2−] than [CO3
2−] (Figures 1C,D)

suggests that the saturation state of seawater plays a role in
uranium incorporation. We see from bulk tracer correlations
that corals living in high saturation seawater tend to have
lower δ18O, higher Mg/Ca and lower U/Ca compared to their
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FIGURE 8 | U/Ca model sensitivity to seawater turnover timescale (τsw) in the ECF. Panels (A–D) show U/Ca relations with ECF pH, ECF [CO3
2-], skeleton δ13C and

Mg/Ca respectively. In panel (D), the three curves overlap on the low Mg/Ca high U/Ca end. Three curves correspond to different seawater turnover timescales in
each panel simulated over the same range of alkalinity pump rates. The model curves are generated with fCa = 0 and assuming Ca2UO2(CO3)3 is the incorporated
uranium species (as in Figure 7 Column 5).

counterparts from low saturation seawater (Figure 4), suggesting
the corals have overall higher alkalinity pump rates when
the environmental conditions are favorable for calcification.
The negative U/Ca-[CO3

2−] correlation from bulk D. dianthus
samples is most likely a result of the response of the strength of
the alkalinity pump to the ambient environment. On the other
hand, the scatter in the U/Ca-[CO3

2−] correlation is likely a
result of the differences in the magnitude of internal pH elevation
in individual corals that was randomly sampled in the bulk
powder, given a twofold or more change in U/Ca in individual
corals. For example, the two corals from the Mediterranean Sea
have higher U/Ca than the U/Ca-[CO3

2−] trend defined by other
corals would suggest (Figure 1C). However, the bulk δ18O of

these two corals are also closer to equilibrium than the other
corals from supersaturated seawater, suggesting overall lower
alkalinity pump rates. This may be the result of a sampling
bias, but can also be related to the corals lowering the energetic
cost of alkalinity pumping when the growth environment is
favorable for calcification. A similar observation can be made on
Lophelia pertusa (recently reclassified as Desmophyllum pertusum
by Addamo et al., 2016), another deep-sea coral species. Although
U/Ca in L. pertusa was found to be better correlated with pH
than with [CO3

2−] by Raddatz et al. (2014), the Mediterranean
samples show a different U/Ca-[CO3

2−] relation from their
North Atlantic counterparts. While pH and [CO3

2−] are often
strongly correlated in seawater, Mediterranean seawater has very
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different physical and chemical properties from the open ocean
and thus a different pH-[CO3

2−] relation, which is manifested
by higher [CO3

2−] at similar pH values (Flögel et al., 2014)
and influences the U/Ca calibrations in both D. dianthus and
L. pertusa. Flögel et al. (2014) also suggested that high DIC
in the Mediterranean Sea may negatively impact the growth
of L. pertusa and limit its colony size, which could also affect
D. dianthus if they share a similar calcification mechanism.
Overall, the stronger correlations for bulk U/Ca with δ18O and
Mg/Ca compared to ambient [CO3

2−] indicate dominant control
by the biomineralization process on the U/Ca proxy. This also
supports the use of U/Ca as a normalizer for the vital effects in
the development of better proxies such as the Sr-U thermometer
in corals (DeCarlo et al., 2016).

While the strong biological control on U incorporation
complicates the application of the U/Ca proxy, the observed
correlations between U/Ca and other tracers may provide insights
into the response of the coral biomineralization process to the
environmental conditions. We see in Figure 7 that increasing
the fraction of Ca2+ in the alkalinity pump (fCa) can cause
changes in U/Ca variability relative to other tracers and generate
different tracer correlation slopes. Another way to change the
sensitivity of U/Ca to the alkalinity pump in our model is to
change the seawater turnover timescale (τsw). Figure 8 shows
the sensitivity of U/Ca to ECF pH and [CO3

2−] as well as
U/Ca correlations with δ13C and Mg/Ca at different seawater
turnover rates. We see that U/Ca is more sensitive to ECF pH and
[CO3

2−] at low pump rates, causing a concave-down trend in the
correlations (Figures 8A,B). The low U/Ca sensitivity to ECF pH
and [CO3

2−] at high pump rates could explain the observation of
low U/Ca extending beyond the COCs in D. dianthus (Robinson
et al., 2006). U/Ca sensitivity to pH and [CO3

2−] increases
when seawater turnover is slowed down (longer τsw), and the
corresponding U/Ca-δ13C slope is also steeper (Figure 8C). The
U/Ca-Mg/Ca correlation trend is not influenced by τsw in our
simple model, but the range of variability in U/Ca and Mg/Ca also
increases with τsw (Figure 8D). As seawater turnover is slowed
down, the ECF is more like a closed system that increases the
distillation of uranium relative to Ca2+ and causes larger changes
in U/Ca. The change in U/Ca-δ13C slope in the bulk D. dianthus
data (Figure 4D) could be a result of individual corals adapting
to their growth environment by changing their calcification
strategies. Corals living in high saturation seawater tend to have
a relatively fast seawater turnover and low fCa in the alkalinity
pump while pumping to relatively high pH in the ECF, all of
which tend to reduce U/Ca sensitivity to the biomineralization
process. On the contrary, corals living in a low saturation
environment would slow down the turnover of the corrosive
seawater and have to make up for the Ca2+ supply by increasing
fCa in the alkalinity pump. In addition, the magnitude of pH
elevation is likely more limited in corals from low saturation
seawater (as shown by the range in stable isotopes), further
increasing the sensitivity of U/Ca to the calcification dynamics.
Such differences in biomineralization strategies can explain the
general trend in the U/Ca proxy calibration (Figure 1), but also
adds complexity to its potential paleoceanographic applications.
A multi-proxy approach is required to fully disentangle the vital

effects from environmental imprints in different geochemical
tracers in deep-sea corals and other biogenic carbonates.

CONCLUSION

We have combined stable isotopes, Me/Ca ratios and a numerical
model of coral calcification to study uranium incorporation in
deep-sea corals. While bulk U/Ca in D. dianthus show statistically
significant correlations with temperature and ambient [CO3

2−],
there is significant scatter in the empirical calibrations that
is related to the biomineralization process. Given the strong
tracer correlations between U/Ca, Mg/Ca, Sr/Ca, δ18O, and
δ13C both in the bulk samples and within the growth
bands in individual corals, we suggest that the uncharged
Ca2UO2(CO3)3(aq) complex, the dominant uranium species
in seawater, is likely the preferentially incorporated uranium
species in coral skeletons. Deep-sea corals may also change
their biomineralization strategies in response to the growth
environment, including overall lower alkalinity pump rates,
increases in the fraction of Ca2+ pumping as well as slower
seawater turnover when the ambient seawater is less saturated.
The empirical correlation between U/Ca and seawater [CO3

2−]
is mainly a result of changes in overall alkalinity pump rates,
but can be complicated by the exact calcification strategy used
by individual corals. We expect a multi-proxy approach that
couples stable isotopes and Me/Ca ratios to better help us better
understand the mechanisms of vital effects and use these tracers
for paleoceanographic reconstructions.
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