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Bamboo corals represent an intriguing paleoceanographic archive with the potential to reconstruct variations
throughout the water column over multiple centuries. Realizing this potential partially depends on if, and at
what resolution, timeseries of variability can be generated. Recent work demonstrates that bamboo coral growth
temperature, averaged over its entire lifespan, can be derived from linear correlations in its carbon and oxygen
isotope composition (δ13C, δ18O) when the apparent equilibrium fractionations for a coral's growth rate and cal-
cifying pH are used. Building on this method, this study applies it to coeval coral skeleton to assess the possibility
of extracting paleoceanographic timeseries from bamboo coral skeletons. Using boron isotope (δ11B) based pH
estimates, micromilled samples yield accurate paleotemperatures with uncertainties of b2 °C, whose precision
could be improved to b1 °C if additional sampling yieldedmore robust regressions. This provides strong evidence
that decadal-scale temperature reconstructions may be extracted from bamboo corals. Complementary SIMS
data generated at annual to inter-annual resolution often yield accurate temperatures, but with greater uncer-
tainty that is always N2 °C. This is attributed to the inability to measure δ13C and δ18O in exactly the same skel-
eton, as is the case for micromilled samples. A micromilled sampling strategy is therefore likely the most
practical means of applying the method. Carbonate clumped isotopes (Δ47) estimate temperatures slightly
warmer than observed, suggesting they may not accurately record the subtle variations of the latest Holocene.
When interpreted in conjunction, δ18O, δ11B andΔ47 data suggest that pH up-regulation plays a role in generating
linear δ13C-δ18O trends. However, oxygen isotope fractionation andΔ47 are lower thanwould be predicted by pH
alone. Potential explanations for this discrepancy include biological processes that favor the incorporation of car-
bonate ion into coral skeleton, uncertainties in the δ11B-pH proxy, the influence of magnesium on calcite-fluid
isotope fractionation, or uncertainties in the fractionation factors used to calculate apparent equilibrium. Despite
some remaining uncertainties, the method can resolve many observed decadal-scale thermocline temperature
anomalies, suggesting that appropriately located bamboo corals could help constrain the behavior of similar tem-
poral variability prior to instrumental monitoring.
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1. Introduction

Changes in the temperature and structure of subsurface water
masses are an important component of inter-annual tomultidecadal cli-
mate variability (Chen and Tung, 2014; Dewitte et al., 2012; McDonagh
et al., 2005; Miller and Schneider, 2000; Ramesh and Murtugudde,
2013; Rao et al., 2002; Zhang, 2007) that are expected to be altered by
anthropogenic climate change (Capotondi et al., 2012; Collins et al.,
2010). However, modern observations are heavily biased toward the
surface, contributing to model error in subsurface temperature and
thermocline structure (Li et al., 2015; Thompson and Cheng, 2008; Xu
et al., 2013). Deep sea corals are promising archives of past subsurface
temperature variability that may extend the observational record due
to their near global distribution, multidecadal to multicentennial
lifespan and ability to be dated using radiometric techniques (Prouty
et al., 2015; Robinson et al., 2014).

Among deep sea corals, “bamboo” coral genera (Keratoisis and
Isidella sp.) are gorgonians that are common at depths of ~100–
3500 m (Etnoyer and Morgan, 2005; Farmer et al., 2015a; Hill et al.,
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Fig. 1. Locations of bamboo coral collection andWOCE station P17N-146 used to estimate
some environmental variables.
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2011; Kimball et al., 2014; Stone, 2014) where they precipitate high
magnesium (Mg) calcite skeletons throughout multidecadal to centu-
ry-long lifespans (Andrews et al., 2009; Farmer et al., 2015b;
Sherwood and Edinger, 2009). Inferred calcification at near ambient
pH (Farmer et al., 2015a) leads to modest radial growth rates of ~12–
160 μm/yr (Andrews et al., 2009; Farmer et al., 2015b; Thresher et al.,
2009). This is sufficiently fast to potentially yield annual to decadal-
scale paleoenvironmental reconstructions that reach into the preindus-
trial era, and bamboo corals have been explored as proxies for numer-
ous marine variables (Farmer et al., 2015a; Hill et al., 2012, 2014b;
LaVigne et al., 2011) including temperature (Hill et al., 2011; Kimball
et al., 2014; Thresher et al., 2004, 2010).

Reconstructing temperature in bamboo corals using traditional
paleothermometers, such as the oxygen isotope composition of calcite
(McCrea, 1950; O'Neil et al., 1969), has been complicated by clear evi-
dence for biologically-mediated and/or kinetic effects on the oxygen
isotope composition (δ18O) of bamboo coral skeleton (Hill et al., 2011;
Kimball et al., 2014; Thresher and Neil, 2016). However, non-equilibri-
um δ18O values are typically accompanied by proportional deviations
in their carbon isotope composition (δ13C), which produce strong linear
correlations between the two. Smith et al. (2000) proposed amethod to
exploit these δ18O-δ13C trends to estimate the growth temperature of
aragonitic deep sea corals. Specifically, trends were extrapolated to
the pointwhere coral δ13C equaled that of the surrounding dissolved in-
organic carbon (DIC) (i.e. δ13Ccoral-δ13CDIC = 0‰), and the complemen-
tary δ18Ocoral-δ18Owater at that point was assumed to reflect apparent
equilibrium fractionation (Grossman and Ku, 1986). Assuming a con-
stant δ18Owater, the mean growth temperature over a coral's lifespan
could be calculated. Application of this empirical ‘linesmethod’ to calcit-
ic bamboo corals suggested that the approach could yield reasonable es-
timates of mean growth temperature, but systematic offsets from
abiogenic experiments indicated that kinetic and/or vital effects had
not been completely accounted for (Hill et al., 2011; Kimball et al.,
2014). Recent work indicates that this offset can largely be resolved by
using model II regressions and apparent equilibrium isotope fraction-
ation factors that are appropriate for the rate and pH of bamboo coral
growth (Saenger and Watkins, 2016).

Despite considerable progress, the δ18O-δ13C trends used in the
studies above were collected in skeleton deposited throughout each
coral's lifespan, and therefore were limited to single temperature esti-
mates that averaged multiple decades or centuries. Such long-term av-
erages cannot characterize the decadal-scale trends that are relevant for
understanding the climatic significance of subsurface temperature var-
iability. Intriguingly however, both Hill et al. (2011) and Kimball et al.
(2014) found that linear δ18O-δ13C trends could occur in a single skeletal
band of approximately the same age, which raises the possibility that
fine sampling of concentric bamboo coral growth rings could yield
timeseries of paleotemperature variability. At an optimisticmicromilled
sampling resolution of ~150 μm, typical bamboo coral growth rates sug-
gest that such timeseries could achieve inter-annual to decadal resolu-
tion. In contrast, secondary ionization mass spectrometry (SIMS) can
measure coral δ18O and δ13C at spatial resolutions of tens of microns
(Blamart et al., 2005; Rollion-Bard et al., 2003a), which may allow for
paleotemperature timeserieswith annual or better temporal resolution.

The accurate interpretation of potential bamboo coral-based
paleotemperature timeseries would benefit from a better understand-
ing of mechanism(s) responsible for δ18O-δ13C trends. Although not ex-
haustive (e.g. Rollion-Bard et al., 2003b; Rollion-Bard et al., 2010) two
biologically mediated mechanisms that may explain bamboo coral
δ18O-δ13C correlations are carbon and oxygen isotopic changes at the
site of calcification from 1) the sluggish isotopic equilibration of calcify-
ingfluidDIC species relative to rapid coral calcification (McConnaughey,
1989; Smith et al., 2000), hereafter referred to as the ‘McConnaughey’
mechanism and 2) pH-induced shifts in DIC speciation and the flux of
metabolic carbon to the calcifying fluid (Adkins et al., 2003), hereafter
referred to as the ‘Adkins’ mechanism. Rollion-Bard et al.'s (2003b)
model combined these concepts to develop a model that depended
both on pH and the residence time of calcifying fluid. Although these
models were developed using data from aragonitic scleractinian corals,
it is not unreasonable that their fundamental principles could operate in
other marine calcifyers such as high-Mg calcite bamboo corals. Howev-
er, an obvious complication to determining the relevance of these
mechanisms to bamboo corals is that they are both capable of producing
similar δ18O-δ13C trends.

The clumped isotope composition (Δ47) of carbonates reflects their
abundance of 18O\\13C bonds, which can vary with temperature
(Eiler, 2007), but is also sensitive to kinetic effects, pH and other vari-
ables (Affek et al., 2008; Kluge et al., 2014; Tripati et al., 2015). No re-
solvable dependence of Δ47 on mineralogy has been measured
between calcite and aragonite (Defliese et al., 2015) suggesting that it
is appropriate to compare abiogenic calcite experiments to high-Mg cal-
cite bamboo corals. The additional information provided by Δ47 data
may therefore help evaluate the degree to which the McConnaughey
and/or Adkins mechanisms contribute to linear δ18O-δ13C trends in
bamboo corals. For example, both a non-equilibrium DIC pool and
high calcifying fluid pH potentially affect coral Δ47 (Saenger et al.,
2012; Thiagarajan et al., 2011; Tripati et al., 2015), but in opposite direc-
tions providing a unique signature in δ18O versus Δ47 space. This ap-
proach has been used to suggest that the slow hydration and/or
hydroxylation of metabolic CO2 contributes to higher than expected
Δ47, and cooler than observed temperature, in some aragonitic deep
sea corals (Spooner et al., 2016).

This study has two primary goals. First, we will determine if mean-
ingful paleotemperature timeseries can be extracted from δ18O-δ13C
trends in coeval portions of bamboo coral internodes. Second, we will
evaluate if the McConnaughey and/or Adkins models are consistent
with what little is known about bamboo coral biomineralization. The
first goal will be achieved by applying the methods developed by
Saenger and Watkins, 2016 to bamboo coral δ18O and δ13C along sam-
pling transects of approximately constant age from both high spatial
resolution SIMS analyses and coarser micromilled samples measured
via isotope ratio mass spectrometry (IRMS). The second goal will be ac-
complished by evaluating if bamboo coral Δ47 is consistent with the
Δ47-δ18O trends expected for each physicochemical model.

2. Materials and methods

2.1. Sample sites

The two bamboo corals analyzed in this study were collected via
longline survey from the Gulf of Alaska (Fig. 1; Table 1). Isidella
tentaculum specimen AB13-0005 (58.178 N, 138.982 W) was collected
in July 2008 from a depth of 701 m, while Keratoisis sp. specimen
AB12-0156 (57.882 N, 137.435 W) was recovered in July 2006 from a
depth of 746 m. The specific methods of sample collection and identifi-
cation are described in Andrews et al. (2009). That study calculated
bamboo coral radial growth rates via 210Pb analyses, and found rates



Table 1
Inferred conditions at bamboo coral sampling sites.

ID Taxon Lat Lon Depth
(m)

δ18Ow (‰
SMOW)a

δ13CDIC

(‰
PDB)b

T
(°C)

T
error
(°C)

Salinity
(psu)

Salinity
error
(psu)

LogR
(mol/m2/s)c

LogR error
(mol/m2/s)c

pHsw pH
error

DIC
(umol/kg)

DIC error
(umol/kg)

AB13-0005 Isidella
tentaculum

58.18 −
138.98

701 −0.16 −0.67 3.67 0.76 34.19 0.12 −7.3 0.1 7.54 0.07 2343 28

AB12-0156 Keratoisis
sp.

57.88 −
137.44

746 −0.16 −0.67 3.78 0.67 34.21 0.11 −7.1 0.1 7.54 0.07 2346 24

a From Legrande and Schmidt (2006).
b FromWOCE station P17N-146.
c From Andrews et al. (2009). AB13-0005 assumes growth rate of similar Gulf of Alaska Isidella tentaculum coral.
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of 0.056 ± 0.019 and 0.100 ± 0.020 mm yr−1, respectively, for AB12-
0156 and an Isidella tentaculum specimen similar to AB13-0005. This is
equivalent to log R=−7.3± 0.1 and−7.1± 0.1mol/m2/s, respective-
ly (assuming a calcite density of 2.71 g/cm3).

Mean annual temperature at the AB13-0005 site is estimated to be
3.67 ± 0.76 °C, while that of AB12-0156 is 3.78 ± 0.67 °C (Locarnini
et al., 2010). Conservative estimates of the salinity, DIC and alkalinity
at each site derived from the ranges in Fisheries and Oceans Canada
Line P data (Table 1). These data estimate pH (total) was 7.54 ± 0.07
for both sites. The δ18Owater at each site was estimated to be −0.16‰
(VSMOW) from the closest grid point in the gridded product of
LeGrande and Schmidt (2006). LeGrande and Schmidt (2006) do not
provide error estimates for these values, but the RMS error for North Pa-
cific intermediate waters is reported to be 0.081‰. The δ13CDIC for both
Fig. 2. Bamboo coral sampling strategy in which a) a segment is cut from the basal inter
sites is estimated to be−0.67± 0.1‰ based on the 708–811m average
at WOCE station P17N-146 (56.778 N, 136.037 W; Fig. 1).

2.2. Sample preparation and analysis

Cylindrical cross-sections ~7–10 mm in height were cut from the
basal internode of each specimen using a low-speed, Buehler IsoMet
saw (Fig. 2a). Each subsamplewas then cut in half again, with the facing
side of the lower half reserved for IRMS analyses and the complementa-
ry portion of the upper face used for SIMS (Fig. 2b). This approach
allowed IRMS and SIMS analyses on nearly identical skeletal regions.
Neither coral specimen showed evidence for bioerosion or diagenesis,
consistent with previous evidence for good preservation in bamboo
corals (Noé and Dullo, 2006).
node b) bisected so that facing surfaces can be sampled via c) micromill or d) SIMS.



4 C. Saenger et al. / Chemical Geology 454 (2017) 1–14
Powders for IRMS-based δ18O and δ13C analyses were drilled in a
transect of approximately the same age that paralleled the outermargin
of each coral (Fig. 2c) using a Merchantek/New Wave MicroMill. Each
sample integrated skeleton in a circular region ~250 μm in diameter
and ~300 μm deep that yielded ~40 μg of powder. The entire transect
was then resampled to a depth of ~7mm to produce ~35mg of powder
required for replicate Δ47 measurements and ~2 mg of powder for
boron isotope (δ11B) estimates of coral calcifying fluid pH.

2.3. IRMS δ18O, δ13C and Δ47

IRMS-based δ18O and δ13C analyses as well as Δ47 measurements
were made at the University of Washington's IsoLab using previously
described procedures (Peters et al., 2013; Tobin et al., 2011; Kelson et
al., 2017). Briefly, for δ18O and δ13C analyses, ~40 μg of calcite powder
was measured using a Kiel III Carbonate Device attached to a Delta
Plus IRMS (Thermo Scientific). Samples were reacted at 70 °C and are
reported in VPDB using marble and calcite internal standards that
have been calibrated against NBS18, NBS19 and LSVEC. Long-term pre-
cision (1 s.d.) for this instrument is 0.10‰ and 0.07‰ for δ18O and δ13C,
respectively. For Δ47 analyses, 6–8 mg of powder was reacted in a com-
mon acid bath at 90 °C and cryogenically purified using an automated
system. Purified CO2 was analyzed using a multi-collector MAT253
IRMS (Thermo Scientific) configured to measure masses 44–49 inclu-
sive. Reference gas piped into this instrument eliminated the need for
reference gas refilling, and ensured sample and standard are balanced
throughout a run. The correction for 17O interference used a value of
0.528 to relate abundances of 17O and 18O (Brand et al., 2010), which
has been shown to increase the accuracy of Δ47 and eliminate discrep-
ancies among abiogenic Δ47-temperature calibrations (Schauer et al.,
2016). Pressure baseline correction (He et al., 2012) wasmade by mea-
suring the reference gas signal 0.0084 V down voltage of the mass 46
peak center. Samples were converted to the absolute Δ47 reference
frame (Dennis et al., 2011) using a suite of CO2 samples equilibrated
with deionized and isotopically enriched water at 4, 60 and 1000 °C.
All Δ47 values reflect 90 °C acid digestions without the application of
an acid fractionation factor to approximate a 25 °C reaction. Long-
Fig. 3. Sample locations and stable isotope results for AB12-0156. T1, T2 and T3 refer to samplin
values.
termΔ47 precision based on repeatmeasurements of an in-house calcite
standard is 0.018‰ (1 s.d.).

2.4. SIMS δ18O and δ13C

The complementary half of each coral subsample was mounted in
epoxy (EpoxiCure, Buehler) such that the surface exposed for SIMS
analysis was effectively identical to micromilled transect. The mount
was polished with 400, 600, 800, and 1200 grit SIC paper (Buehler)
and 1 μm alumina powder following ultrasonication in deionized
water. The δ13C and δ18O along transects following the edge of each
coral were measured in separate sessions using a CAMECA ims 1270
ion microprobe at UCLA. Unlike IRMS, SIMS cannot measure δ13C and
δ18O simultaneously, so that samples were alternated along each tran-
sect (Figs. 2d, 3, 4). In addition to the most recent growth layer (i.e.
T1), two concentric transects of older growth were sampled approxi-
mately parallel to the outer edge in AB12-0156 (T2 and T3; Fig. 3).

For δ13Cmeasurements, polished coral sectionswere analyzed using
a 4.7–5.5 nA Cs+ primary beam with a lateral dimension of 20–25 μm.
Negative secondary ions 12C and 13C were simultaneously measured
by Faraday Cup (FC, L2′) and electron multiplier (EM, axial) using
multi-collection set-up for a mass resolving power (MRP = M/ΔM) of
5500, which is sufficient for resolving interferences with the 12C and
13C peaks (Rollion-Bard et al., 2003a). FC background and EM dead
time corrections were performed for each measurement. Raw intensity
of the minor isotope varied from 2.3 × 105 to 2.9 × 105 counts per sec-
ond (cps). Before data collection the sample surface was sputtered for
10 s with automatic beam centering in field aperture. Both masses
were measured for 15 cycles with a duration of 10 s per cycle. Ten
spot analyses of calcium carbonate reference materials (MEX and NBS-
19 calcites) yielded a precision of 0.4–0.5‰ (1 s.d.). The MEX standard
was analyzed routinely after every 5–8 measurements of the coral
calcite.

Oxygen isotope analyses were conducted during the two days fol-
lowing δ13C measurements using a method similar to that of Gabitov
et al. (2012). Briefly, a 4.0–4.8 nA Cs+ primary beam with a lateral di-
mension of 20–25 μm at the sample surface was employed to measure
g tracks 1, 2 and 3. Interpolated values (inverted triangles, squares) fall betweenmeasured



Fig. 4. As in Fig. 3 for AB13-0005.
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16O and 18O simultaneously by FC using multi-collection detectors L′2
andH′2. TheMRPwas 2000, which is sufficient for resolving hydride in-
terference with the 18O peak (Fayek et al., 2002). The raw intensity of
the minor isotope varied from 6.8 × 106 to 8.1 × 106 cps. The total
sputtering time prior to acquisition was 120 s, which was sufficient to
reach a steady 18O/16O value over the 12 cycles of the analysis on a sin-
gle spot. Ten spot analyses of NBS19 yielded a precision of 0.2–0.3‰ (1
s.d.). The standard was analyzed routinely after every 5–8 measure-
ments of the coral sample.

Because SIMS oxygen and carbon isotope data do not derive from
identical locations, the δ13C at the site of δ18O spots, and vice versa,
was calculated using ordinary krigingwith the necessary covariance pa-
rameters estimated from a weighted least squares exponential fit of
sample variograms. Furthermore, a constant correction was applied to
SIMS-based δ13C and δ18O so that the mean for each coral was identical
to the correspondingmilledmean. This correctionwas−0.947‰ and+
2.959‰ for AB13-0005 δ13C and δ18O, respectively, and −1.417‰ and
+2.076‰ for AB12-0156 δ13C and δ18O, respectively (see online Sup-
plementary material). Although the Mg content of carbonates is
known to affect SIMS δ18Owith a sensitivity of about−0.3‰ perweight
percent MgO (Rollion-Bard and Marin-Carbonne, 2011), the ~3 wt%
MgO in bamboo corals (Thresher et al., 2007, 2010) could only account
for ~1‰ of this offset. Furthermore, it is important to note that these
corrections only change absolute values, not variations between data
points, and therefore would only influence regression intercepts, not
slopes.
2.5. δ11B

Boron isotopes were measured at the Lamont-Doherty Earth Obser-
vatory using established negative thermal ionizationmass spectrometry
(TIMS) procedures (Hemming and Hanson, 1994) and the detailed
methodology of Farmer et al. (2015a). Briefly, 1.5 mg of homogenized
coral powder was cleaned of organic matter with 1% ultrapure H2O2

buffered in 0.1 M NaOH, then rinsed with boron-free MQ water
(N18.2 MΩ). Cleaned powders dissolved in 2 N HCl and loaded onto
zone-refined Re filaments with 1 μL of a boron-free seawater solution.
Boron isotope ratios were measured as 10BO2

− and 11BO2
− on a Thermo

Triton multicollector TIMS and are expressed in delta notation relative
to the NIST 951 boric acid standard reference material. An estimate of
the pH at which each coral calcified was then calculated from their
δ11B, the δ11B of seawater (39.61‰; Foster et al., 2010), the aqueous
boron fraction factor at 25 °C (1.0272, Klochko et al., 2006) and the
boron system equilibrium constant (pKB) at their temperature, salinity
and depth (Dickson, 1990) (see Farmer et al., 2015a, equation 3). We
calculate a pKB of 8.8243 and 8.8228 for AB13-0005 and AB12-0156,
respectively.
2.6. Estimates of apparent equilibrium

True equilibrium carbon and oxygen isotope fractionation (e.g.
Coplen, 2007) is unlikely to be achieved at the growth rates of either
laboratory experiments or biogenic carbonates (log R ≈−8 to
−5.0 mol/m2/s) (Watkins et al., 2013, 2014). In light of this, we use
the phrase ‘apparent equilibrium’ to describe the isotopic signature of
abiogenic experiments precipitated at a given temperature, precipita-
tion rate and pH (Dietzel et al., 2009; Gabitov et al., 2012; Kim and
O'Neil, 1997; Watkins et al., 2014). As described by Saenger and
Watkins, 2016, the apparent equilibrium carbon and oxygen isotope
fractionation predicted by an ion-by-ion calcite growth model
(Watkins and Hunt, 2015) at each bamboo coral's observed growth
temperature, pH and growth rate is used to describe the isotope
signature that would be expected in the absence of vital effects. Calcifi-
cation pH and growth rate are constrained by δ11B and 210Pb, respec-
tively. We express carbon isotope fractionation relative to DIC using
Δ13C as shorthand for 1000lnαcalcite-DIC and Δ18O as shorthand for
1000lnαcalcite-water.

Following Saenger andWatkins, 2016, model II linear regressions of
Δ13C-Δ18O data are first extrapolated to the apparent equilibrium Δ13C
(Δ13Caeq) predicted by the Watkins and Hunt (2015) model at each
coral's growth temperature, pH and rate. The complementary Δ18O
value at this point is assumed to reflect apparent equilibrium
(Δ18Oaeq), fromwhich temperature can be estimated using an indepen-
dent abiogenic relationship (Watkins and Hunt, 2015; Saenger and
Watkins, 2016). Consistent with the findings of Saenger and Watkins,
2016, and in the absence of the requisite coral and DIC radiocarbon
data, we assume no 13C depleted respired CO2 is incorporated into ei-
ther coral skeleton.

Uncertainties in Δ13Caeq arise primarily from imperfect Δ18O-Δ13C
trends, although errors in estimated pH and growth rate will also prop-
agate to Δ18Oaeq, and ultimately calculated temperature. To account for
this,Δ13Caeq was calculated for all pH and growth rateswithin these un-
certainty bounds, and maximum and minimum values were used. The
upper bound onΔ18Oaeqwas set by theupper 95% regression confidence
interval for the linear trend extrapolated to the most positive Δ13Caeq.
Equivalently, the lower Δ18Oaeq bound was set by the lower 95% confi-
dence interval of trends extrapolated to the most negative Δ13Caeq.
The resulting range of Δ18Oaeq estimates was then sampled 10,000
times to generate a distribution of temperature estimates (see Saenger
and Watkins, 2016). The uncertainty in observed temperature was
also sampled 10,000 times and used to calculate the root mean squared
error (RMSE) of predicted temperature (Table 2).



Table 2
Regression correlation coefficients (r), p-values (p), count (n), slopes (m), intercepts (b), apparent equilibrium bounds, and root mean square temperature error (RMSE).

ID r p n m m
2.5%
ci

m
97.5%
ci

b b
2.5%
ci

b
97.5%
ci

Δ13Caeq min

(‰)
Δ13Caeq max

(‰)
Δ18Oaeq mean

(‰)
Δ18Oaeq s.d

(‰)
RMSE
(°C)

AB12-0156 milled 0.95 1.1E−04 9 0.35 0.27 0.47 32.71 32.38 33.14 2.16 2.52 33.53 0.34 1.54
AB13-0005 milled 0.89 1.7E−06 17 0.40 0.31 0.52 32.93 32.67 33.26 2.09 2.48 33.85 0.30 1.94
AB12-0156 SIMS
T1

0.01 9.5E−01 33 0.22 0.15 0.32 32.54 32.30 32.89 – – – – –

AB12-0156 SIMS
T2

0.57 5.4E−02 12 0.22 0.13 0.39 31.90 31.59 32.43 2.16 2.52 32.42 0.38 5.25

AB12-0156 SIMS
T3

0.56 8.9E−05 44 0.32 0.25 0.41 32.40 32.12 32.75 2.16 2.52 33.14 0.28 2.18

AB13-0005 SIMS 0.32 9.6E−03 63 0.49 0.38 0.62 33.17 32.87 33.55 2.09 2.48 34.28 0.35 3.56
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2.7. Incorporation of Δ47 into previously proposed mechanisms

To evaluate if either the McConnaughey or Adkinsmechanismsmay
be relevant to bamboo corals, we adapt eachmodel for clumped isotope
variability, and present data in Δ18O versus Δ47 space. The master vari-
able of theAdkinsmechanism is pH. At a given temperature and salinity,
biologically mediated up-regulation of calcifying fluid pH will shift the
speciation of DIC toward carbonate ion (Fig. 5). The oxygen isotope frac-
tionation factor for CO3

2−-H2O is smaller than HCO3
−-H2O (Beck et al.,

2005; Kim et al., 2014; Tripati et al., 2015; Usdowski et al., 1991;
Wang et al., 2013), leading to lower Δ18O values at higher pH. Similarly,
theΔ47 of CO3

2– is lower thanHCO3
– (Hill et al., 2014a; Tripati et al., 2015),

implying that Δ47 will also decrease with biologically-mediated up-reg-
ulation. Therefore, the Adkins mechanism would be supported if coral
Δ18O and Δ47 values were both lower than abiogenic experiments pre-
cipitated at near neutral pH (e.g. Kelson et al., 2017) and fell along a line
connecting HCO3

– and CO3
2−. To be consistent with Watkins and Hunt

(2015), our calculations use the values of Wang et al. (2013) and Hill
et al. (2014a), respectively, when calculating the Δ18O and Δ47 of
HCO3

– and CO3
2−. Other choices (e.g. Beck et al., 2005; Tripati et al.,

2015) are also reasonable, but do not fundamentally change our results.
The McConnaughey model follows his original formulation

(McConnaughey, 1989, 2003) in which the master variables are 1) the
fraction of DIC used for calcification that derives from respired CO2 as
Fig. 5. Change in the proportion of HCO3
– (solid lines) and CO3

2– (dashed lines) in DIC with
varying pH approximated for abiogenic experiments at 25 °C (black) and for the marine
3.7 °C growth environment of our bamboo corals (blue). S is salinity, P is pressure in
bars. Also shown is the pH-dependent variation in the proportion of CO2 expected to be
converted to HCO3

– via hydration (orange line) and hydroxylation (green line) at the
temperature, salinity and depth of bamboo coral sites. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
opposed to seawater, and 2) the time available for hydration and/or hy-
droxylation of that CO2 prior to skeletogenesis. When little time is avail-
able for CO2 to undergo hydration or hydroxylation, coral Δ18O will be
lower than the equilibrium value with a Δ18O minimum that is set by
the fraction of DIC derived from respired CO2. Because CO2 is the only
molecule participating in hydration or hydroxylation capable of having
multiply substituted isotopologues, we suggest that unequilibrated DIC
in the McConnaughey model would inherit the Δ47 of aqueous CO2. We
estimate this value to be 0.31‰ higher than theΔ47 value of bicarbonate
(Hill et al., 2014a; Tripati et al., 2015). Thus, the McConnaughey mech-
anism is supportedwhenΔ18O is lower, butΔ47 is higher, than the value
predicted by abiogenic experiments precipitated at near neutral pH as
previously suggested (Saenger et al., 2012; Spooner et al., 2016;
Tripati et al., 2015). Consistent with evidence that little or no respired
CO2 is incorporated into bamboo coral skeleton (Farmer et al., 2015b;
Roark et al., 2005),wemodel theMcConnaugheymechanismusing a re-
spired CO2 contribution of 4% (Saenger and Watkins, 2016) without
allowing any time for equilibration, noting that this will be an upper
bound on its effect. The calculations presented use the aqueous CO2-
H2O and OH−-H2O oxygen isotope fractionation factors of Wang et al.
(2013), but we note that other reasonable choices (e.g. Usdowski and
Hoefs, 1993) do not fundamentally change our results.

3. Results

3.1. Milled sampled

Milled stable carbon and oxygen isotope data and regression statis-
tics are summarized in Table 2 and in the online Supplementary mate-
rial. Briefly, δ18O and δ13C in coral AB13-0005 ranged from 1.00 to
1.28 ± 0.10‰ and −3.27 to −4.00 ± 0.07‰, respectively. Equivalent
δ18O and δ13C ranges for AB12-0156 were 0.67 to 0.96 ± 0.10‰ ‰
and −3.93 to −4.76 ± 0.07‰, respectively. Taken at face value, these
δ18O values would predict temperatures of 8.0 to 9.2 °C for AB13-0005
and 9.4 to 10.7 °C for AB12-0156, using the δ18Owater in Table 1 and
the relationship of Kim and O'Neil (1997). Both corals exhibited robust
Δ13C versusΔ18Omodel II regressions (r=0.89 to 0.95, p≪ 0.001)with
slightly steeper slopes than would be predicted by ordinary least
squares (Fig. 6a,c).

3.2. SIMS data

SIMS-based δ18O and δ13C data varied over awider range thanmilled
data, and all sampling tracks exhibited a general positive correlation be-
tween Δ13C and Δ18O (Figs. 3, 4, 7, 8). AB13-0005 δ18O and δ13C varied
from 0.74 to 1.49 ± 0.2‰ and −4.78 to −2.81 ± 0.4‰ for δ18O and
δ13C, respectively. Equivalent ranges in AB12-0156 were −0.30 to
1.53± 0.2‰ and−7.41 to−2.50± 0.4‰ for δ18O and δ13C, respective-
ly. Error estimates are based on repeat measurements of MEX and NBS-
19 standards, and do not consider uncertainty in the value used to nor-
malize SIMS data to milled data (Section 2.4). Interpreted solely in



Fig. 6.Milled Δ13C vs Δ18O regressions for a) AB12-0156 and c) AB13-0005 showing best
model II fit (red solid line) and its 95% confidence intervals (grey lines). Bold segments
identify the range of Δ13Caeq values predicted by the Watkins and Hunt (2015) model
for measured uncertainties in bamboo coral growth rate and pH. The shallower sloped
model I regression is shown for reference (red dashed line). b) The abiogenic Δ18O-
temperature relationships predicted for the range of AB12-0156 calcification pH and
growth rate (solid black lines). Red shading reflects the range of Δ18Oaeq and
temperature selected in Monte Carlo iterations (see Section 2.6). Predicted temperature
(vertical red dashed lines) are compared with observed temperature (vertical grey
dashed lines) for reference. d) as in b) for AB13-0005. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)

Fig. 7. As in Fig. 6 for AB12-0156 SIMS analyses in a,b) track 1 c,d) track 2 and e,f) track 3.
See Fig. 3 for sampling tracks.
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terms of temperature (Kim and O'Neil, 1997), these δ18Owould suggest
temperatures of 7.1 to 10.4 °C for AB13-0005 and 6.9 to 15.1 °C for
AB12-0156.

The strength of linear correlations varied, with significant (p b 0.05)
relationships in AB13-0005 (r = 0.32, p = 0.01) and along the inner-
most sampling path of AB12-0156 (T3; r = 0.56, p ≪ 0.001) (Fig. 3).
The next track concentrically inside the outer rim of AB12-0156 showed
a marginally significant positive correlation (T2; r = 0.57, p = 0.05),
while the outermost track did not show a significant correlation (T1;
r = 0.01, p = 0.9) (Figs.s 3, 7). Weaker correlation between Δ13C and
Δ18O produced larger differences in the slope of model I and II regres-
sions. However, the slopes of significant SIMS-based model II relation-
ships overlapped within error of those of milled data (Table 2).
Fig. 8. As in Fig. 6 for AB13-0005 SIMS analyses. See Fig. 4 for sampling track.
3.3. Δ47 data

Mean AB12-0156 and AB13-0005 Δ47 values of 0.656 ± 0.011 and
0.663 ± 0.020 (1 se, n = 3), respectively, overlapped within error
(Table 3).When interpreted solely in terms of temperature using a com-
prehensive calibration generated under identical laboratory conditions
(Kelson et al., 2017), these Δ47 values are equivalent to temperatures
of 10.6± 3.2 °C and 8.8± 5.3 °C for AB12-0156 and AB13-0005, respec-
tively. Although the AB13-0005 temperature overlaps with observa-
tions within relatively large error bounds, that for AB12-0156 does
not, and both values suggest a subtle warm bias.
3.4. δ11B data

The δ11B of AB12-0156 and AB13-0005were 15.52± 0.23 (2 se, n=
6) and 14.37±0.23 (2 se, n=5), respectively, and do not overlapwith-
in error (Table 3). Assuming the parameters described in Section 2.5 are
applicable to each coral's site, these values suggest apparent pH values
of 7.99 ± 0.05 and 7.79 ± 0.07, respectively. Both pH estimates are



Table 3
Δ47 and δ11B results.

ID δ18O
(‰ PDB)

δ18O
Std. error (‰ PDB)

Δ18O
(‰)

Δ47

(‰)
Δ47

Std. error (‰)
δ11B
(‰)

δ11B
Std. error (‰)

Apparent pH Apparent pH
Std. error

AB12-0156 0.31 0.20 30.94 0.656 0.011 15.52 0.14 7.99 0.05
AB13-0005 0.81 0.09 31.43 0.663 0.020 14.37 0.12 7.79 0.07
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significantly higher than the 7.54± 0.07 observed in seawater near col-
lection sites.
Fig. 9.Relationship between ameasure ofΔ13C-Δ18O correlation significance (−log p) and
RMS error of reconstructed temperature for milled (cyan circles) and SIMS (orange
triangles) data. These data agree well with the empirical relationship observed by
Saenger and Watkins (2016) in previously published bamboo coral data (bold black
line) and the predicted relationship for pseudocorals growing at 4 °C with regression
residuals of 0.2‰ (grey dashed line). Literature data from Hill et al. (2011), Kimball et al.
(2014) and Farmer et al. (2015a) as presented by Saenger and Watkins (2016). (For
interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
4. Discussion

4.1. Potential for reconstructing timeseries

Consistent with previous work, we find strong linear Δ13C - Δ18O
trends within skeleton deposited over the same time period that are
similar to trends in bulk skeleton (Hill et al., 2011; Kimball et al.,
2014). Despite a relatively small number of samples from each speci-
men, milled data suggest that the method of Saenger and Watkins,
2016 may be capable of generating paleotemperature reconstructions
with errors of b2 °C when it is reasonable to assume that seawater
δ18O was invariant.

Although this uncertainty is likely too large to capture many inter-
mediate ocean temperature anomalies, well-positioned corals may re-
cord spatiotemporal shifts of sharp temperature gradients. For
example, stronger gyre circulation andKuroshio flowdriven by changes
in wind stress curl during the 1970s and 1980s produced decadal-scale
shoaling of the north Pacific thermocline that cooled 200–400 m tem-
peratures by up to 4 °C (Miller et al., 1998; Miller and Schneider,
2000). Similar subsurface variations have been observed in other basins
during the past century (Hazeleger et al., 2001; Houghton, 1996;
Vargas-Hernández et al., 2015) and could be instrumental in developing
decadal scale climate forecasts (Sutton and Allen, 1997). Themagnitude
of these anomalies can be resolved by ourmethod, suggesting that bam-
boo corals from appropriate locations could help constrain the behavior
of such variability prior to the 20th century, thereby informing simula-
tions of future change.

Furthermore, smaller errors are likely to be possible given that our
milled sampling strategywas designed largely to prove a concept rather
than to optimize reconstructed temperatures. Milled data in this study
agree well with an empirical relationship between the strength of
Δ13C - Δ18O trends (i.e. –log p) and RMSE (Saenger and Watkins,
2016; Fig. 9), implying that a more robust regression with smaller 95%
confidence intervals could reduce temperature errors. The likelihood
of producing a very strong linear trend can generally be achieved
through a greater number of samples, and 50 or more appear to be re-
quired to achieve this precision, but may not necessarily be sufficient.

Sampling at this density using a series of concentric paths within a
disk of bamboo coral skeleton would be trivial near the outer rim
where the circumference is large. However, it would be increasingly
challenging toward the coral's center as that circumference decreased,
likely resulting in either a decrease in temporal resolution or an increase
in reconstructed temperature uncertainty. It may be possible to avoid
this complication by extending sampling to the vertical domain (i.e.
sampling a coral cylinder rather than a disk) similar to the approach
Kimball et al. (2014), but future work is necessary to confirm this.

The fine sampling that can be achieved by SIMS would also allow
Δ13C - Δ18O trends to be generated from many samples, even in the
smaller circumference central portion of a bamboo skeleton. However,
our data suggest this approach may not be fruitful. For example, some
skeletal regions (e.g. AB12-0156 T1) do not exhibit significant Δ13C -
Δ18O trends despite dozens of samples. Although the tendency for
Δ13C - Δ18O trends to become more robust in AB12-0156 track 2 and
track 3 suggest that the weak relationship in track 1 may reflect early
diagenesis or a different mode of skeletal growth in surface skeleton,
confirming this would require additional tracks concentrically inward.

Excluding AB12-0156 track 1, SIMS based temperatures generally
agree with milled values, suggesting they are accurate, but may have
higher RMS errors despite often being based on trends with a greater
number of samples. As discussed in Section 2.4, this general agreement
reflects, in part, similarities in the Δ13C - Δ18O slope of SIMS and milled
data, which is not influenced by the constant correction applied to SIMS
data. Although SIMS data generally follow the same empirical relation-
ship in trend significance (i.e. –log p) and RMSE that was observed in
milled data (Fig. 9), it appears to bemore difficult to achieve very robust
linear regressions via SIMS even when many samples are included.

The apparent threshold on the significance of SIMS trends likely
stems from the inability to measure δ13C and δ18O in exactly the same
skeleton that arises because of charging of the sample surface. If the spa-
tial scale of skeletal heterogeneity responsible for linear trends is finer
than the 20–25 μm SIMS spot, the complementary δ18O (or δ13C)
value for a δ13C (or δ18O) measurement inferred through interpolation
may not be accurate. Consistent with this possibility, the individual
crystals that compose bamboo coral skeleton have been shown tomea-
sure only 2–4 μm in length (Noé and Dullo, 2006). Furthermore, any
correlated errors that cancel during the simultaneous analysis of milled
δ18O and δ13C using IRMS, would not do so in SIMS analyses, potentially
weakening the significance of Δ13C - Δ18O trends. From a practical
standpoint, this complication seems to outweigh the spatial resolution
gained by SIMS, and micromilling appears to be a more promising
means of generating Δ18Oaeq timeseries in bamboo corals.
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4.2. Δ47 and Δ18O insight into vital effects

TheΔ47 andΔ18O of bamboo corals are lower than the values expect-
ed from abiogenic calcite precipitated from bicarbonate dominated so-
lutions and processed using identical laboratory methods as our
bamboo corals (Kelson et al., 2017). Consistent with the Adkins mecha-
nism, the offsets of bamboo coral Δ47 and Δ18O fall on a line connecting
HCO3

– and CO3
2– values (Fig. 10), and are generally similar to recently

published results from Gulf of Alaska seamount bamboo corals
(Kimball et al., 2015). These data suggest that a biologically-mediated
increase of ~0.3–0.5 pH units leads to bamboo coral precipitation from
a DIC pool with a higher CO3

2– concentration than the abiogenic experi-
ments onwhich calibrations are based. Furthermore, AB12-0156, which
shows a higher δ11B value that is consistentwith a subtly higher pH, also
exhibits lowerΔ47 andΔ18O values of themagnitude expected from the
shift toward CO3

2– in the Adkins mechanism (Fig. 10). A similar positive
Δ47 and Δ18O correlation in Oculina arbuscula corals cultured at pH
values of 7.5 to 8.1 (Tripati et al., 2015) suggests that pH may also
play an important role in generating vital effects in other coral species.

TheseΔ47 andΔ18O trends are distinct from those of hermatypic sur-
face corals and some aragonitic deep sea corals,which exhibitΔ47 that is
higher than expected from abiogenic experiments and more consistent
with the McConnaughey model (Saenger et al., 2012; Spooner et al.,
2016). Multiple factors seem likely to contribute to the difference be-
tween surface corals or aragonitic deep sea corals and bamboo corals.
Bamboo corals appear to primarily use ambient seawater DIC for calcifi-
cation, and little to no respired CO2 is incorporated into their skeletons
(Saenger and Watkins, 2016). Because the McConnaughey mechanism
suggests that slow hydration/hydroxylation of respired CO2 produces
a disequilibrium DIC pool that is inherited by the coral, the magnitude
of its effectwill be severely limitedwhen respired CO2 is a small propor-
tion of all calcifyingfluidDIC. Conversely, a greater proportion of theDIC
used for calcification in hermatypic surface corals appears to derive
from CO2 (Erez, 1978; Furla et al., 2000). It is more difficult to explain
aragonitic deep sea coral data with this argument as available data sug-
gests that they also use very little respired CO2 for calcification (Adkins
et al., 2003).

Rather, the rate of calcification relative to the rate of CO2 hydration
and hydroxylation could also be important. Some aragonitic deep sea
Fig. 10. Δ18O versus Δ47 for AB12-0156 and AB13-0005 (cyan) compared with other Gulf
of Alaska bamboo corals (blue open squares; Kimball et al., 2015) and the experimental
values for DIC at pH 7.8–12.0 (open black circles; Tripati et al., 2015). AB12-0156 and
AB13-0005 exhibit lower and Δ18O and Δ47 than the value expected from abiogenic
experiments with identical preparatory, analytical and data reduction protocols (closed
black circle; Kelson et al., 2017). The direction and magnitude of Δ18O versus Δ47 trends
predicted by the McConnaughey (red) and Adkins (yellow) mechanisms for a 0.5 unit
pH upregulation are also shown. The McConnaughey mechanism assumes 4% of the DIC
used for calcification derives from respired carbon. See Section 2.7. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of
this article.)
corals appear to elevate their calcifying fluid pH to values of ~8.8
(Anagnostou et al., 2012), which is appreciably higher than the 7.8–
8.0 we infer for Gulf of Alaska bamboo corals. Although this higher cal-
cifying fluid pHwould increase the proportion of carbonate ion, thereby
favoring lowerΔ47 andΔ18O, it would also lead to faster precipitation as
well as slower hydration and hydroxylation. Below 5 °C, it takes 1–
2 days for DIC to isotopically equilibrate at the pH values we suggest
for bamboo corals, and about a week at pH 8.8 (Zeebe and Wolf-
Gladrow, 2001). It therefore may be more likely for aragonitic deep
sea coral calcification to outpace DIC equilibration, thereby contributing
to higher than expected Δ47.

The rate of DIC equilibration will also be affected by the concentra-
tion of carbonic anhydrase (CA), an enzyme that catalyzes CO2 hydra-
tion (Uchikawa and Zeebe, 2012), which has been identified in
scleractinian and gorgonin corals (Le Goff et al., 2016; Moya et al.,
2008). With sufficient concentration, CA could reduce the time neces-
sary for bamboo corals to achieve DIC equilibrium from days to a few
minutes (Uchikawa and Zeebe, 2012; Watkins et al., 2013), which
would rule out a significant effect from the McConnaughey model. Be-
cause CA does not catalyze CO2 hydroxylation, it would have less of an
effect at higher calcifyingfluid pHvalueswhere the hydroxylation path-
way becomes more important (Fig. 5).

These mechanisms are not mutually exclusive, and are probably not
exhaustive. However, lower than expectedΔ47 andΔ18O in our bamboo
corals and Tripati et al.'s (2015) Oculina arbuscula suggest these organ-
isms calcify from an equilibrated DIC pool at a pH that is modestly ele-
vated above ambient values in the presence of CA. In contrast, the
negative Δ47 and Δ18O trends observed in surface corals (Saenger et
al., 2012) and some aragonitic deep sea corals (Spooner et al., 2016)
could indicate greater DIC disequilibrium, possibly due to a greater re-
spired CO2 contribution, higher calcifying fluid pH, faster precipitation
rate and/or lower CA concentration.

Although pH up-regulation likely contributes to bamboo coral oxy-
gen and carbon isotope vital effects, the Adkins mechanism does not
perfectly describe Δ47 and Δ18O data. With respect to carbon isotopes,
Adkins et al. (2003) suggested that skeleton depleted in 13C resulted
from a greater proportion of diffused isotopically light respired CO2 at
the site of calcification. However, the Δ47 of respired CO2 would be ap-
preciably higher than that of equilibrium calcite (Dennis et al., 2011;
Wang et al., 2004), while transmembrane CO2 diffusion would increase
both Δ47 andΔ18O (Guo et al., 2012; Saenger et al., 2012; Thiagarajan et
al., 2011; Tripati et al., 2015) to the degree to which it is represented by
Knudsen diffusion. Both processes are therefore generally inconsistent
with the lower Δ47 we observe.

With respect to oxygen isotopes, Adkins et al. (2003) suggested that
the isotopic composition of DIC was directly inherited by the coral skel-
eton, but this has since been shown not to be the case (Wang et al.,
2013; Watkins et al., 2014). Consistent with this, bamboo coral Δ47

and Δ18O are appreciably lower than the HCO3
– values that approximate

the DIC pool at either the pH ~7.5 of Gulf of Alaska seawater (95%HCO3
−),

or the ~7.8–8.0 that may characterize their calcifying fluid (94% HCO3
−)

(Fig. 10). Furthermore, the decrease in Δ47 and Δ18O predicted for a
0.3–0.5 unit upregulation of calcifying fluid pH is only ~0.003‰ and
~0.4‰, respectively, which is much smaller than the difference observed
between bamboo corals and abiogenic experiments (Fig. 10). Although
the magnitude of Δ47 and Δ18O decrease for a 0.3–0.5 unit upregulation
depends on the choice of HCO3

– and CO3
2– Δ47 and Δ18O, which are poorly

constrained at the cold temperature of bamboo coral growth, no
reasonable choices (Beck et al., 2005; Hill et al., 2014a; Tripati et al.,
2015; Wang et al., 2013) approached the difference between corals and
abiogenic experiments.

Rather than recording the proportional isotopic composition of DIC,
carbonate minerals appear to preferentially inherit the isotopic compo-
sition of CO3

2– (Gabitov et al., 2012; Wang et al., 2013). The model of
Watkins and Hunt (2015) ostensibly accounts for the effects of pH up-
regulation on DIC composition as well as the fractionation between
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DIC and calcite, and is therefore expected to improve upon Adkins et al.
(2003)model. However, theWatkins andHunt (2015)model still over-
estimates coralΔ18O. That is, if theWatkins andHunt (2015)model cor-
rectly accounted for all the processes responsible for non-equilibrium
isotope signatures in bamboo corals, predicted apparent equilibrium
values would closely match coral data and there would be no need to
extrapolate trends to more positive apparent equilibrium Δ13C and
Δ18O (Figs. 6–8). Furthermore, Watkins and Hunt (2015) estimate
only a ~0.4‰ Δ18O decrease between pH 7.5 and 8.0 that is still smaller
than that observed between corals and abiogenic experiments.

If it is assumed that the Watkins and Hunt (2015) model accurately
represents the abiogenic processes affecting bamboo coral carbon and
oxygen isotope fractionation, lower than predictedΔ47 and Δ18O values
may reflect biological processes that occur during bamboo coral calcifi-
cation, but not in abiogenic experiments. That Δ47 and Δ18O fall along
the CO3

2– and HCO3
– trend, suggests that these biological processes may

result in bamboo coral calcite inheriting the isotopic signature of CO3
2–

in excess of what is predicted. Below we suggest a series of biologically
mediated and biologically controlled mechanisms that may contribute
to this apparent vital effect. Biologically mediated mechanisms involve
biological alteration of the calcifying environment that promotes essen-
tially abiogenic processes capable of generating isotopic disequilibrium,
while biologically controlled mechanisms imply that every step of the
calcification process is rigorously constrained by biological activity
(Saenger and Erez, 2016).

4.2.1. Biologically mediated
Elevation of pH at the site of calcification would favor higher calcite

saturation states and faster precipitation (Burton and Walter, 1987), a
logical strategy for the often undersaturated growth environments of
bamboo corals. In addition to shifts in DIC speciation associatedwith el-
evated pH, the Watkins and Hunt (2015) model also considers kinetic
effects that may be related to such changes in precipitation rate. This
is done at the scale of individual calcium or carbonate ions, and con-
siders fractionations associated with the attachment of aqueous ions
to the growing mineral surface, as well as those that occur as mineral-
bound ions detach and return to the solution. Biologicallymediated pro-
cessesmay be capable of modifying the fractionations that occur during
ion attachment and detachment at the fluid-mineral interface, thereby
contributing to the coral-model discrepancies discussed above.

Kinetic effects associated with ion attachment and detachment are
quantified in the model by carbon and oxygen kinetic fractionation fac-
tors (αf). The value of αf governs whether a boundary layer at themin-
eral-fluid interface is enriched or depleted in an isotope relative to the
bulk DIC pool. This isotopically distinct mineral-fluid boundary layer is
equivalent to those suggested to occur, at least in part, because of the re-
laxation of the normal calcite lattice structure ~1 nmbelow themineral-
fluid boundary (Fenter et al., 2000; Rohl et al., 2003). Regardless of
whether the boundary layer is considered to be on the mineral or fluid
side of the fluid-mineral interface, when growth is slow, calcite is able
to achieve its equilibrium isotope composition, but when growth is
rapid there is very little isotopic exchange and the surface composition
can be entrapped (Gabitov et al., 2012; Watkins et al., 2013, 2014;
Watkins and Hunt, 2015; Watson, 2004).

Lower Δ18O values in faster growing calcite crystals have been used
to suggest that the isotopic composition of calcite near themineral-fluid
boundary is depleted in 18O relative to the bulkmineral, consistent with
a greater isotopic contribution from CO3

2– relative to other DIC species
(Gabitov et al., 2012). This depletion in 18O could not be explained by
pH-dependent changes in DIC speciation because the rapid precipita-
tion experiments that produced low Δ18O values used lower pH fluids
than the slow precipitation experiments that yielded high Δ18O values.
If kinetic effects typically produce an 18O depletedmineral-fluid bound-
ary layer, it is not unreasonable to suggest that biologically-mediated
processes could alter αf to generate even greater 18O depletions consis-
tent with the coral-model discrepancies we observe.
Alternatively, or in addition to this effect, biologically-mediated
mechanisms may promote greater entrapment of the isotopically dis-
tinct boundary layer. However, when typical growth rates over a coral's
life span (Farmer et al., 2015b) are extrapolated to the crystal scale, they
suggest rates of ~0.003 nm/s, which are appreciably slower than the
~0.1 nm/s where Gabitov et al. (2012) detect kinetic effects, suggesting
that crystal scale growth would have to be orders of magnitude faster
than bulk skeleton growth, and exhibit long calcification hiatuses, for
this possibility to occur.

The concepts above may also contribute to the discrepancies be-
tween coral and modelled Δ47. The Watkins and Hunt (2015) model
also considers Δ47, and they suggest that the boundary layer described
above could also develop a distinct Δ47 composition due to the scram-
bling/unscrambling of isotopologues during transport of ions from the
solution to the calcite crystal. This process is assigned the variable ε,
with positive values indicating more “clumping” in the boundary layer
and negative values less “clumping”. When the boundary layer is
inherited by the mineral at sufficiently fast precipitation rates, anoma-
lous Δ47 values are expected. Tripati et al. (2015) describe, but do not
quantify, a very similar mechanism in which distinct boundary layer
DIC bond ordering can be inherited by calcite when mineral growth is
faster than the time necessary for reordering to achieve equilibrium
with the bulk mineral. That bamboo coral Δ47 is typically lower than
abiogenic experiments and model values implies a near surface region
with fewer multiply substituted isotopologues (ε b 0). Whether biolog-
ically-mediated processes are capable of generating such a boundary
layer remains to be seen.

It is also conceivable that biologically mediated processes encourage
calcification through pathways other than those considered byWatkins
and Hunt (2015). Wang et al. (2013) propose that solution chemistry
and speciation will affect mineral precipitation rate and the rate of iso-
tope exchange. This ultimately affects the pathway through which car-
bonate is formed, and the degree to which it inherits the isotopic
signature of various DIC species. Specifically, they suggest mineral for-
mation through four pathways:

Ca2þ þ CO3
2–⇄ CaCO3 ð1Þ

Ca2þ þHCO3
–⇄CaCO3 þHþ ð2Þ

Ca2þ þ 2HCO3
−⇄CaCO3 þH2CO3 ð3Þ

Ca2þ þHCO3
– þ OH–⇄CaCO3 þ H2O ð4Þ

Pathway (1) is usually energetically most favorable, but at a given
temperature, the importance of pathways (2)–(4) increases with pH.
The specifics of how precipitation through various pathways affects
Δ18O varies with temperature, salinity, pH and growth rate, but at ele-
vated pH, Wang et al. (2013) suggest that oxygen isotope fractionation
decreases at faster precipitation rates, consistent with bamboo coral
Δ18O. Because the Watkins and Hunt (2015) model only considers
pathways (1) and (2) (Watkins et al., 2014) any biologically mediated
process that favors pathways (3) and (4) or alters the expected propor-
tion of skeletogenesis through all four pathways could contribute to
bamboo coral vital effects. The degree to which Δ47 varies among the
pathways above remains to be seen, but will provide important con-
straints on their ability to explain apparent isotopic disequilibrium.

4.2.2. Biologically controlled
The biologically mediated mechanisms described above rely on

bamboo corals promoting calcification by modifying seawater in a
closed, or semi-enclosed calcifying space. In contrast to scleractinian
corals (Al-Horani et al., 2003; Cai et al., 2016; Venn et al., 2011), it is un-
known if bamboo corals possess this isolated environment. Although it
is difficult to conceive amechanism throughwhich pH could be up-reg-
ulated in the absence of an isolated space, if one does not exist in
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bamboo corals, calcification may be better explained by biologically
controlled mechanisms. The most thorough investigation of bamboo
coral structure to date, proposed that calcification was highly regulated
by an insoluble gorgonin template overlain by a soluble polypeptide
sheet of viscous slime (Noé and Dullo, 2006). This polypeptide sheet
may control calcification through selective binding of calcium ions, as
suggested for some bivalves and sea urchins (Weiner and Addadi,
1991), precipitation of amorphous calcium carbonate (Cuif et al.,
2008) or other mechanisms (see Tambutté et al., 2011 for a review).

If biologic processes are able to actively selectwhich ions are, and are
not, used to construct bamboo coral skeleton, it is easy to conceive that
such a processes could also favor particular carbonate isotopologues,
leading to vital effects. That the direction of bamboo coral Δ18O and
Δ47 implies greater incorporation of 16O and singly substituted carbon-
ate molecules is not unreasonable given the general preference for light
isotopes in other biological processes such as photosynthesis or lipid
construction (e.g. Bender, 1971; DeNiro and Epstein, 1977). However,
proving that biologically controlled calcification is responsible for bam-
boo coral vital effects is far from trivial given that their remote growth
environments and slow calcification rates are not amenable to either
in situ observations or laboratory culture experiments.

4.3. Outlook and future work

The degree towhich bamboo coral carbon, oxygen and clumped iso-
tope compositions can be used to reconstruct paleotemperatures and
identify biological vital effects using the method of Saenger and
Watkins, 2016 and described here, depends in part on how accurately
Watkins and Hunt's (2015) model constrains apparent equilibrium. Al-
though we believe our approach is reasonable in its current form and
there is no a priori reason to doubt its reliability, a number of variables
warrant closer inspection.

The experimental values used to construct Watkins and Hunt's
(2015) model are typically based on theoretical calculations (Hill et
al., 2014a) and laboratory precipitation experiments (Beck et al., 2005;
Dietzel et al., 2009; Kim et al., 2006; Wang et al., 2013; Watkins et al.,
2013, 2014) of lowMg calcite that are not themost appropriate analogs
for high Mg calcite bamboo corals. It has been suggested that Δ13C in-
creases as Mg concentration increases in calcites precipitated at 25 °C
(Jimenez-Lopez et al., 2006), but this study could not evaluate kinetic ef-
fects or temperature dependence. Mavromatis et al. (2012) found that
greater Mg substitution did not appreciably change the slope of calcite
Δ18O–temperature calibrations, but did systematically increase their in-
tercepts. However, themagnitude of change observed byMavromatis et
al. (2012) does not entirely agreewith previouswork (Jiménez-López et
al., 2004; Tarutani et al., 1969), and no studies have evaluated Δ18O ki-
netic effects in high-Mg calcite. To our knowledge there is also no data
on Δ47 variability in high-Mg calcite precipitated under controlled labo-
ratory conditions. Available data is therefore insufficient to incorporate
Mg impurities into Watkins and Hunt's (2015) model at this time, but
doing so in the future will be an important modification to the method
we describe. Although it is difficult to predict exactly how such a mod-
ification would affect our results, it is encouraging that both Δ18O and
Δ13C increase with Mg substitution. Extrapolating the same coral Δ18O
and Δ13C trends (e.g. Fig. 6) to a higher Δ13Caeq would predict a higher
Δ18Oaeq that is consistent with the offset intercepts observed by
Mavromatis et al. (2012).

Similarly, abiogenic experiments have almost exclusively been con-
ducted at atmospheric pressure. For example, the boron isotope frac-
tionation factor between boric acid and borate (αB = 1.0272) used to
calculate pH was experimentally determined at 25 °C, a salinity of 35
and atmospheric pressure (Klochko et al., 2006). The accuracy of δ11B
as a proxy for calcification fluid pH in surface corals growing close to
25 °C is supported by independent pH determinations (Venn et al.,
2011), but the equivalent comparison has not been made in deep bam-
boo corals. Given the wide depth range of bamboo corals, higher
pressures and lower temperatures should likely be considered when
calculating apparent equilibrium fractionation. Although the pressure
dependence of αB is difficult to predict, a theoretical temperature de-
pendence of 8.2 ∗ 10−5‰/°C (Zeebe, 2005) would increase αB to
1.0289 at our coral's ~3.7 °C growth temperature. This modification
would increase calculated pHby only a few tenths of a pHunit however,
which is too small to explain the Δ18O discrepancies between bamboo
coral Δ18O and the model of Watkins and Hunt (2015).

Furthermore, theΔ18O predicted byWatkins and Hunt (2015) at log
R = −7.3 mol/m2/s approaches the ~31‰ we measure in bamboo
corals only when pH exceeds ~11, which is difficult to explain in
terms of uncertainty in αB. However, it should be noted that the requi-
site pH drops to a seemingly more realistic ~9.3 when the Watkins and
Hunt (2015) model is formulated using experimental HCO3

– and CO3
2–

data (Beck et al., 2005; Tripati et al., 2015) rather than those of Hill et
al. (2014a) andWang et al. (2013). In either case, the model cannot ex-
plain the observed coral Δ18O at any log R value when pH is fixed at 8,
suggesting that uncertainties in coral growth rate are unlikely to be
the primary source of discrepancies.

Changes in coral growth are still likely to be important however, es-
pecially when generating multidecadal and longer timeseries. Bamboo
coral radial growth rates can vary through their lifespan (Farmer et al.,
2015b), and incorporating such variations into the calculation of
Δ13Caeq will help derive the most accurate Δ18Oaeq possible. However,
constraining such changes in growth rate with high precision and over
short timescales will remain a challenge unless robust annual banding
patterns or regular geochemical cycles suitable for absolute age control
can be identified in bamboo corals.

Although we remain optimistic about the potential to extract
paleotemperature timeseries using the methods we describe, we ac-
knowledge that future refinements to the δ11B paleo-pH proxy and
the formulation of theWatkins and Hunt (2015)model may require re-
visions in the future. These revisions are not anticipated to fundamen-
tally change the results obtained from the method in its current form,
but may improve its precision, accuracy and ability to distinguish be-
tween proposed sources for bamboo coral vital effects.

5. Conclusions

Through high resolution sampling, we demonstrate that bamboo
corals exhibit linearly correlated carbon and oxygen isotope variability
in approximately coeval skeleton. This correlation can be used to derive
accurate estimates of apparent equilibrium oxygen isotope fraction-
ation, which suggests that paleotemperature timeseries may be gener-
ated from bamboo corals when the oxygen isotopic composition of
seawater can be considered constant. The strength of linear trends is
the primary control on reconstructed temperature errors, which are
b2 °C for skeleton sampled at a spatial resolution of hundreds of mi-
crons via micromill. Furthermore, because our data agree with a previ-
ously derived relationship between linear trend significance and
reconstructed temperature uncertainty, uncertainty of b1 °C may be
possible when robust trends are constrained by dozens of samples.

In contrast to milled samples, trends based on SIMS analyses at spa-
tial scales of tens of microns are weaker, but still sometimes significant.
Despite being based on a relatively high number of samples, these
trends yield temperature errors of N2 °C suggesting that denser sam-
pling may not necessarily improve SIMS-based temperatures. This is
likely related to the inability to measure carbon and oxygen isotopes
in exactly the same skeletal region, andmay reflect skeletal heterogene-
ity on spatial scales smaller than SIMS spots or correlated errors that
cancel in milled samples measured by IRMS, but not in interpolated
SIMS analyses. This limitation suggests that a milled sampling approach
is likely the most practical for generating bamboo coral-based
paleotemperature timeseries.

Insight into the mechanism(s) responsible for linear trends in car-
bon and oxygen isotopes is provided by carbonate clumped isotopes.
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These data suggest that a previous biomineralization model described
by Adkins et al. (2003) better describes bamboo coral calcification com-
pared to that of McConnaughey (1989), but is not a perfect analog. Al-
though the Adkins et al. (2003) model does not perfectly describe
bamboo coral vital effects, clumped isotope data suggests that pH is an
important variable controlling their magnitude. Processes absent from
current biomineralizationmodels thatmay contribute to vital effects in-
clude the entrapment of an isotopically unique boundary layer at the
mineral-fluid interface, variations in the chemical pathway through
which calcite is precipitated or the role of Mg is calcite-fluid isotopic
fractionation.

Futurework that evaluates the importance of thesemechanismswill
be important for accurately estimating apparent equilibrium oxygen
isotope fractionation and, in turn, paleotemperature. Similarly, develop-
ments in the boron isotope pH proxy and the ability to accurately esti-
mate bamboo coral growth may require refinements to the method of
Saenger and Watkins, 2016, and its application to timeseries described
here. However, we see no a priori reason why any such refinements
should fundamentally change our results, and we remain optimistic
on the potential for bamboo corals to yield meaningful timeseries of
sub-surface temperature variability.
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