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ABSTRACT

Rationale: Corals are continuous, time-resolved archives of ambient seawater geochemistry and can extend climate records
beyond direct monitoring. The iodine-to-calcium (I/Ca) ratio may be a proxy for local oxygen depletion in corals, but the current
solution-based ICP-MS protocol limits sampling resolution. A protocol was developed for rapid analysis of coral I/Ca using laser
ablation ICP-MS.

Methods: Two reference materials, a powdered coral (JCp-1) and a synthetic carbonate (MACS-3), were compared for precision
in measuring Sr, Mg, I, Ba, and U. Then, the influence of laser parameters (spot size, fluence, repetition rate, and scan speed) on
iodine sensitivity from the reference material was evaluated to optimize laser settings for accurate and reproducible I/Ca calibra-
tion. Then, I/Ca was measured in line scans along and across the ambulacrum in a Diploria labyrinthiformis coral.

Results: We find that JCp-1 has greater precision in measuring iodine, as well as other traces, compared to MACS-3. Ata 10Hz
repetition rate, spot sizes from 150 to 85pum obtained concentrations in agreement with certified values, but higher repetition
rates overestimated iodine concentrations from JCp-1. Certain scan speeds and fluence can introduce noise, likely due to matrix
effects, but the signal-to-noise ratio can be improved by adjacent-average filtering. Using this simple data filtering routine and
optimized laser settings, the highest resolution for accurate I/Ca analysis is < 100 wm. While the fine-scale (<250 um) I/Ca vari-
abilities in parallel transects in a coral sample likely resulted from biomineralization processes, large -scale features (> 500 um)
along the ambulacrum tend to correlate.

Conclusions: LA-ICP-MS has great potential for accurate, high-resolution I/Ca profiling in corals using JCp-1 as a calibration
standard. Because of compositional variability near centers of calcification, it is important to pay attention to how the laser tran-
sect is aligned relative to skeletal elements, which may incorporate iodine differently.

1 | Introduction may be used for detecting changes in local oxygen saturation

[4]. The current protocol for measuring I/Ca in skeletal ma-

Corals are unique archives for resolving climate variabil-
ity. Several trace element-to-calcium (e.g., Sr, Mg, Ba, and
U) ratios are proxies for reconstructing past environmental
conditions such as temperature, pH, and salinity [1-3]. It is
suggested that the I/Ca in scleractinian (aragonitic) corals

terial using solution-based ICP-MS, adapted for foraminiferal
tests and bulk carbonate, maintains long-term reproducibil-
ity using the external standard JCp-1, a powdered aragonitic
Porites sp. coral [5, 6]. However, the solution-based protocol,
which involves micro-milling of bulk carbonate, does not
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allow high-resolution studies on corals. We aim to develop a
protocol for in situ I/Ca measurements using laser ablation
ICP-MS.

Previous attempts to measure iodine in corals using microbeam
techniques reported that low signal-to-noise ratios due to high
backgrounds and a lack of suitable matrix-matched standards
were significant challenges [7, 8]. The only carbonate-based
laser ablation standard commercially available with certified
iodine concentration is the United States Geological Survey
(USGS) MACS-3 [9], but it is frequently reported as having a
heterogeneous distribution of not only iodine but other useful
tracers [10, 11]. Pelletized JCp-1 has been used as a reference ma-
terial for the calibration of elemental/Ca ratios in corals using
laser ablation and was found to have a uniform distribution of
several elements, including Sr, Ba, Mg, and U, but the spatial
distribution of I has not been tested [12, 13].

To develop a laser ablation protocol for iodine analysis in car-
bonate matrices, we first compare the reproducibility and ho-
mogeneity of iodine distribution in MACS-3 and JCp-1. Then,
we explore the effects of laser settings on several parameters
(spot size, fluence, scan speed, and repetition rate) on iodine
sensitivity and precision measurements from JCp-1 to estab-
lish a range of ideal laser operating conditions. Last, using the
optimized laser settings, we measure I/Ca along and across
the ambulacrum from a cross-section of a Diploria labyrin-
thiformis coral.

2 | Experimental
2.1 | Sample Preparation

About 2g of powdered JCp-1 from the Japan Geological Survey
was pelletized without binders in a 13-mm evacuable press and
mounted on a glass slide [6]. A pressed powder MACS-3 pellet
was obtained from the USGS in 2013 before it was discontin-
ued [14]. A puck ~10cm in diameter was cut transversely from a
core of D. labyrinthiformis, taken from near Bermuda at shallow
(<50m) depths. The coral was polished with 30-, 12-, 9-, and
3-um grit paper and sonicated in 0.1% H,0, to remove organic
contaminants.

2.2 | Analytical Methods

All datawere line scans collected on a ThermoScientificiCap-TQ
mass spectrometer at the State University of New York School
of Environment Science and Forestry (SUNY-ESF) running in
standard mode (Table 1). The materials were ablated using a
Teledyne Analyte Excite 193nm ArF excimer laser (Table 1). The
tuning routine involved line scanning the glass standard NIST
612 to minimize oxide (ThO*/Th <0.3) and doubly charged ion
(137Ba**/137Ba) formation and maximize sensitivity (*°Co, *In,
and 23U > 10000 counts per second [cps]). Ablations were car-
ried out in a pure He atmosphere. The analyte was carried in He
and then mixed with argon via a “Y” connector before entering
the plasma. Plasma power was set to high output (1.5kW) with
high gas throughput (8.0L-min~!) to mitigate transport effects
due to the complex and high-proportion matrix.

To maximize counting times for each element, only a few iso-
topes that are common coral geochemical tracers were moni-
tored: 2°Mg, *Ca, *4Ca, 38Sr, 1271, 138Ba, and 238U. 43Ca was used
as an internal standard for all monitored isotopes to correct for
sensitivity drift within single-line scans and element/Ca ratios
were taken relative to “*Ca. Because %I has low ionization ef-
ficiency and high backgrounds, its dwell time was set to 0.4s
to provide better counting statistics [11]. The dwell times of all
other monitored elements were set to 0.15s.

For the reference materials, lines were scanned for ~250s starting
with the laser on with a 30-s background acquisition. Because after
the laser is turned on, there was an ~25-s time frame where the sig-
nal decays before stabilizing (Figure S1), an evaluation window is
defined as the 200s after the signal baseline becomes stable. The
signal within the evaluation window was used to calculate preci-
sion metrics and for calibration of the coral sample. Instrument
stability was ensured over long analytical sessions (> 6 h) by online
monitoring of the reference material signal-to-background inten-
sity ratio of 27T and the element-to-*3Ca of all elements. Two scans
of the reference material using an 85-um spot size were performed
every 30min to assess long-term behavior. A signal-to-background
ratio >2.0 for 17T was considered acceptable.

Data reduction and quantitation of figures of merit were per-
formed offline in Origin (Pro) (Version 2024) [15] following the
methods of Longerich (1996) [16] and Sinclair et al. (1998) [17]. For
every acquisition, 30s of background signal was collected with the
shutter open and laser off (Table 1). Background subtraction was
performed using the Peak Analyzer function in Origin to automate
the process, but the principle is the same as subtracting the aver-
age background signal from every point along the entire acquisi-
tion. This method is justified because there is little sensitivity drift
within a single-line scan, and so the baseline does not need to be
corrected (Figure S1). The background-subtracted signal of all ele-
ments was then normalized to “*Ca.

A 50% adjacent-averaging filter with a 15-point moving window
was applied to the normalized signal intensity in the time domain
to smooth outlying points and reduce noise (Figure S2) [18]. This
filter averages points continuously along the line scan and excludes
any values greater or less than 50% of the adjacent average of the
current point, i. For a 15-point window, every ~7.5 points before
and after point i are averaged into a new point, then continuing to
point i+ I, thus maintaining the same number of points. This fil-
ter and window size were used because they removed single-point
outliers at the sweep times (1.8s) employed without diminishing
data quality (Figure S2). While there are other filtering algorithms,
adjacent averaging is ideal for reducing noise while retaining sharp
step changes in signal (e.g., from background to laser on); it is sim-
ple enough for routine analysis in spreadsheets and is satisfactory
for trace element ratios in corals [13, 17].

Repeatability (same-day precision) and reproducibility
(different-day precision) in measuring >>Mg, 38Sr, 1271, 138Ba, and
238U were calculated for JCp-1 and MACS-3. Measurements for
determining precision metrics used the same laser parameters
(Table 1). Precision is reported as the relative standard deviation
(RSD, %) of the filtered evaluation window signal averaged from
three replicate scans. Following Sinclair (1998) [17], the hetero-
geneity of the reference materials is calculated from one scan as
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TABLE1 | Instrument specification and operating conditions.

ICP-MS
Tuning (NIST 612)

ThermoScientific iCap-TQ
232ThO*/?32Th <0.03 (oxides)

15Tn (cps), 238U, and >° Co > 10000 (sensitivity)

Acquisition mode

Acquisition time (reference
materials)

Acquisition time (coral)

137Ba*t*/137 Ba < 0.3 (doubly charged ions)

Pulse counting

30-s background (shutter open/laser off) +250-s laser
transect + 20-s washout time (laser off)

Preablation + 30-s background (shutter closed/laser off) 4+ up

to 15-min continuous ablation + 60-s washout

Cycle time

Dwell time for isotopes monitored

Laser system
Laser mode
Nebulizer gas
Auxiliary gas
Carrier gas flow

Plasma power

1.8s

0.1s: Mg, #*Ca, 44Ca, 38Sr, 138Ba, and 238U

0.4s: 1271
Total sweep time: 1.8s

Telydyne Analyte Excite 193nm ArF Excimer

Standard mode (no reaction gas)
~0.916 L/min Ar
~0.800L/min Ar

~0.8 L/min He (MFC1: 0.5L/min; MFC2: 0.3 L/min)

1550 W

Laser settings Tuning Reference material experiments Coral experiments
Fluence (energy density; J-cm™2) 2.13 1.5,2.0, and 2.5 2.0
Repetition rate (Hz) 10 5,10, and 20 10
Spot size (um, circle) 110 50, 85, and 150 85
Scan speed (um-s™1) 2 1,3,and 5 3
%heterogenity = the coral. First, three replicate line scans were taken on both
Maximum intenstiy (cps) — Miniumum intensity (cps) 100% (1)  JCp-1 and MACS-3. The average reproducibility, repeatability,

average intenstiy (cps)

using background subtracted but not filtered intensities of the
evaluation window. Limits of detection (LOD) for *7I from
JCp-1, using MACS-3 as a calibration standard, were calculated
using Poisson counting statistics [19].

Line scans of the coral were preablated to remove surface con-
taminants and ran for no longer than 15min to limit sensitivity
drift within a single scan. The background-subtracted and nor-
malized intensity (cps) signals from the coral scans were con-
verted to concentrations using methods outlined in Longerich
(1996) and ratioed with the #*Ca concentrations accounting for
isotope abundance. Filtering was applied to the elemental ratios.

2.3 | Experiments to Evaluate the Precision
of Carbonate Standards

A series of experiments were performed to determine both the
best reference material and the optimized laser parameters for
measuring the monitored element/Ca ratios, especially I/Ca, in

and heterogeneity of each element were calculated.

2.3.1 | Experiments to Determine Optimal
Laser Settings

Reference material comparison experiments were performed
at the same laser settings of 85-um circular spot size, 10-Hz
repetition rate, 3-um-s~! scan speed, and 2-J.-cm~2 fluence.
Next, to optimize each laser setting for the highest sensitivity
and precision of I/Ca analyses, four parameters were tested at
three settings: spot size (53, 85, and 150 um), repetition rate (5,
10, and 20 Hz), scan speed (1, 3, and 5um s~!), and fluence (1.5,
2.0, and 2.5J-cm~2). The setting of each parameter was sys-
tematically changed while keeping the other settings at their
intermediate value for a total of 12 combinations. Because
repetition rate and spot size are the two laser parameters that
increase the volume of ablated material introduced into the
mass analyzer [20], the combined effects of these two settings
on the accuracy of iodine determination from JCp-1, using
MACS-3 for external calibration, were assessed. Spot size was
decreased from 150 to 50 um at 10- and 20-Hz repetition rates,
and the iodine concentration and LOD were calculated. The
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combination of spot size and repetition rate where the calcu-
lated concentration's uncertainty overlaps with the certified
value (5.5+0.2pg/g) [6] is considered a suitable setting combi-
nation for analyses on corals. Here, concentration uncertainty
is defined as the average standard deviation of the evaluation
window signal from two replicate scans.

2.3.2 | Experiments to Measure I/Ca in Coral

Last, the reference material and laser settings that gave the most
accurate and precise iodine concentrations were used to mea-
sure element/Ca from scans along and across the ambulacral
groove of D. labyrinthiformis. To prevent the likelihood of iodine
baseline drift, scans were kept to less than 15min and brack-
eted by both JCp-1 as the external standard. Because switching
from the harder coral skeleton to the softer reference material
sometimes introduced decaying sensitivity in the first part of the
scan, the acquisition of reference material was performed twice,
and the best was used for analyses.

3 | Results and Discussion
3.1 | Long-Term Instrument Stability

Sensitivity is expected to drop for various reasons through-
out long analytical sessions. Because glass standards used for
tuning (e.g., NIST 612) do not have detectable iodine, it was
most instructive to assess long-term instrument behavior by
monitoring the consistency of elemental/43Ca and signal-to-
background ratios from the carbonate standards (Figure S3).
Sessions were generally kept to less than 6 h before retuning
due to some drift in iodine sensitivity over time, determined
by a slight reduction in '?7I/*3Ca and coincident increase in
127 signal-to-background ratios. We recommend maintaining
fluctuations in 1271/#3Ca to less than 10% to ensure calibration
accuracy.

3.2 | Comparison of Carbonate Standards
Precision Metrics

The homogeneity of elemental composition in reference ma-
terials directly influences the accuracy and repeatability of
analyses. Metrics of precision and matrix heterogeneity for
MACS-3 and JCp-1 were compared for five elements (Mg, Sr,
I, Ba, and U; Table 2). Unfiltered '%7I signals from a single
scan of MACS-3 have a greater compositional range (hetero-
geneity) compared to JCp-1 (Figure 1; Table 2). Repeatability
and reproducibility were calculated on filtered signals. JCp-1
had better repeatability for 2°Mg (7.35% vs. 15.1%), 88Sr (4.51%
vs. 12.5%), 271 (9.6% vs. 31.3%), and 233U (6.33% vs. 20.2%),
whereas MACS-3 had better precision only for '3¥Ba (16.7% vs.
33.0%). Likewise, JCp-1 had better reproducibility over three
analytical sessions for Mg (9.6% vs. 23.5%) and 88Sr (10.5%
vs. 18.5%) and was considerably better for 1271 (7.8% vs. 44.2%)
and 233U (9.1% vs. 46.7%), but MACS-3 had slightly better but
still low reproducibility for 3¥Ba (28.6% vs. 52.2%). JCp-1 also
displayed lower heterogeneity for all monitored elements, es-
pecially for '27I (1.03% vs. 30.0%).

The repeatability of 1?71 from JCp-1 using solution-based ICP-MS
is generally <1% [22]. There are no comparable laser ablation
studies that examine '2’I from carbonate standards but we have
similar precision (< 10%) reported by Caulfield et al. (2020) [23]
in their comparison of 12’ ablated from glass standards who re-
gard precisions of <10% RSD as excellent considering the high
ionization potential of halogens.

JCp-1 had a lower background signal for all elements except
for 1271 with higher backgrounds (>11000cps) compared to
MACS (>8500cps) while also varying between sessions and
over the duration of one session. This is an important con-
sideration because high backgrounds can affect the limits of
detection and accuracy. Different 2T backgrounds between
standards have also been reported by Kendrick et al. (2020)
[24] in their analysis of iodine from silicate glasses. Iodine
has few gas-based polyatomic interferences that could arise
from the He-based plasma that cannot be minimized by tun-
ing [25, 26]. Instead, Kendrick et al. (2020) attributed ele-
vated backgrounds between sessions to contamination in the
ICP-MS interface due to insufficient transport from previous
runs. This was partly mediated during a session by having
long washout times. In JCp-1, signal-to-background ratios of
1271 steadily rise over the duration of a session (from 2.1 to
2.7, Figure S3) as the background signal decreases over time,
possibly due to flushing at the high gas flow rates. In the ex-
periment where two sequential scans of the reference material
were taken every 30min, the second scan almost always had
a lower signal-to-background ratio due to higher background,
but the RSD during acquisition were comparable. This is the
reason for adding a 60-s washout between runs with coral
samples, which reduced the variability in background.

For the other monitored elements, Lazartigues et al. (2014) [27]
similarly reported high heterogeneity and low precisions (rang-
ing from 46% to 94% RSD) for »>Mg, 88Sr, 43Ca, and *®Ba in
MACS-3 using spot sizes of 5um and suggested that high het-
erogeneity was related to the small spot size. Jochum et al. (2014)
[28] also observed spot size-dependent precision in MACS-3
from spot sizes ranging from 10 to 55um. It was proposed that
high variability in MACS-3 was due to fractionation processes
whereby fragments with different sizes become ablated from the
pellet leading to compositional variability during vaporization.
This concept is supported by Hathorne et al. (2008) [12], who
performed a particle trap study in the ablation cell to compare
fractionation between JCp-1 and an in-house synthetic carbon-
ate standard. They found that the shapes and size distributions
of ablated particles were related to both laser settings and the
material, and that JCp-1 had a relatively homogenous ablation
particle size with compositions comparable to the bulk val-
ues. The synthetic carbonate standard had microsize particles
of irregular and angular shape in a mesh of smaller particles,
leading to differences between bulk and particle composition in
some elements. This was attributed to photomechanical fractur-
ing and ejection along the lines of weakness in the calcite grains.
Increasing fluence from 4 to 10J-cm~2 also increased the propor-
tion of irregularly shaped particles [12].

MACS-3 was powdered by dry milling, which in synthetic car-
bonate standards creates a range of grain sizes no smaller than
5um [29]. Boer et al. (2022) [14] used a nano milling technique
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on MACS-3 and JCp-1, which produces particles <250nm,
and obtained comparable RSDs between the standards for sev-
eral elements. This suggests that the heterogeneity of MACS-3
derives partly from large grain size distribution. Although we
used larger spot sizes for these experiments (85 um), more re-
fractory elements (e.g., high ionization potential) become eas-
ier to vaporize with a small, consistent ablated particle size
[12, 30]. The lower heterogeneity of JCp-1, even at larger spot
sizes compared to these other studies, suggests that its pho-
tomechanical response to the laser is more consistent than
MACS-3 and would produce more reproducible signals using
the same laser settings.

8x10*

6x10*
RSD =8.8%

4x10*

—— MACS-3 (synthetic carbonate standard)
—— JCp-1 (biogenic carbonate standard)

?"|odine (counts per second)
2
QU
1

A WA M A A s A M meAMrne SN
RSD =4.2%

T T T T T 1
50 100 150 200 250 300 350
Time (s)

FIGURE1 | Variation of raw, unfiltered iodine signal from the eval-
uation window of a single scan on MACS-3 (red) and JCp-1 (black).

Effect of Repetition Rate on Signal from JCp-1

Together, the higher precision and greater homogeneity of not
only 27T but also Sr, Mg, and U, make JCp-1 a more suitable stan-
dard compared to MACS-3 for external calibration of carbonate
matrices. The remainder of the experiments used JCp-1 to test
the effects of laser settings on the 27T signal and for calibration
against the corals.

3.3 | Effect of Laser Settings on Precision

A series of tests were performed that systematically changed
one laser setting while keeping the others at intermediate set-
tings (Table 1) to determine the optimal parameterizations for
the most repeatable and accurate iodine signal from JCp-1. We
compare both unfiltered and filtered background-subtracted
1271 signals for 12 total scans (Figure 2) to assess the influ-
ence of both the laser setting and the filter on repeatability.
Compared to the scan using all intermediate settings, which
had an unfiltered RSD of 5.87% for 271, all combinations of
settings resulted in higher RSD except for a spot size of 50 um
by a small margin (5.67%). A fluence of 2.5J-cm~2 and a scan
speed of 1um-s~! had the lowest repeatability of 69.0% and
53.6%, respectively (Figure 2b), followed by a scan speed of
5um-s~! (28.6%). The decrease in precision at higher fluence
may be due to uneven size distribution of ablation particles, es-
pecially from the relatively soft matrix [12, 24]. While increas-
ing scan speed (from 3 to 5um-s!) can result in inefficient
transfer, resulting in a “blurred” signal and reduced sensitiv-
ity, lowered scan speed (3 to 1 um-s~!) may also contribute to
more thermal degradation and lowered precision because the
laser is focused on one area for longer duration [31, 32]. This
is important considering the volatility of iodine, which may be
lost from thermal degradation.

Effect of Filter on Repeatability
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FIGURE 2 | (a) background-subtracted unfiltered (faint lines) and filtered (dark lines) iodine signal using 10-Hz (black), 20-Hz (red), and 5-Hz
(blue) repetition rates (all other settings 85um, 2.0J-cm~2, and 3 um-s™). The gray section is the evaluation window used for precision calculations

in Panels (c) and (d). (b) Influence of repetition rate on internal standard 43Ca signal. (c) Influence of laser parameters (spot size =square, repetition

rate =circle, scan speed =left triangle, and fluence =right triangle) and settings (red and blue) on unfiltered, nonnormalized iodine signal versus

precision (RSD) compared to the scan using all intermediate settings (black diamond). (d) The influence of filtering the data in Panel (c).
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The adjacent-average filtering improved all precisions to below
9% RSD, with the lowest being, the all-intermediate settings scan
down to 3.2% RSD. The 2.5-J.-cm~2 fluence and 1-pwm-s~! scan
speed precisions were improved the most by filtering to 3.6% and
4.6%. This simple filtering method effectively removed outliers,
which were the main contributors to iodine signal variability.
While more computationally involved frequency filtering meth-
ods exist, several studies suggest that these methods impose
time and computational constraints for routine analyses while
not significantly improving signal-to-noise ratio compared to
adjacent-averaging [13, 17].

The settings affected the least by filtering were 5-Hz repetition
rate and 50-pum spot size with less than 0.05% change in RSD.
Spot size likely has little influence on RSD, considering the ho-
mogeneity of iodine in the JCp-1 pellet. The time series of the
unfiltered iodine signal at a 20-Hz repetition rate shows irregu-
lar extreme negative outliers (Figure 2a), which caused slightly
higher iodine RSD (8.5%) compared to the 10-Hz (5.8%) and
5-Hz (6.8%) scans, but these outliers were mostly filtered out.
Whereas repetition rate had comparatively little influence on
iodine variability, at 5Hz it introduced considerable noise to the
internal standard “3Ca signal (Figure 2b) and, therefore, could
lead to large uncertainties of calculated ratios. Fehrenbacher
et al. (2015) [33] show that in foraminiferal depth profiling, rep-
etition rates lower than 4 Hz resulted in high noise for major el-
ements like *Ca, whereas the rapid ablation at high repetition
rates (>5Hz) and high energy density (>3J-cm~2) improved
signal-to-noise but reduced spatial resolution. The nonuniform
sampling of soft materials like JCp-1 at low repetition rates in-
troduces large matrix effects. The results of this study suggest
that higher repetition rates can be used (10Hz) if they are bal-
anced by lower fluence (2J-cm™2).

A spot size of 150um followed by a 20-Hz repetition rate are
the only settings that increased iodine sensitivity relative to
the scan using all intermediate settings without contributing to
greater uncertainty (Figure 2c,d). Larger spot sizes, higher rep-
etition rates, and higher fluence may increase signal simply by
increasing the volume of ablated material introduced into the
mass analyzer, but photomechanical-driven ablation can result
in preferential enrichment or depletion of certain elements in
the ejecta plume [34]. For this reason, it is also important to test
how spot size and repetition rate may influence the accuracy of
measuring iodine from JCp-1.

3.4 | Effects of Spot Size and Repetition Rate on
Accuracy

We examined the combined effects of spot size and repeti-
tion rate on the accuracy of iodine determination from JCp-1
by decreasing spot size from 150 to 50um at 10 and 20Hz.
(Figure 3). At 10 Hz, spot sizes from 150 to 85 um obtained con-
centrations in agreement (here defined as having overlapping
error bars) with the certified value (5.5 + 0.2 umol/mol) [6], but
only the 85um size agreed at 20 Hz. The LOD at 10 Hz ranged
from 0.25ug/g at 150 um up to 2.8 ug/g at 50 um and at 20 Hz
ranged from 0.14pg/g at 150 pum to 1.95ug/g at 50um. The
lowest LOD for 10 Hz was obtained at 110 um (0.18 ug/g) and
for 20Hz at 85um (0.13 ug/g). At 50 um, the raw acquisition

7 A [ (nglg), 20 Hz
] v [l (ng/g), 10 Hz
127 A LOD,20Hz
2 v LOD, 10 Hz
2104
=
% 6 - Certified a gzé ;
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FIGURE 3 | Variability in iodine concentration (open symbols) and
limit of detection (closed) measured from JCp-1 at different spot sizes
and 10-Hz (down triangle) and 20-Hz (up triangle) repetition rates. The
certified value 5.5+ 0.2ug/g is represented by the dashed line and gray
error bar [6]. MACS-3 was used for external calibration.

signal was too low to distinguish from the background, lead-
ing to very high LOD and artificially high sensitivity. Thus,
the smallest spot size that can be used to produce an accurate
signal from JCp-1 is 85um at 10 or 20 Hz. Higher (20 Hz) repe-
tition rates have lower LOD but produce less accurate signals.

To calculate the sampling resolution achievable for coral anal-
yses at an 85-um spot size, we consider that features of the
adjacent-average filter less than half the size of the moving win-
dow are removed while keeping the same number of points. At
a 3-um-s~! scan speed and sweep time of 1.8s (Table 1), a point
is taken every ~5um. Therefore, with a 15-point average, the
spatial resolution is 75um. Warter and Miiller (2017) [35] found
that by using slow scan speed (1.5um-s™!) and short sweep time
(350ms) with 5-point averaging, a spatial resolution of 4 um for
Sr/Ca can be achieved for continuous profiling in giant clams.
While lowering scan speed was shown to reduce precision
(Figure 2c), likely by thermal degradation, the filter removed
much of the noise (Figure 2d). Thus, reducing scan speed is
a reasonable approach to further increase spatial resolution.
Also, fewer elements could be monitored to reduce sweep time.
Ultimately, due to the low sensitivity of iodine, a large spot size
isrequired, imposing the greatest methodology-based limitation
on resolution.

To obtain the highest spatial resolution for coral sampling, we
used the smallest spot size that gave accurate values from JCp-1,
85um, which required a repetition rate of 10Hz. At this repe-
tition rate, a fluence of 2.0J.-cm~2 is recommended to reduce
matrix-related effects. Because there is a compromise to be
made between resolution and precision, we chose a scan speed
of 3um-s~! so we could run longer line scans, which we limited
to 15min to avoid baseline shifts, without having to recalibrate.
This combination of scan speed and spot size gives a spatial res-
olution of < 100 um depending on the number of points averaged
during the signal filtering.

70f 11

A ‘6 *STOT T€T0L60T

| woxy papeoy

:sdny) suonipuoy pue swd ] dy) 238 “[$70Z/Z0/€1] U0 AXeIqrT dUIUQ Ad[IA © SoLIRIQUT ANSIOAIUN) dSNORIAS - '] 1[UNZ £q ZOOO"WIL/ZO0 1 0 /10p/wi0 |1

o/woo Koj i

asuaorT suowo)) aanEa1) aquatdde Ay Aq PALIGACS A1k SA[ATIE VO 95N JO SN 10j ATeIqIT AUIUQ ASTIAL TO



3.5 | I/CaProfiling in Coral

Features of the skeletal architecture (e.g., density and proxim-
ity to living tissues) of corals can influence the distribution of
element/Ca ratios and affect proxy interpretation [7, 36]. To
test the protocol, we examine the I/Ca distributions along and
across the ambulacral groove, which is the convex wall di-
viding two adjacent corallites that bear the living tissue of D.
labyrinthiformis (Figure 4) [36]. Because we are interested in
spatial distributions rather than temporal, the coral was cut as
a cross-section, so we sampled the part of the ambulacrum that
was calcified during a single season of growth rather than down
its growth axis. Regardless, areas of higher and lower density
along the ambulacrum, light appearing darker and lighter under
reflected light, respectively, may contribute to signal variability
(Figure 5). These light-dark couplets are septa (radiating ver-
tical plates that support the individual corallite), which appear
lighter under reflected light and intersect the darker thecal wall
of the ambulacrum.

Along the ambulacrum, the parallel line scans 1 and 2, taken
100 um apart, were about 6000 um in length and traversed 5
light-dark couplets (Figures 4a and 5). The dark bands av-
erage 850um in length, and the light bands average 350 um
(Figure 5b). Line scans 3 and 4 are separated by ~450 um and
run across the ambulacrum in opposite directions, and each
traverses one light-dark couplet along their path (Figure S5).
These scans reveal systematic and significant spatial variabil-
ities in I/Ca. The I/Ca of scan 2, closer to the middle of the
ambulacrum, is consistently ~2umol/mol lower than scan 1
(Figure 5). The fluctuations in I/Ca recorded in scans 1 and
2 correlate with the light-dark bands in general, possibly re-
flecting differences in iodine incorporation into these skele-
tal elements. The range of values across each 6000-um scan
is 2.75pumol/mol but scan 2 has slightly lower variability
(0=0.39) than scan 1 (c=0.53). These features are also ob-
served in other element/Ca ratios, such as Sr/Ca (FigureS5).
Scans 3 and 4 show higher concentrations towards the coral-
lites, nearly doubling the I/Ca values found closer to the center
of the ambulacrum (Figure 6).

Sun et al. (2023) [4] measured I/Ca using solution-based ICP-MS
in several taxa of scleractinian corals living near active dis-
solved O, monitoring stations by micro-drilling along the the-
cal wall. These corals fell into two statistically separated groups
where those occupying areas of dissolved O, > 160 umol/kg had
average I/Ca values of 9.30%1.75umol/mol and where O, was
<160umol/kg had average I/Ca of 7.53+1.02pumol/mol. This
suggests that I/Ca less than 7.5 umol/mol could indicate hypoxic
conditions during biocalcification. Based on this threshold iden-
tified by Sun et al. (2023), the I/Ca of scans 1 and 2, with ranges
spanning 5.1 to 7.6 umol/mol and 3.4 to 5.3 umol/mol, respec-
tively, could be interpreted to have experienced oxygen deple-
tion. However, the observed spatial variabilities up to 2.75 umol/
mol in I/Ca, even just 100um apart in the thecal wall, call for
careful microdrilling of coral for solution-based studies. If line
scan 1 was taken another 100 pum closer to the corallite, then
it is likely that the signal would have been above the hypoxia
threshold (Figure 6). This result indicates that further method
development and calibration work are required to reveal the
true controls of I/Ca signal in corals, especially for application
to paleo-records.

The incorporation of trace elements into coral skeletons has
been shown to be controlled by both environmental factors
and vital effects that control calcification [38, 39]. In deep-sea
black corals, high concentrations of iodine and other trace bio-
philic elements (e.g., Pb, Mn, and Cd) have been reported in
“gluing zones” (organic-rich growth layers) between succes-
sive growth bands where rapid biocalcification occurs [7, 8].
While D. labyrinthiformis does not have gluing zones, trans-
membrane proteins secreted by soft-bodied tissue that facil-
itate biomineralization could contribute to the high iodine
content near corallites [40]. Furthermore, Cohen et al. (2004)
[36] showed that growth rates across the ambulacral groove
are faster near the outside edges. Due to how the coral was cut
in cross-section, faster extension rates near the edges of the
ambulacrum means different growth layers were likely sec-
tioned through, thus contributing to the I/Ca offset in lines
1 and 2 in addition to the curved profile from edge to edge
in lines 3 and 4 (Figures 5 and 6). The detailed mechanisms

FIGURE4 | (a)Skeletal architecture of sampled Diploria labyrinthiformis cross-section and sampling locations. Soft tissue occupies the corallum

(C) arranged in a series of dark thecae (T) and light septae (S) elements that span the ambulacrum (Am). (b) Close-up of living specimen showing

same structure in Panel (a) for comparison. Photo taken and replicated with permission by Shane O. Wever at Coral Reef Restoration Assessment and

Monitoring (CRRAM) Laboratory Nova Southeastern University [37].
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FIGURE 5 | (a) Variation in I/Ca along two line scans on coral. Faint lines are background-subtracted signals with no filtering, and darker lines

have a 15-point adjacent average filter applied. The error bar is the standard deviation of JCp-1 evaluation window (£0.5pmol/mol). Gray bands align

with dark bands (higher density thecal elements). Line 2 (pink) is translated (~50 um) horizontally to line up with banding. (b) Close-up of lines 1 and

2 with enhanced contrast to show density-banding of theca and septa. Scale bar 1000 um.

Distance (um)
1600 1400 1200 1000 800 600 400 200 0

L 1 1 1 1 1 ]
> theca 2
7

1/Ca (umol/mol)
o
1

1 ¢ 10
2 ' ——Line 4

— T L— — 1
0 200 400 600 800 1000 1200 1400 1600

Distance (um)

FIGUREG6 | I/Cavariationinscansacrosstheambulacrum (between
adjacent corallites). Insert shows the direction of scans in Figure 5. Gray
band indicates high-density areas. The vertical dashed line is the loca-
tion line 2 would be if it continued through.

driving these I/Ca variabilities across small areas will need to
be addressed in future studies.

Despite the estimated resolution of down to 75um using the
optimized laser settings, the natural resolution of coral re-
cords is limited by biocalcification processes [36]. Over the

period of a few weeks, the porosity of newly accreted skel-
eton is gradually filled in such that proxies for age control,
like Sr/Ca, can only resolve biweekly signals at the shortest
time scales [1, 17, 36]. Although we did not ablate down the
growth axis for a temporal signal, it is worth considering for
future studies that the average annual growth rates of D. lab-
yrinthiformis are 3.0+0.5mm-yr ~! [36]. With an estimated
average monthly accretion rate of 200 to 300 wm, using an 85-
um spot size and 3-um-s~! scan speed, a biweekly to monthly
signal could be resolved with good precision and accuracy if
using repetition rates between 10 and 20 Hz.

4 | Conclusions

This study explored the details of external calibration and laser
setting optimization for rapid, high-resolution I/Ca sampling
in corals by laser ablation ICP-MS. Compared to synthetic
carbonate reference material MACS-3, the biogenic aragonitic
coral standard JCp-1 is more homogenous and has less matrix-
related effects on iodine analysis. When using a soft reference
material like JCp-1, to maintain uniform ablation without re-
ducing sensitivity, it is recommended to use a repetition rate
between 10 and 20 Hz, a scan speed of 3 um-s~!, and a fluence
of 2.0J-cm™2. At these conditions, the smallest spot size that
gave accurate iodine estimates from JCp-1 was 85um. Using
a simple 50% adjacent-averaging filtering routine, a resolution
<100 um can be achieved for I/Ca at this spot size. This res-
olution can represent biweekly to monthly growth for some
species of coral. In the sampled D. labyrinthiformis coral, I/
Ca varies across structural features with different densities,
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but signals show large-scale similarities over length scales of
500 to 1000 um. Iodine may accumulate or be highly variable
in areas of rapid calcification, such as near soft body tissue,
and faster extension rates near these areas may lead to higher
signal variability that could obscure proxy interpretations.
Because of the compositional variability along different skele-
tal elements, we recommend sampling down the center of the
ambulacrum, where we observed the most stable signals.
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