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Abstract Trace elemental ratios preserved in the calcitic skeleton of bamboo corals have been shown to
serve as archives of past ocean conditions. The concentration of dissolved barium (BaSW), a bioactive
nutrientlike element, is linked to biogeochemical processes such as the cycling and export of nutrients.
Recent work has calibrated bamboo coral Ba/Ca, a new BaSW proxy, using corals spanning the oxygen
minimum zone beneath the California Current System. However, it was previously unclear whether Ba/Cacoral
records were internally reproducible. Here we investigate the accuracy of using laser ablation inductively
coupled plasma mass spectrometry for Ba/Cacoral analyses and test the internal reproducibility of Ba/Ca
among replicate radial transects in the calcite of nine bamboo corals collected from the Gulf of Alaska
(643–720 m) and the California margin (870–2054 m). Data from replicate Ba/Ca transects were aligned using
visible growth bands to account for nonconcentric growth; smoothed data were reproducible within ~4% for
eight corals (n = 3 radii/coral). This intracoral reproducibility further validates using bamboo coral Ba/Ca
for BaSW reconstructions. Sections of the Ba/Ca records that were potentially influenced by noncarbonate
bound Ba phases occurred in regions where elevated Mg/Ca or Pb/Ca and coincided with anomalous regions
on photomicrographs. After removing these regions of the records, increased Ba/Cacoral variability was
evident in corals between ~800 and 1500 m. These findings support additional proxy validation to
understand BaSW variability on interannual timescales, which could lead to new insights into deep sea
biogeochemistry over the past several centuries.

1. Introduction

The cycling of marine nutrients is linked to global climate through the biological carbon pump [e.g.,
Roemmich and McGowan, 1995; Ainley and Hyrenbach, 2010; Deutsch et al., 2011; McQuatters-Gollop et al.,
2011]. However, high-resolution records of marine nutrient dynamics in the intermediate and deep ocean
are relatively scarce because of challenges associated with repeat sampling and insufficient resolution of
extant sedimentary archives. Cold-water corals provide a potentially powerful means to obtain such records
of intermediate and deep ocean conditions due to their longevity and ubiquity within the ocean interior [e.g.,
Adkins et al., 1998; Heikoop et al., 2002; Risk et al., 2002; Anagnostou et al., 2011]. Moreover, certain types of
deep-sea coral, such as bamboo corals (jointed gorgonian octocorals; family Isididae, order Alcyonacea),
can provide archives of ambient and surface water conditions at interannual to decadal resolution [e.g.,
Noe and Dullo, 2006; Thresher et al., 2009, 2010; LaVigne et al., 2011; Sinclair et al., 2011; Hill et al., 2014;
Farmer et al., 2015a, 2015b; Saenger and Watkins, 2016; Thresher et al., 2016]. As bamboo corals grow
(~50–180 μm/yr), calcareous internodes and organic nodes are simultaneously precipitated using distinct
carbon sources: proteinaceous nodes incorporate particulate organic carbon, whereas high-Mg calcite inter-
nodes incorporate ambient dissolved inorganic carbon [Andrews et al., 2005; Roark et al., 2005; Noe and Dullo,
2006; Tracey et al., 2007; Thresher et al., 2009; Hill et al., 2011; Frenkel et al., 2017]. As such, individual bamboo
coral specimens have the potential to provide continuous interannual to decadal records of both ambient
(intermediate or deep waters) and surface water conditions over several hundred years.

The geochemistry of the calcitic internodes of bamboo corals has been shown to reflect several properties of
ambient seawater, such as temperature [Thresher et al., 2010; Hill et al., 2011; Saenger and Watkins, 2016;
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Thresher et al., 2016] and aspects of seawater chemistry [e.g., Sinclair et al., 2011; LaVigne et al., 2011; Hill et al.,
2012; Raddatz et al., 2014; Thresher et al., 2016]. Of the seawater chemistry properties, those that potentially
reflect marine nutrients, such as dissolved barium (BaSW), are of particular interest as their cycling can be
linked to the export and mineralization of organic carbon in the ocean interior [e.g., Bishop, 1988; Dymond
et al., 1992; Esser and Volpe, 2002; Bishop and Wood, 2008]. Specifically, calibrations based on the
outermost growth bands of live-collected bamboo coral internodes showed that skeletal Ba/Ca ratios
(Ba/Cacoral) faithfully reflect ambient BaSW via lattice substitution of Ba for Ca [e.g., LaVigne et al., 2011;
Thresher et al., 2016]. Despite this potential to record seawater nutrient histories, a study by Sinclair et al.
[2011] remains the only investigation into the internal reproducibility of time-resolved Ba/Cacoral variations.
This lack of thorough validation currently hinders fully realizing the utility of the bamboo coral Ba/Ca proxy
to reconstruct intermediate and deep ocean BaSW—and thus nutrient and carbon—chemistry through time.

In order to further evaluate the validity of the Ba/Cacoral proxy, we test the internal reproducibility of Ba/Ca in
nine deep-sea coral bamboo specimens across a depth transect in the northeast Pacific Ocean using LA-ICP-
MS (laser ablation inductively-coupled plasmamass spectrometry). To evaluate the accuracy of the LA-ICP-MS
measurements, we compare these data with pubished solution-based ICP-MS Ba/Cacoral data from the outer-
most growth bands of the same corals. Finally, we examine these new profiles in the context of a new depth
profile of dissolved BaSW collected nearby. With the notable exceptions of juvenile growth and non-
carbonate intergrowths, our data suggest that bamboo coral Ba/Ca reflects northeast Pacific nutrient chem-
istry over the life spans of individual corals (~100 years) and hints at possible short-term biogeochemical
changes in the eastern Pacific oxygen minimum zone (OMZ) within the last century.

2. Methods
2.1. Samples

The nine samples used in this study include two Gulf of Alaska corals and seven California margin corals, all of
which have been described previously (Figure 1) [e.g., Roark et al., 2005; LaVigne et al., 2011; Hill et al., 2012].

Figure 1. Bathymetric map of coral (black diamonds) and seawater (white circles) sample locations in the Gulf of Alaska and California margin. Arrows show California
Current System circulation, adapted from Howell et al. [2012]. Map created with Ocean Data View [Schlitzer, 2016].
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The location of the atmospheric 14C bomb spike has been identified in the proteinaceous gorgonin nodes of
six samples and used to estimate the radial extension rate and age of these specimens in previous studies
(Table 1) [Roark et al., 2005; Hill et al., 2011, 2014; Frenkel et al., 2017]. However, recent work has revealed
evidence of growth rate nonlinearity in bamboo corals, limiting age model development for these
specimens [Roark et al., 2005; Farmer et al., 2015b; Frenkel et al., 2017]. The Gulf of Alaska corals were
collected live from Warwick Seamount in 2002 using the DSV Alvin and stored at Stanford University [Roark
et al., 2005]. California margin samples were collected from Pioneer, San Juan, and Davidson Seamounts,
as well as Monterey Canyon in 2004 and 2007 using the ROV Tiburon on the Monterey Bay Aquarium
Research Institute (MBARI) R/V Western Flyer and archived at University of California (UC) Davis (Table 1).
With the exception of T664A1, all specimens were living at the time of collection. The specimens were
identified based on morphological characteristics as belonging to the Isidella, Lepidisis, and Keratoisis
subfamilies (Table 1) [Roark et al., 2005; LaVigne et al., 2011; Hill et al., 2012], though ongoing revisions to
bamboo coral taxonomy raise the possibility that other related taxa are represented within our sample set
[France, 2007; LaVigne et al., 2011; Hill et al., 2014].

2.2. Hydrographic Context

All samples were collected from within the north Pacific OMZ (Figure 2) spanning the Gulf of Alaska to the
California margin. In this region, the North Pacific Current (NPC) flows from west to east between the sub-
tropical and subpolar gyres (~35°N; Figure 1) [Howell et al., 2012]. As it approaches the eastern boundary of
the Pacific basin, the NPC splits into the north flowing Alaska current and the south flowing California
Current. Beneath this Ekman-induced coastal upwelling zone, the California Current System (CCS) region
exhibits a strong OMZ with intermediate to severe hypoxia (defined as O2 = 22–61 μmol/kg or
<22 μmol/kg, respectively) [Karstensen et al., 2008; Moffitt et al., 2015]. The California margin OMZ is influ-
enced by well ventilated, low-salinity North Pacific Intermediate Water (potential density of 26.2–26.9 σθ) as
well as low oxygen Antarctic Intermediate Water (potential density 26.9–27.6 σθ; Figure 2) [Reid, 1965; Lynn
and Simpson, 1987; Talley, 2008; Van Scoy and Druffel, 1993]. The coral samples analyzed herein span σθ
27.1–27.7, equivalent to a depth range of 634–2055 m, and are bathed in oxygen-depleted waters of
the CCS.

In addition to existing BaSW data collected from the GEOSECS test station in 1969 [Wolgemuth, 1970], a new
BaSW profile was obtained to compare against the coral Ba/Ca data (Figure 1). Samples were collected at
Station 12 of “IrnBru” (MV1504; 39.00°N, 125.75°W). The BaSW profile is a composite of trace metal clean sam-
ples collected on 11 July 2014 (upper 100 m) and 13 July 2014 (100—1,500 m); no temporal offsets in BaSW
between the two deployments are apparent. Dissolved barium concentrations were determined using an iso-
topic dilution method discussed in detail elsewhere [e.g., Bates et al., 2017]. Briefly, 5 mL aliquots of each sam-
ple were weighed and spiked with an appropriate quantity of 135Ba-136Ba double spike to achieve a spike- to
sample-derived Ba abundance ratio of unity. Barium was preconcentrated from the samples using a (Ba, Ca)
CO3 coprecipitation via dripwise addition of 1 M Na2CO3 solution and further purified from Ca using cation-
exchange chromatography. Samples were analyzed using the ThermoFisher Neptune multicollector ICP-MS
situated at the Woods Hole Oceanographic Institution Plasma Facility. Barium concentrations were

Table 1. Coral Samples Utilized in This Study

Sample Depth (m) Location Seamount/Site Taxonomy Live/Dead Age (Years) [Roark et al., 2005] Growth Rate (μm/yr)

ALV3808 #5 634 48.3N, 132.44W Warwick Isidae Live 126 ± 8 160 ± 10a

ALV3808 #3 720 48.3N, 132.44W Warwick Isidae Live 75 ± 5 120 ± 10a

T1104 A7 870 36.74N, 122.03W Monterey Canyon Isidella Live - 90b

T1101 A13 1012 37.37N, 123.41W Pioneer Isidella Live - 93b

T664 A17 1295 33.13N, 120.91W San Juan Keratoisis Live - -
T1102 A12 1500 35.73N, 122.73W Davidson Keratoisis Live - -
T1102 A10 1521 35.73N, 122.73W Davidson Keratoisis Live - -
T664 A2 1954 33.15N, 120.89W San Juan Lepidisis Live - 70a

T664 A1 2055 33.15N, 120.89W San Juan Isidella Live (dead at base) - 72a

aRoark et al. [2005].
bHill et al. [2014].
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determined from the measured 138Ba/135Ba ion beam intensity ratio and corrected for isobaric interferences
(cerium and lanthanum on m/z 138) and Ba contributions from reagents (average blank ≈4% of total Ba);
typical precision on BaSW measurements is between 1 and 2% relative standard deviation.

2.3. Trace Element Data Collection

A disk was cut from a calcitic internode near the base of each coral and made into a thin section for trace ele-
ment analysis via LA-ICP-MS. The coral samples were ablated using a Photon Machines pulsed ArF excimer
193 nm laser with HeLex dual-volume sample cell. Continuous line scans were analyzed using an 85 μm dia-
meter circular spot, a 10 μm/second step rate, a frequency of 10 Hz, and a fluence of 4.43 J/cm2. Ablated
material was analyzed using an Agilent 7700x quadrupole ICP-MS; thorium oxides (ThO+/Th+) were ~0.3%
for all runs. Three radial transects were drawn on each coral from the coral core to the edge. The locations
of the radial transects were selected to represent as much of the coral cross section as possible and often
represented varying skeletal growth rates. These transects were typically ~120° apart, except when cracks
in the coral edge or thin section imperfections were avoided, in which case transects were separated by
~45–90° (T664 A17, T664 A1, T664 A2, ALV3808 #3). Three passes were completed over each radial transect
with a 10 μm/s step rate, yielding two passes after the first “preablation” pass (used to remove surface con-
taminants) was discarded. Background intensities were obtained from gas blanks analyzed before and after
sample ablation and were subtracted from coral sample 43Ca and 138Ba intensities, which were measured
every 0.625 s. The average blank subtraction was ≪1% for both 43Ca and 138Ba. Coral 138Ba/43Ca count rate
ratios were converted to μmol/mol using a National Institute of Standards and Technology (NIST) 612 glass
standard which was analyzed at the beginning and end of each pass on the coral radial transects (n = ~10
analyses of NIST 612 per day). Raw 138Ba/43Ca count rate ratios obtained for each pass of the NIST 612 stan-
dard were reproducible within 3.4 ± 0.3% relative standard deviation (RSD) (n = 15–20 points per line), and
the mean 138Ba/43Ca count rate ratios for all NIST 612 passes were highly reproducible within each day of
analysis (1.6 ± 0.7% RSD; n = 10–20 passes per day). Therefore, the mean value for all NIST 612 passes
(n = 10–20 per day) was applied to all coral passes analyzed on a given day, and one to two corals were ana-
lyzed per day (three to six radial transects per day).

Figure 2. Coral sample locations plotted on sections (shown in inset map) of dissolved oxygen and silicate concentrations, with contours of potential density.
Generated in Ocean Data View using GLODAP v1.1 gridded data [Key et al., 2004; Schlitzer, 2016].
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2.4. Banding Analysis and Data Alignment

Bamboo corals grow radially at a rate that can vary around the coral, making each radius a different length.
We used a new alignment method to compare and average LA-ICP-MS data collected from different length
radii within each coral. Following LA-ICP-MS analysis of each thin section, we used a Leica Microsystems
DM750P petrographic microscope with Leica Application Suite version 4.4.0 to identify and measure 5–10
visible growth bands within each coral that crossed all three laser ablation radial tracks (Figure 3). The loca-
tions of each of the growth bands on the radial laser ablation transects were used as tie points to align the
trace element data from two of the radii to the length of the third, linearly interpolating between each of
the tie points. Data from the second and third passes over each radius were averaged to one value for each
data point after alignment (point-by-point reproducibility of replicate passes = 0.5–2.9%; Table S1 in the
supporting information). This alignment method yielded satisfactory results for the eight corals with a clear
banding, though sample T1102 A12 contained only a few diffuse growth bands. As such, features in this spe-
cimen could not be aligned to a resolution higher than ~200 μm. Finally, aligned raw LA-ICP-MS data from all
three coral radii were resampled to a common resolution.

A 50 μm moving average was applied to each radius of Ba/Cacoral data to smooth any noise resulting from
ablation. After smoothing, the three replicate radii were averaged point-by-point to create a single composite
record for each coral sample. Intracoral reproducibility was evaluated for each coral by calculating the point-
by-point average deviation from the mean among the smoothed and aligned replicate radii.

All samples exhibited anomalously high Ba/Cacoral in the inner 100–800 μm of calcite near the center of the
coral (oldest material precipitated), likely reflecting the higher organic matter content of juvenile skeleton
(Figure S2) [Noe and Dullo, 2006; LaVigne et al., 2011; Sinclair et al., 2011]. In some of the samples, this area
appeared darker than the rest of the coral under photomicrograph. The size of the juvenile growth area var-
ied from sample to sample; therefore, regions of elevated Ba/Ca associated with the juvenile growth area
were identified separately for each coral and removed from subsequent analysis.

3. Results and Discussion
3.1. Accuracy of Ba/Cacoral LA-ICP-MS Measurements

Laser ablation ICP-MS offers a rapid means of obtaining high resolution trace elemental data from samples
in situ. Although this technique has long been used to analyze elemental ratios in carbonates for

Figure 3. Growth ring alignment method. (a) Partial composite image using photomicrographs of ALV3808 #3 showing the locations of three laser ablation lines
(highlighted with blue lines) and visible growth bands (alternating brown and tan rings); (b) example of the band measurement and alignment process.
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paleoceanographic reconstructions, the development of appropriate matrix-matched standards for
quantifying trace elements in carbonates remains challenging [e.g., Sinclair et al., 1998]. Glass NIST standards
(e.g., NIST 610, 612, and 614) are commonly used for single-point nonmatrix matched standardization of
trace elemental signals in carbonates. The accuracy of this technique, however, is limited by the potential
for matrix-induced elemental fractionation during sample ablation, transport, and/or within the plasma
[Sinclair et al., 1998; Fallon et al., 1999; Sylvester, 2008]. Some laboratories have developed in-house or
interlab external standards from pressed-carbonate powder pellets (e.g., MACS-1 and MACS-3: U.S.
Geological Survey) [Sinclair et al., 1998; Fallon et al., 1999], though the ablation characteristics of pressed-
powder pellets may differ from solid biogenic carbonates. While commercially available matrix-matched
standards continue to be developed, we evaluated the accuracy of our LA-ICP-MS data for Ba/Ca in
bamboo corals via comparison with Ba/Ca data obtained for the same samples using solution ICP-MS
[LaVigne et al., 2011].

We tested this accuracy by comparing LA-ICP-MS data generated using a single-point glass NIST SRM stan-
dard (612) against solution phase high-resolution-ICP-MS data collected on the same set of samples using
NIST-traceable matrix-matched standard curves [LaVigne et al., 2011]. For five of the seven samples, we found
that the average Ba/Cacoral value for the outer ~1 mm of LA-ICP-MS data determined in this study overlaps
within the uncertainty of published solution phase ICP-MS measurements in powders milled from the outer
1 mm of the same specimens (Table 2 and Figure 4). For the two samples that did not overlap within the
uncertainty of the measurements, T664A1 and T664A2, the envelopes of uncertainty differed by <5%
(Table 2 and Figure 4). This minor difference is possibly due to the comparison of samples collected from dif-

ferent sections cut from the calcitic
internodes. The general consis-
tency between the two methods
demonstrates the accuracy of
using the NIST 612 glass as a
single-point standard for quantify-
ing Ba/Cacoral via LA-ICP-MS. This
suggests that differential plasma
matrix effects between the NIST
612 silicate glass standard and
the biogenic high magnesium
calcite samples are either minimal
or affect Ba and Ca similarly. This
comparison allows for the appli-
cation of Ba/CaSW calibrations
calculated using solution-phase
ICP-MS measurements to LA-ICP-
MS Ba/Cacoral data.

Table 2. Bamboo Coral Ba/Ca, Reconstructed BaSW, and Internal Reproducibility

Sample

Solution Phase Ba/Ca
(μmol/mol)
Outer 1 mm

[LaVigne et al., 2011]

LA-ICP-MS Ba/Ca
(μmol/mol)
Outer 1 mm

This Study ±1 SD

Reconstructed BaSW
(nmol/kg)

Outer 1 mm
This Study ±1 SD

Internal
Reproducibility of
Raw LA-ICP-MS

Data
±1 SD (%, n = 3)

Internal Reproducibility
With 9-Point (50 μm)

Smoothing
±1 SD (%, n = 3)

Internal Reproducibility
After Smoothing and

Peak Removal
(%, n = 3)

ALV3808 #5 - 9.75 ± 0.26 73 ± 3 1.5 ± 0.8 1.1 ± 0.7 -
ALV3808 #3 - 10.30 ± 0.22 80 ± 3 0.9 ± 0.5 0.8 ± 0.5 -
T1104 A7 14.48 ± 0.47 13.67 ± 0.71 120 ± 18 8.8 ± 5.7 7.8 ± 5.3 6.7 ± 4.0
T1101 A13 12.21 ± 0.47 13.47 ± 0.79 117 ± 13 4.2 ± 3.4 3.5 ± 2.9 3.2 ± 2.6
T664 A17 13.15 ± 0.47 12.98 ± 0.17 111 ± 4 2.6 ± 1.8 2.1 ± 1.4 1.9 ± 1.1
T1102 A12 15.46 ± 0.47 17.02 ± 1.71 162 ± 14 5.0 ± 4.5 4.0 ± 4.0 4.1 ± 4.1
T1102 A10 15.88 ± 0.47 16.41 ± 0.61 155 ± 11 4.4 ± 3.6 3.7 ± 3.1 3.2 ± 2.4
T664 A2 15.35 ± 0.47 16.19 ± 0.15 152 ± 4 2.1 ± 1.2 1.6 ± 1.0 1.1 ± 0.7
T664 A1 14.71 ± 0.47 15.99 ± 0.10 149 ± 3 1.8 ± 1.3 1.0 ± 1.0 0.8 ± 0.5

Figure 4. Comparison of Ba/Cacoral measurements collected on the outer
1 mm of the same set of coral samples via LA-ICP-MS using single-point
glass NIST SRM standard (612; this study; white) and solution phase high-
resolution-ICP-MS data using NIST-traceable matrix-matched standard
curves [LaVigne et al., 2011] (grey). Error bars represent measurement
uncertainty (Table 2).
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3.2. Resolution of LA-ICP-MS Ba/Cacoral Data

In order to identify the smoothing window required to remove laser ablation noise and fine-scale sample het-
erogeneity, we optimized the intracoral reproducibility across all corals investigated. After testing 10 different
smoothing windows of varying widths (10–200 μm), we found that applying a 50 μm (9-point) moving aver-
age yielded the greatest degree of Ba/Cacoral reproducibility without significantly changing the data from the
unsmoothed version (paired t test, p > 0.05 for smoothing windows 10–50 μm). The 50 μm smoothing win-
dow we found to be optimal for our data obtained with an 85 μm spot is comparable to the 40 μm window
that Sinclair et al. [2011] found to be optimal for Ba/Ca data from an Atlantic bamboo coral specimen using a
60 μm spot size. Mean point-by-point Ba/Ca reproducibility for all nine corals improved from 3.5% to 2.8%
after the 9-point (50 μm) moving average smoothing window was applied (Table 2). We estimate that the
50 μm smoothing window (85 μm initial spot size plus the 50 μm window yields an approximately 135 μm
spatial resolution) results in ~1.5–2 year temporal resolution based on the average growth rates estimated
for these corals (Table 1). Increased reproducibility after application of the 50 μm moving average suggests
that any variability that occurs on spatial scales <135 μm is related to laser noise, and/or fine-scale localized
Ba/Cacoral heterogeniety. All data discussed from this point forward were smoothed via this process.

3.3. Temporal Variations in Skeletal Ba/Ca: Artifact or Ambient Environmental Variability?

The records derived from these corals reveal temporal Ba/Cacoral variability that differs with depth, location,
and time (Figures 5 and 6). While Gulf of Alaska (634–720 m) and southern California (San Juan Seamount,
1295 m and 1954–2055 m) samples imply relatively stable Ba/Ca throughout the lifetime of the corals
(±2–3%; 1 RSD), the central California seamount corals collected from near or within the severely to inter-
mediately hypoxic waters of the OMZ reveal a greater degree of temporal Ba/Ca variability (5–10%; 1 RSD;
Figures 5 and 6). Even though several of the most variable corals lack precise chronologies, based on the
spatial scales of the Ba/Cacoral variations (~100 μm to ~1 mm) and average coral radial extension rates
(~70–160 μm/yr in well-dated specimens [Roark et al., 2005; Hill et al., 2014]), we estimate that the time-
scale of the largest Ba/Ca variations evident in Figure 5 is interannual to decadal. This is consistent with
the timescale of variability observed in other Ba/Cacoral records [Sinclair et al., 2011; LaVigne et al., 2011;
Strzepek et al., 2014]. Next we explore whether such temporal variations are likely derived from either ana-
lytical or biological artifacts that impact internal reproducibility, or if they might reflect true variability in
ambient BaSW.
3.3.1. Potential Artifacts Affecting Internal Reproducibility
To explore if the observed temporal Ba/Ca variations relate to an analytical or biological artifact, we first quan-
tified intracoral reproducibility by calculating the percent average deviation from the mean for each indivi-
dual point in the aligned and smoothed radial transects (n = 3 replicate radii), and the mean percent
deviation for the entire coral is reported in Table 2. The smoothed and aligned replicate Ba/Ca radii were
highly reproducible (1–4%) for eight of the nine northeast Pacific Isidella, Lepidisis, and Keratoisis corals ana-
lyzed (Table 2; slightly lower reproducibility (6.7%) for one coral, T1104 A7, is discussed below). This is consis-
tent with the level of reproducibility reported by Sinclair et al. [2011] whereby a similar analysis was
performed for Ba/Cacoral data from an Atlantic Keratoisis specimen (4%). Strzepek et al. [2014] also reported
similar reproducibility of 1.4% based on mean Ba/Ca values from repeat LA-ICP-MS transects in a Lepidisis
sp. coral collected southeast of Australia at 1160 m depth. However, difficulties associated with determining
accurate bamboo coral taxonomy suggest that it is necessary to validate any new geochemical proxies in
multiple taxa collected from various environments before records can be confidently interpreted.

The intracoral Ba/Ca reproducibility demonstrated by the eight corals spanning three taxa, combined with
evidence from the Keratoisis coral published by Sinclair et al. [2011], suggests that Ba/Cacoral records are
internally reproducible across multiple taxa and geographic locations. However, some samples in our study
showed lower reproducibility among select peaks in the Ba/Ca radial transects that emphasize the impor-
tance of replication and multielement screening of LA-ICP-MS data (e.g., T1104 A07, T1101 A13, and T1102
A12; Figure 5). The lowest reproducibility for peaks in these samples was ~20%. The reduced reproducibility
of peaks in these samples is likely a result of differences in the degree of signal smoothing resulting from
varying growth rates between replicate radii. Additionally, some of these peaks may reflect noncarbonate
phases containing Ba, such as organic seams (discussed below). Furthermore, we note that sample T664
A2 showed Ba/Cacoral values in the outer 1.3 mm of one radius (line 2) that were ~7% higher than the two
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Figure 5. Ba/Ca LA-ICP-MS measurements across replicate radial transects (n = 3 transect lines; blue, red, and green) for each of seven bamboo corals from the
California margin. Replicate passes on individual radial transect have been averaged to a single record for each line and smoothed with a 9-point moving aver-
age. Internal reproducibility calculated based on agreement among three replicate radii for each coral and reported in Table 2.
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replicate radii (lines 1 and 3, which
agreed within 1%; Figure 5). The
elevated Ba/Ca values were pre-
sent in the outer 1.3 mm of all
three passes along line 2, eliminat-
ing the possibility that analytical
uncertainty yielded the anomaly.
Inspection of the sample in thin
section did not reveal any visual
differences in the coral calcite
between line 2 and lines 1 and 3.
A more thorough spatial Ba/Cacoral
analysis around the edge of this
coral would be required to deter-
mine the cause of this small anom-
aly on line 2. Although internal
reproducibility for the entire T664
A2 record was overall good
(1.6%), in order to avoid interpret-
ing this anomalous area, the data

from the last 1.3 mm of line 2 were excluded from further analyses (resulting in 1.1% intracoral reproducibil-
ity; Table 2 and Figure S2). Sample T1104 A7 was the least internally reproducible sample analyzed (6.7%);
however, T1104 A7 did not show a consistently offset portion of a radius similar to that found in T664 A2.
This specimen was, however, the sample that exhibited the greatest degree of variability (±10%; 1 RSD) with
large Ba/Ca peaks evident throughout the record. Based on visual inspection of the replicate radial Ba/Ca
transects, we suspect that our growth band alignment method did not perfectly align these large peaks in
this record, and that a more precise manual alignment of Ba/Ca peaks would likely result in greater reprodu-
cibility for this coral (and may also account for slight offsets of large peaks in other corals, e.g., T1102 A12).
These two corals (T664 A2 and T1104 A7) demonstrate the importance of collecting replicate radial transects,
visually inspecting thin sections and checking data alignment in order to evaluate intracoral reproducibility
for every specimen analyzed prior to interpreting Ba/Ca records.

The intracoral Ba/Ca agreement evident in these corals demonstrates that time-resolved Ba/Cacoral signals are
generally incorporated reproducibly around the entire circumference of the coral. We note, however, that the
scale upon which this agreement is evident varies among the records. For example, there are fine scale
(<0.2–0.5 mm) Ba/Cacoral variations on the order of ~0.5–1.0 μmol/mol in some of the least variable corals
(e.g., ALV3808#5, T664 A2, and T664 A17) that were not evident in all three replicate transects. Thus, the tem-
poral resolution upon which the Ba/Cacoral records can be interpreted would depend on both the degree of
reproducibility among replicate transects and the growth rate of each coral. Averaging three aligned trans-
ects into a single composite record for each coral would likely minimize and avoid interpretation of nonrepro-
ducible compositional heterogeneities in the coral skeleton. Overall, these results support the suggestion
that the entire coral skeleton records interannual to decadal scale variability [Sinclair et al., 2011], likely in
response to changes in environmental conditions rather than internal biological “vital effects,” which have
been implicated in non-reproducible behavior of other trace elemental ratios in bamboo coral skeletons.
The radial Ba/Cacoral signals we observe are not driven by localized vital effects specific to the calcification
sites on different growth axes within the same coral. However, possible biological factors affecting the incor-
poration of barium around the entire coral cannot be ruled out with this data set. It is possible that factors
such as skeletal extension rate, for example, could be consistent among all growth axes. Though, given that
mean Ba/Cacoral values for replicate radii with different radial extension rates agreed within each coral in our
study, we argue that changes in skeletal growth rate with time are not likely to have caused the observed
temporal reproducibility.

Although it is unlikely that growth rate was a driver of Ba/Cacoral variability in our corals, Sinclair et al. [2011]
also point out that nonenvironmental factors such as intermittant bands or seams of organic-rich skeleton or
detritus could also result in intracoral Ba/Ca reproducibility. Thus, we investigated whether these sources of

Figure 6. Ba/Ca LA-ICP-MS measurements across replicate radial transects
(n = 3 transect lines; blue, red, and green) for each of two bamboo corals
from the Gulf of Alaska. Replicate passes on individual radial transect have
been averaged to a single record for each line and smoothed with a 9-point
moving average. Internal reproducibility calculated based on agreement
among three replicate radii for each coral and reported in Table 2.
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Ba could be influencing the Ba/Cacoral signals in our corals by screening our records for regions where
Ba/Cacoral was correlated with Mg/Ca and Pb/Ca as well as visually inspecting calcite thin sections. Mg/Ca
has been used to identify and remove regions of trace elemental proxy data influenced by organic matter
inclusions in centers of calcification in scleractinian deep sea corals; we also observed elevatedMg/Ca in juve-
nile bamboo coral skeleton, which likely represents a different phase of skeletal growth [e.g., Cohen et al.,
2006; Gagnon et al., 2007; Thresher et al., 2010; Anagnostou et al., 2011; Sinclair et al., 2011]. Given that the
incorporation of detritus or Pb adsorption to skeletal surfaces exposed to seawater during a coral’s lifetime
has been suggested to contribute to elevated Pb/Ca ratios in bamboo coral skeletons, we screened our
LA-ICP-MS data for Pb/Ca as well as Mg/Ca anomalies [Sinclair et al., 2011]. In our corals, large Mg/Ca and
Pb/Ca anomalies were often found in regions where the calcite appears visually distinct in photomicrographs
and are thus used as indicators of noncarbonate phases (Figure S1). We identified possible regions of noncar-
bonate bound barium in individual radial transects in the California margin coral data sets as regions where
either the smoothed Pb/Ca or Mg/Ca data were more than ±2 standard deviations from the radial transect
mean. Inspection of photomicrographs of the calcite thin sections revealed that distinct dark or light skeletal
rings often occurred close to these Mg/Ca or Pb/Ca anomalies. Regions of Ba/Ca records where correspond-
ing Mg/Ca or Pb/Ca fell outside of the ±2 SD envelope as well as values associated with these features that
were immediately preceeding or following the peaks were removed from the data set and were not used
in subsequent analyses. For most lines, this process removed<10% of the record. This process was not com-
pleted for the Gulf of Alaska coral data because we did not collect Pb/Ca data nor have appropriate thin sec-
tions for visual inspection. An example of anomalous features identified in sample T664 A17 is shown in
Figure S1 and a side-by side comparison of filtered and unfiltered Ba/Ca data for all coral plotted in
Figure 5 is shown in Figure S2. The removal of these anomalous regions did not change (or only slightly
improved) intracoral Ba/Cacoral reproducibility (Table 2). The features support the hypothesis that trace ele-
mental proxy data may be influenced by organic seams or cessations of growth which allowed detritus from
surrounding seawater to be skeletally incorporated, and that these features may be identified by screening
ancillary trace elemental data [Sinclair et al., 2011]. These observations encourage careful replication and
further development of this multielement screening technique to identify possible noncarbonate bound
phases of trace elements in bamboo coral LA-ICP-MS data.

3.3.2. Ambient Environment Variability
Our analysis appears to rule out either analytical or biological artifacts as the cause of radial Ba/Cacoral varia-
bility, suggesting instead that the variations reflect changes in conditions ambient to the corals. We contend
that such variations most likely reflect changes in ambient BaSW rather than a changing partition coefficient
(D), since changes in D resulting from environmental perturbations (e.g., [O2], temperature, and salinity)
might also be expected to render changes in the partitioning of other elements and thus lead to correlated
metal: calcium variability along the coral transects [e.g., Gagnon et al., 2007]. Since it appears that these var-
iations are largely uncorrelated with Ba/Cacoral after performing the screening technique described above
(r2 < 0.2 for Ba/Ca versus Pb/Ca, Mg/Ca, B/Ca, Sr/Ca, and Li/Ca), we are left with the explanation that the
changes in Ba/Cacoral reflect interannual-to-decadal variability in ambient BaSW. Though we currently lack
the chronologies required to align the records in time, the similar magnitudes and variance in Ba/Cacoral from
specimens that were either colocated (e.g., T1102 A10 and T1102 A12) or situated within 100 m of another
individual (T664 A2 and T664 A1 (collected dead); ALV3808 #3 and ALV3808 #5) is encouraging as it supports
our contention that BaSW is variable, particularly in low-oxygen environments.

In order to place the observed degree of Ba/Cacoral variability in an oceanographic perspective, we calculated
the mean value and magnitude of variation in reconstructed BaSW for each coral using the calibration pub-
lished in LaVigne et al. [2011] and compared against measured profiles of BaSW from the northeast Pacific
(Figure 7). Mean “modern” values of BaSW were calculated from the outer (youngest) ~1 mm, or ~6–14 years,
of each coral record (excluding the juvenile growth phase and possible noncarbonate phases as described in
sections 2.4 and 3.3.1). The standard deviation of the entire coral record (not just the outer 1 mm) is inter-
preted as the magnitude of long-term variability. Analysis of the data obtained via these calculations yields
two main results. First, as observed in the solution phase ICP-MS-based calibration by LaVigne et al. [2011],
the calculations suggest that there are substantial mismatches in reconstructed BaSW of ~25–40 nmol/kg
when comparing coral-derived BaSW against in situ BaSW from the GEOSECS test station at ~30°N (Figure 1).
However, when comparing the reconstructed BaSW against a new BaSW profile collected along the
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California margin in 2014 (~40°N),
we find that the mismatch
decreases to ~5–35 nmol/kg
(Figure 7). A large offset was
observed in specimen T1104 A7,
which was collected within
Monterey Canyon. As such, the
reconstructed BaSW from this sam-
ple may be reflecting sources of
barium specific to the canyon
environment (e.g., continental,
sedimentary, seeps, organic, or
detrital Ba sources; Figure 7).
Interestingly, the BaSW values cal-
culated from the Davidson
Seamount samples are also offset
from the dissolved barium trans-
ect, similar to the Ba/Cacoral varia-
bility with depth observed in this
region by LaVigne et al. [2011] and
in southern Tasmania by Thresher
et al. [2016]. Thus, bamboo coral
Ba/Ca records may have the poten-
tial to provide regional- or even
local-scale records of seawater
chemistry, offering a unique win-
dow into the spatial variability of
barium dynamics.

Our data also reveal that the varia-
tion in reconstructed BaSW appears
greatest within the severely to
intermediately hypoxic waters of
the OMZ (corals between 870 and
1521 m), consistent with measure-
ments of highly variable barium

dynamics in oxygen minima at this depth range (Figure 2) [Dymond and Collier, 1996; Dehairs et al., 1980,
1991, 1992, 2008]. Marine barium dynamics are generally controlled by processes associated with the near-
surface cycling of nutrients, carbon, and barite [e.g., Dehairs et al., 1980; Bishop, 1988] that are communicated
to the ocean interior [e.g., Horner et al., 2015]. For example, changes in wind-driven coastal upwelling in this
region have a significant effect on productivity in surface waters [e.g., Snyder et al., 2003; Garcia-Reyes and
Largier, 2010], which has been shown to drive high rates of intermediate ocean barite production in this
region [Dymond et al., 1992]. However, given that these same coral specimens record negligible changes
in the export of organic matter from the surface [Hill et al., 2014], the most likely source of changes in
BaSW would be processes occurring at depth rather than any direct connection to local surface productivity
and export. As a rough estimate, if barite dynamics were solely responsible for the BaSW variations recorded
by these corals, in order to effect a ~ 70 nmol/kg increase in dissolved barium between 1000–1500 m depth
within ~10 years, the flux of particulate barium to this depth would need to increase by ~3.5 mmol Ba
m2 yr�1, which is only about 3 times higher than the highest particulate barium flux measurements from
~1000 to 2000m CCS sediment traps (~1.2 mmol Ba m2 yr�1) [Dymond et al., 1992]. While this scale of change
in biogenic particle flux would be conceivable for the coastal CCS upwelling zone, it is also possible that mul-
tiple mechanisms work concurrently to influence BaSW on interannual-decadal timescales. Moreover,
Ba/Cacoral variability evident from corals of different latitudes within the OMZ hints at spatially variable Ba
dynamics within intermediate waters along the California margin (Figure S3). Further development of the
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Figure 7. BaSW values reconstructed from bamboo coral Ba/Ca (diamonds)
using the LaVigne et al. [2011] calibration equation for nine coral Ba/Ca
records compared against in situ BaSW profiles from the east Pacific margin:
GEOSECS test station: 28.483°N, 121.633°W (open black circles) [Wolgemuth,
1970] and northern California margin (filled circles plotted with ±2 SD;
MV1405 St. 12; 39.00°N, 125.75°W). BaSW calculated from Ba/Cacoral
values measured in the outer 1 mm of skeleton via LA-ICP-MS (filled red
diamonds; Table 2) and solution phase ICP-MS (open red diamonds)
[LaVigne et al., 2011] are plotted with ±1 SD of LA-ICP-MS measurements
along the entire coral record to represent temporal variability (shown as red
x-error bar).
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Ba/Cacoral proxy, together with accurately dated Ba/Ca records from additional coral specimens, thus have
the potential to elucidate both the temporal and spatial patterns of intermediate- and deep-water dynamics.

4. Conclusions

The results of this study add to the growing body of evidence supporting Ba/Cacoral as a proxy for ambient
and past BaSW which now includes (1) a strong linear relationship (calibration) between Ba/Cacoral and ambi-
ent BaSW [LaVigne et al., 2011; Thresher et al., 2016]; (2) a barium partition coefficient (D) for bamboo corals
with remarkable agreement to that of aragonitic surface and deep-sea corals (D ~ 1), suggesting that Ba is
incorporated via cationic substitution [Anagnostou et al., 2011; LaVigne et al., 2011, 2016]; (3) evidence for
internally reproducible Ba/Cacoral time series in multiple bamboo coral taxa and geographic regions
[Sinclair et al., 2011; Strzepek et al., 2014; this study]; and (4) a lack of covariation between Ba/Ca and other
trace elements after regions where noncarbonate phases are identified and removed from the data set
(e.g., organic matter or detritus).

Furthermore, the data presented here demonstrate the accuracy of using LA-ICP-MS to quantify Ba/Cacoral as
well as a high degree of reproducibility in decade-to-century-scale Ba/Cacoral variability preserved in eight
bamboo corals collected along an eastern Pacific depth transect. This reproducibility encourages further vali-
dation of the use of Ba/Cacoral to reconstruct past changes in dissolved barium concentrations, which has
been linked to several biogeochemical processes such as the cycling and export of nutrients, organic carbon,
and barite in surface and intermediate oceans. Coral records from ~900 to 1500 m depths imply subdecadal
increases in Ba/CaSW of ~10–70 nmol/kg BaSW at depths where rapid barite cycling has been shown to occur
on daily weekly timescales in other regions [e.g., Bishop and Wood, 2008]. The interannual scale BaSW peaks
recorded by corals located near the most oxygen-depleted water in the CCS OMZ may reflect changes in
intermediate water circulation or periods of decreased barite formation (and/or increased dissolution) via
reduced bacterial Corg respiration or altered barite saturation state. Continued validation of the Ba/Cacoral
proxy by investigating intercoral reproducibility among colocated corals, phases of barium incorporation,
and other tracers of Ba in seawater (e.g., barium isotopes) along with continued research on barium cycling
in the modern ocean has the potential to elucidate the mechanisms linking intermediate water barium
cycling to carbon cycling, ocean circulation, and climate.
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