W) Check for updates

Received: 12 December 2022 Revised: 10 March 2023 Accepted: 11 March 2023

DOI: 10.1002/rcm.9508

RESEARCH ARTICLE

Rapid
WD s WILEY

Matrix-independent boron isotope analysis of silicate and
carbonate reference materials by ultraviolet femtosecond laser
ablation multi-collector inductively coupled plasma mass
spectrometry with application to the cold-water coral
Desmophyllum dianthus

Grit Steinhoefel> ® | Kristina K. Beck*® | Albert Benthien® |

Klaus-Uwe Richter® |

1Helmholtz-Zentrum far Polar- und

Meeresforschung, Alfred-Wegener-Institut,

Bremerhaven, Germany
2Universitit Bremen, Bremen, Germany

SUniversity of Edinburgh, Edinburgh, UK

Correspondence

G. Steinhoefel, Alfred-Wegener-Institut,
Helmholtz-Zentrum fiir Polar- und
Meeresforschung, Am Handelshafen
12, 27570 Bremerhaven, Germany.
Email: grit.steinhoefel@awi.de

Present address
Kristina K. Beck, University of Edinburgh,
Edinburgh, UK.

Funding information

AWI Strategy Fund, Grant/Award Number:

Project DACCOR; Bundesministerium fiir
Bildung und Forschung, Grant/Award
Numbers: 01DN15024, 20140041

Gertraud M. Schmidt-Grieb? | Jelle Bijma?

Rationale: Boron isotopes are a powerful tool for pH reconstruction in marine
carbonates and as a tracer for fluid-mineral interaction in geochemistry.
Microanalytical approaches based on laser ablation multi-collector inductively
coupled plasma mass spectrometry (LA-MC-ICP-MS) often suffer from effects
induced by the sample matrix. In this study, we investigate matrix-independent
analyses of B isotopic ratios and apply this technique to cold-water corals.

Methods: We employ a customized 193 nm femtosecond laser ablation system
(Solstice, Spectra-Physics) coupled to a MC-ICP-MS system (Nu Plasma Il, Nu
Instruments) equipped with electron multipliers for in situ measurements of B
isotopic ratios (*'B/'°B) at the micrometric scale. We analyzed various reference
materials of silicate and carbonate matrices using non-matrix matched calibration
without employing any correction. This approach was then applied to investigate
defined increments in coral samples from a Chilean fjord.

Results: We obtained accurate B isotopic ratios with a reproducibility of +0.9%o
(2 SD) for various reference materials including silicate glasses (GOR132-G,
StHs6/80-G, ATHO-G and NIST SRM 612), clay (IAEA-B-8) and carbonate (JCp-1)
using the silicate glass NIST SRM 610 as calibration standard, which shows that
neither laser-induced nor ICP-related matrix effects are detectable. The application
to cold-water corals (Desmophyllum dianthus) reveals minor intra-skeleton variations
in 811B with average values between 23.01%o and 25.86%o.

Conclusions: Our instrumental set-up provides accurate and precise B isotopic ratios
independently of the sample matrix at the micrometric scale. This approach opens a
wide field of application in geochemistry, including pH reconstruction in biogenic

carbonates and deciphering processes related to fluid-mineral interaction.
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1 | INTRODUCTION

Fractionation of B isotopes (expressed as 8''B) has emerged as
powerful tool in both low- and high-temperature geochemistry.
Examples include paleo-oceanography as a pH  proxy,
biomineralization, cosmochemistry and fluid-mineral interactions such
as in hydrothermal system, subduction zones and in weathering
environments.! The investigation of the B isotopic composition in
marine biogenic carbonates (e.g., foraminifera, corals, coralline algae,
brachiopods) has received especially large interest as it provides a
unique opportunity to reconstruct seawater pH and atmospheric
pCO, concentrations over geological time scales.?””

Boron isotopic analyses of bulk samples using multi-collector
inductively coupled plasma mass spectrometry (MC-ICP-MS) or
thermal ionization mass spectrometry (TIMS) are now routinely
performed in many laboratories.®? These analytical approaches
provide accurate and highly precise B isotopic ratios (better than
0.5%o, 2 SD) but spatial resolution is limited and careful separation of
B is often required prior to analysis. Microanalytical in situ approaches
using secondary ion mass spectrometry (SIMS) or laser ablation
(LA) MC-ICP-MS are more challenging because of low signal
intensities, effects related to the sample matrix and the requirement
of appropriate homogeneous reference materials. However, they
offer the potential to decipher processes at the micrometric scale and
enhance temporal resolution for instance for reconstructing paleo
seawater pH.'®* Analyses by both SIMS and LA-MC-ICP-MS
(nanosecond (ns) and femtosecond (fs) LA) demand little sample
preparation and consume small amounts of sample material (<1 ng of
B), but may involve matrix-matched calibration or correction
modes.®11718 Obtained data have higher uncertainties compared to
bulk solution analysis due to natural small-scale heterogeneity in 6B
within the sample, higher analytical uncertainties and potential
heterogeneities of calibration standards, which may limit applications
especially in paleo-oceanography.**

In particular, approaches based on LA coupled to a MC-ICP-MS
instrument have received increasing interest in recent years. However,
matrix effects may result in low accuracy or low precision, especially
when sample material and calibration standard differ in matrix
composition. Laser-related matrix effects either occur at the ablation
site if the ablation process produces non-stoichiometric aerosol or are
linked to particle-size-related fractionation, that is, large particles,
which might be affected by less efficient transport or incomplete
ionization in the plasma of the mass spectrometer. These effects have
been commonly observed for ns LA systems, whereas both are largely
absent when employing fs pulses (1 fs = 107 5).2-2% Another source
of matrix effects refers to processes within the ICP-MS including
plasma load effects, instrumental mass discrimination and
interferences, which might become relevant for both ns and fs LA.%*
While most studies focused on biogenic carbonates,11:1314.18.25-27
some silicates have also been analyzed, however with a focus on
materials with high B content (e.g., tourmaline) with reported
precisions ranging between 0.5%o and 2%o (2 SD).12162328-33 Matrix-
independent calibration is feasible but numerous analytical protocols
include a correction mode to compensate for matrix-induced biases to

obtain accurate 8B values,'>*®2¢ while other authors have not
observed such an offset 111314232730 Qpserved offsets in &6''B
correlate with B/Ca ratios for carbonate matrices, which was
interpreted as an unresolved interference on masses of B isotopes due
to scattered Ca ions when using a Thermo Neptune Plus MC-ICP-
MS.1826 More recently, another study*? built upon these findings and
explored this matrix-induced interference for silicate matrices of mafic
rock compositions using a similar instrumental set-up and improved
the methodology to correct for the observed bias in
&'B. Interestingly, this interference by scattered Ca ions has not been
observed for carbonate using a Nu Plasma 1l MC-ICP-MS
(Nu Instruments) coupled to a UV fs LA system®! making non-matrix
matched calibration feasible without corrections.

In the study reported here, we explored the capability of this
instrumental set-up for in situ B isotope analysis for various reference
materials covering carbonate and silicate matrices using the NIST
SRM 610 glass as calibration standard and applied this technique to
the cold-water coral Desmophyllum dianthus from the Chilean fjord
region (Comau Fjord). We demonstrate that this set-up provides
accurate and precise B isotopic data independent of the sample
matrix. This approach provides an attractive tool to enhance the
application of B isotopes in biogenic carbonates and as a tracer for
fluid-mineral interaction in high- and low-temperature environments

at the micrometric scale.

2 | EXPERIMENTAL

2.1 | Reference materials

We chose reference materials to cover various sample matrices and B
contents, including carbonate, clay and silicates from rhyolitic to
komatiitic composition to explore matrix-independency for B isotope
analysis using UV fs LA coupled to a Nu Plasma Il MC-ICP-MS
(Table 1). This selection covers a range in B content relative to major
matrix elements like Ca and Si, which can affect accuracy.'?*82¢ The
investigated reference materials comprise JCp-1 (coral-carbonate
powder; [B] = 47 ppm), IAEA-B-8 (clay powder; [B] = 100 ppm), NIST
SRM 612 (silicate glass; [B] = 33 ppm) and the silicate reference glass
series “MPI-DING”: ATHO-G (rhyolite; [B] = 6 ppm), StHs6/80-G
(andesite; [B] = 11 ppm) and GOR132-G (komatiites; [B] = 18 ppm).
Powdered reference materials were pressed into powder pellets using
a hydraulic press, whereas glass standards were embedded in epoxy

resin and polished as described in more detail elsewhere 343>

2.2 | Cold-water coral samples

The investigated cold-water coral samples of D. dianthus are part of a
sample collection from a field experiment conducted in the Comau
Fjord (September 2016 to July 2017), which is located in the northern
part of the Chilean fjord region3” D. dianthus is a solitary
azooxanthellate deep-sea cold-water coral and is the most abundant
coral species in this fjord, occurring from 20 m down to the maximum
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TABLE 1 Determined B isotopic composition (5*B) of reference materials by UV fs LA-MC-ICP-MS.
Reference material [BI? (ngg™Y Rep. rate (Hz) Signal B (cps) 5B (%o) 2SD n
JCp-1 Coral powder 48 10-20 220000 24.09 0.87 17
IAEA-B-8 Clay powder 100 5-10 320000 —-5.82 0.67 11
NIST SRM 612 Silicate glass 35 125 200000 —-0.49 0.65 14
GOR132-G Komatiite glass 17 200 200000 8.34 1.10 9
StHs6/80-G Andesite glass 11 250 200000 —4.24 0.62
ATHO-G Rhyolite glass 6 250 110000 —4.22 0.54 8
3preferred values as provided by the database GeoReM.*¢
TABLE 2  Seawater parameters and carbonate system calculated using CO2sys by Pierrot et al.**
Temperature  Salinity  Total alkalinity  DIC [COs%] 8"Bporate  8'Bsw
Seawater pHr  (°C) (PSU) (umol kg™?) (umolkg™)  Qug  (umolkg™) pKg  (%o) (%o) 2SD n
Station A - fjord head (coral: BsCpl1-A)
7.59 12.04 £ 0.78 32.17 2107 2078 0.75 49.20 8.76 14.51 40.37 0.15 3
Station F - fjord mouth (corals: CsCpl9-F, CsCpl4-F)
7.86 12.31 +0.84 32.57 2181 2069 1.38 90.07 8.76 15.63 40.19 0.37 3

Seawater parameters were originally published in Beck et al®” except for pKg, 61 Byorate and 61 Bsw. All data refer to January 2017, except for
temperature data, which integrate over the time period from August 2016 to January 2017.

depth of the fjord at 480 m.>8 At 20 m water depth, the fjord exhibits
a pH gradient from 7.6 to 7.9 with increasing values toward the
mouth of the fjord in austral spring.®”*° The mean spring water
temperature is 12.2°C for shallow water, where it fluctuates
frequently.®” The investigated coral samples were collected at station
A (42°26'38.64" S, 72°25'8.46" W) at the head of the fjord (sample
BsCpl1-A) and at station F (42°09'46.20" S, 72°35'47.28" W) close to
the mouth of the fjord (samples CsCpl4-F and CsCpl9-F). Station A is
exposed to a higher terrigenous influence due to stream water inflow,
whereas station F shows close to open-ocean conditions.

The coral samples were collected from the rock wall at shallow
depth (about 20 m depth) by SCUBA divers in September 2016,
stained with fluorescent calcein and re-deployed on plastic racks close
to their original site. They were harvested about 4 months later in
January 2017 to investigate the skeletal increment during austral
spring, which marks a time period of high productivity in the fjord.*°
Salinity, dissolved oxygen concentration, seawater pHy, water
temperature, total alkalinity (TA) and dissolved inorganic carbon (DIC)
were monitored by discrete water sampling and CTD casts at each
investigated field site, whereas the aragonite saturation (Q,.g) was
calculated from TA and DIC using Microsoft Excel program CO2sys.*!
These data were obtained when corals were harvested in January
2017 but not at the beginning of the experiment in September 2016.
However, data obtained almost a year later in August 2017 show very
similar conditions in the fjord. The complete data set is published in
Beck et al®” and summarized in Table 2. All further work was
conducted at the laboratories of the Alfred-Wegener-Institute in
Bremerhaven. Coral samples were bleached twice with 6%
hypochlorite solution to remove organic tissue, cleaned with Milli-Q
water and dried before embedding in epoxy resin. We cut the
embedded coral samples perpendicular to the growth axis at the
upper part of the calyx (Figure 1). Prepared thick sections were

polished and afterwards cleaned by ultrasonication in Milli-Q water.
Prior to analysis by LA, we investigated the prepared samples by
fluorescence microscopy (Axiovert 200 m, Zeiss, Germany) to
visualize the fluorescent calcein staining line and to map skeletal
increments (Figure 1C). Investigated increments of coral samples in
prepared thick sections were similar in size. In addition, we sampled
fjord water at stations A and F in January 2017 to measure the B
isotopic composition of ambient seawater. Water samples were
filtered through polycarbonate membrane filters (0.2 um pore size),
acidified with HNO5; of ultrapure grade and stored in acid-clean

polyethylene bottles at 4°C until analysis.

2.3 | Boron isotope analysis by UV fs LA coupled
to MC-ICP-MS

231 | UV fsLAsystem

The customized UV fs LA system (Figure 2) is based on a Ti-sapphire
regenerative amplifier system (Solstice, Spectra-Physics, USA) operating
at a fundamental wavelength of 775 nm with a pulse width of 100 fs
and pulse energy of 3.5 mJ pulse™*. Consecutive harmonic generations
using p-BaB,O4 crystals convert the beam subsequently into
wavelengths of 356 nm at the second, 266 nm at the third and finally
193 nm at the fourth stage with a maximal output energy of
0.08 mJ pulse™X. The repetition rate can be adjusted from 2 to
1000 Hz. The laser beam is then steered by four dichroic mirrors to a
fully software-controlled microscope (Zeiss Axio Scope A1) equipped
with several objectives with different magnifications (5-, 8- and 20-fold
magnification), a charge-coupled device (CCD) camera for visualization
and a motorized x, y, z sample stage designed by Rapp Opto Electronics.
The beam is focused onto the sample surface using the eightfold
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FIGURE 1 Analyses of B isotopic ratios at high spatial resolution of cold-water coral sample CsCpl4-F (Desmophyllum dianthus) from the
Chilean Comau Fjord. (A) Example of D. dianthus (about 5 cm in height) with indicated cutting orientation for preparation of thick sections of coral
skeletons. (B) Polished thick section (1 in. in diameter) with transversal section of coral sample CsCp 14-F prepared for LA analysis. (C) Detailed
section of (D) (green inlet) taken by fluorescence microscopy. Boron isotope analyses were conducted using the helix mode of the LA system to
cover circular areas (black spots) between the green fluorescent staining line and the outer edge of the skeleton, corresponding to the increment
of austral summer. (D) Composite picture of the thick section of sample CsCp 14-F taken by reflected-light microscopy of the LA system.
Numbered spots are ablated areas. Black numbers label the sample locations between septa (data from location 2 are not included in Table 4
because ablated area overlaps with staining line), whereas white numbers refer to measured 611B values given in permil (%o) for each spot. Some
spots were analyzed twice. Boron isotopic ratios show minor variation, which appears to be randomly distributed. [Color figure can be viewed at

wileyonlinelibrary.com]

objective, which is contemporaneously used for reflecting microscopy.
The spot size can be adjusted between 2 and 50 um by a motorized
blend with apertures of various diameters. The sample cell is made of
anti-static Teflon with an active volume of 45.2 cm® and closed with a
lid with an integrated fused silica window with anti-reflection coating.
The cell is flushed with He as carrier gas (ca 0.4 L min~Y), which is
mixed with an Ar gas flow (ca 1.0 L min~?) after the cell. The laser-
produced aerosol is then transported via a Teflon tube to a Nu Plasma

I MC-ICP-MS (Nu Instruments) for isotope analysis.

2.3.2 | Analysis of B isotopic ratios

In situ measurements of B isotopic ratios were performed using the
UV fs LA system connected to a MC-ICP-MS (Nu Plasma Il) at the
AWI ICP facility of the Alfred-Wegener Institute, Bremerhaven,
Germany. Details of the operation conditions are given in Table 3.
Boron isotopic analyses were performed at low mass resolution of the
mass spectrometer of about 2000, which is here defined as m/Am,
where m is the mass of the ion of interest and Am is the mass
difference between its 5% and 95% peak heights. This mass
resolution is sufficient to resolve all molecular interferences as
fourfold charged Ar and Ca or double charged Ne on °B to

background levels for this set-up.!!

We employed sample and
skimmer cones made of Ni for dry plasma conditions. The stable
isotopes of B, 1°B and 1B, were detected simultaneously on electron
multiplier detectors at the positions ICO and IC5, respectively, of the
user-specific detector array of the MC-ICP-MS. The full-size electron
multiplier detectors are capable of detecting very small signal
intensities from a few hundred counts per second (cps) up to
2 x 10° cps, whereas its best stability for signal intensities is reached
well below 10° cps. At the beginning of each analytical session, we
measured B isotopic ratios for NIST SRM 610 at different signal
intensities and adapted the deadtime of the detectors with the aim of
measuring equal isotopic ratios independently of the signal intensity.
A slight change on a daily base is likely induced by a drift of electronic
gain of the detectors rather than the deadtime itself.*>** We used the
standard-sampling-bracketing method and applied signal matching
between bracketing standard and sample within 10% to correct for
the instrumental mass bias and drift and to account for gain drift and
imprecision of deadtime correction of the detectors. Tuning of the
mass spectrometer aimed to optimize signal intensity and stability.
The NIST SRM 610 glass standard was used as bracketing
standard for all investigated reference and sample materials. Laser
repetition rates of 5 to 15 Hz resulted in signal intensities between
250 000 and 600 000 cps for 'B for the bracketing standard NIST
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FIGURE 2

Microscope &
Sample stage

Schematic set-up of the UV fs LA system at the Alfred-Wegener-Institute in Bremerhaven. The set-up consists of a fs laser system

(Solstice, Spectra Physics, USA), a unit which converts the laser beam from the IR into the UV range: gray rectangles are wave plates turning the
laser beam by an angle of 90°; black rectangles are mirrors with wavelength-specific coatings; gray diamonds represent -BaB,O, crystals
producing from the fundamental wavelength w = 775 nm consecutively the second, third and fourth harmonic generation (SHG, THG and FHG)
with wavelengths of 2w = 356 nm, 3w = 266 nm and 4w = 193 nm, respectively; and a microscope unit (Zeiss) with an integrated CCD camera
and motorized sample stage, which is software controlled. [Color figure can be viewed at wileyonlinelibrary.com]

TABLE 3 Operation conditions of the UV fs LA system coupled to
MC-ICP-MS.

UV fs LA system (based on Solstice, Spectra-Physics)

Wavelength (nm) 193
Pulse width (fs) ~200
Pulse energy (J cm ™2 2
Spot diameter (um) 35-50

Helix, scan speed of 2 mm s~*

5-250

Scan mode
Repetition rate (Hz)
MC-ICP-MS (Nu Plasma II, Nu Instruments)

Cool gas (L min~?) 13.0

Auxiliary gas (L min~?) 0.80

Sample gas Ar (L min~%)  0.90-1.02

Mixed gas He (L min™!)  0.38-0.44

RF power (W) 1300

Cones Ni sample/skimmer cone for dry plasma conditions

SRM 610 ([B] = 351 pg g~ 1). Depending on the sample material, the
laser repetition rate was adjusted from 5 to 250 Hz to achieve signal
matching with less than 10% deviation to the bracketing standard.
The bracketing standard and sample materials (including coral
samples) were analyzed using the helix-mode scan of the LA system,
which was operated with a speed of 2 mm s~ and a laser spot size of
40 um in diameter to ablate a circular area with a diameter ranging
between 100 and 200 pm.

Boron isotopic ratios of each reference material were obtained in
one to five analytical sessions. Coral samples were analyzed as
follows. Based on microscopic investigations, we selected suitable
increments for LA analysis for each prepared coral sample. We
analyzed increments between septa by avoiding the septa themselves
and centers of calcification as both structures are known to show
geochemical signatures®*”#+*> deviating from those recorded in the
bulk skeleton. A single analysis was conducted at a large septum for
comparison. For each analysis, the ablated area was adapted in size
covering most of the increment to reveal a representative B isotopic
ratio for the marked growth period of 4 months (Figure 1) rather than
fine-scale variations due to heterogeneous calcification as mapped for
some coral species.'®*¢ Prior to each analysis, we pre-ablated the
surface of the sample and standard material to remove potential
surface contaminations. Boron isotopic ratios were acquired by
measuring 150 cycles on the mass spectrometer with an integration
time of 1 s. Such a short integration time allows detection of potential
sample inhomogeneity or contamination, which can be accounted for
in data evaluation. On-peak gas blank measurements for 30 cycles
were performed prior to each analysis and subtracted from the signal
intensities. Gas blanks reveal 2000 to 10000 cps for !B and
contribute less than 3% to the signal intensities obtained for
reference and sample materials. Raw ratios of 1B/1°B obtained for
gas blanks are typically around 4.5, whereas those of sample materials
range between 4.7 and 5.1. Therefore, background signals have minor
effect and typical blank-corrected 5'!B values differ less than 0.5%o
from uncorrected values. Considering ablated volume and B content,
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a single analysis consumes sample material corresponding to less than
0.1 ngof B.

Data evaluation was performed using a self-created Microsoft
Excel spreadsheet macro.** For each analysis, it subtracts the average
blank measurements from signal intensities prior to the calculation of
isotopic ratio for each cycle followed by an outlier test based on the
deviation from the mean at the 95% confidence level. The resulting
mean isotopic ratios and standard errors of bracketing standard and
sample analyses were used for calculating 8''B values and for
performing error propagation. Reference materials were analyzed
multiple times to explore accuracy and uncertainty for each sample
matrix.

In addition, we investigated two fjord water samples by solution
MC-ICP-MS following the method as described in detail elsewhere.*”
Briefly, B was separated from matrix elements using the micro-
distillation technique prior to analysis. An aliquot of 20 uL of seawater
mixed with 20 uL of concentrated HNO; of ultrapure grade was
distilled in Savillex Teflon fin-leg vials, which were placed upside down
on a hotplate at 100°C for 24 h. The distillate contains only B in HNOs,
which was subsequently diluted with 0.3 M HNO3 to obtain a solution
with a B concentration of 100 ngg~'. Boron isotopic ratios were
measured in triplicate using Faraday cups equipped with resistors of
10! Q at the Nu Plasma Il MC-ICP-MS. We employed the standard-
sampling technique using NIST SRM 951 as bracketing standard.

All B isotopic data are reported in delta notation in permil units
(%o) relative to NIST SRM 951. Data obtained by LA are recalculated
relative to NIST SRM 951 by assuming a difference of —0.26%o
between the employed bracketing standard NIST SRM 610 and NIST
SRM 951 as revealed by solution MC-ICP-MS2:

11p 118/10 BSample
6°B= 11 /10 -
B/ BnisTsrM 951

1) % 1000 (1)

3 | RESULTS

The carbonate material JCp-1 (powdered coral material Porites sp.)
and the clay standard material IAEA-B-8 revealed average §''B values
of 24.09 + 0.87%o0 (2 SD, n = 17) and —5.82 + 0.67%. (2 SD, n = 11),
respectively. The selected reference materials of the MPI-DING glass
series represent typical rock compositions and show average 6'B
values of —4.22 + 0.54%o (2 SD, n = 3) for ATHO-G (rhyolite), —4.24
+ 0.62%o (2 SD, n = 5) for StHs6/80-G (andesite) and 8.34 + 1.10%o0
(2 SD, n = 9) for GOR132-G (komatiite). The silicate glass standard
NIST SRM 612 is similar to NIST SRM 610 in matrix composition, but
has lower trace element contents and an average &'B of —0.49
+ 0.65%0 (2 SD, n = 14). All obtained B isotopic values for reference
materials (Table 1) are in the range of published values and show

similar uncertainties independent of the sample matrix (Figure 3).

NIST SRM 612 o
Silicate glass —O-

IAEA-B-8 &

-0
Clay N

O
0O)
J

O)
J

O
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FIGURE 3 Boron isotopic data of reference materials. Error bars
refer to +2 SD, which are partly recalculated for literature data. In
some cases, error bars are smaller than symbols representing the data.
Depicted literature data are presented in the order from top to
bottom as follows. For NIST SRM 612 (silicate glass): Kaczmarek

et al** (recalculated relative to NIST SRM 951 assuming a difference
of —0.26%o between NIST SRM 951 and NIST SRM 610%%), Fietzke
et al,*® Lin et al,3! Kimura et al,?® Fonseca et al,”’ Le Roux et al,*°
Jochum et al®® and Kasemann et al®*; for IAEA-B-8 (clay powder): Pi
et al,%2 Cai et al®® and Romer et al®*; for StHs6/80-G (andesite glass):
Tiepolo et al, % Lin et al,** Rosner and Meixner,®> Jochum et al,*® two
data points from He et al®® and Halama et al®’; for GOR132-G
(komatiite glass): Tiepolo et al,%® Lin et al,%* Rosner and Meixner,%>
two data points from He et al®®; for JCp-1 (carbonate powder): Lloyd
et al,®® Standish et al,2® Sadekov et al,*® Fietzke and Wall,'° Wang

et al,®” Chen et al,”® Raitzsch et al,*” Zhang et al,”* Cai et al,°
Lazareth et al,”? Ishikawa and Nagaisgi’ and Forster et al.”* The black
filled data points represent compiled data for JCp-1 from an
interlaboratory study by Gutjahr et al® based on solution MC-ICP-MS
and TIMS analyses: the upper black data point gives the average value
for bulk sample material, the lower black data point represents the
average value for sample material treated by an oxidative step to
remove organic material. [Color figure can be viewed at
wileyonlinelibrary.com]

We investigated several individual coral samples from field
stations A (fjord head) and F (fjord mouth) in the Comau Fjord.
Analyses of the coral sample from station A, BsCpl1-A, reveal an
average 5B value of 25.83 + 1.52%. (2 SD, n = 7), whereas the
samples from station F, CsCpl4-F and CsCpl9-F, give average 6''B
values of 23.35+ 1.30%. (2 SD, n =12) (Figure 1) and 23.01
+ 2.21%o (2 SD, n = 10), respectively (Table 4, Figure 4). A single
analysis was conducted on a large septum of sample CsCpl4-F
revealing a similar 6!'B value of 23.63%o. Individual coral samples
show minor intra-skeleton variability in 611B as obtained uncertainties
are higher compared to those revealed for reference materials.
Investigated fjord water samples reveal &''B values of 40.37
+ 0.15%o0 (2 SD, n = 3) for station A and 40.19 + 0.37%. (2 SD, n = 3)
for station F, giving an average of 40.27%. (Table 2).

4 | DISCUSSION

4.1 | Accurate and precise matrix-independent B
isotope analysis

Several recent studies based on LA coupled to MC-ICP-MS report on

121826 \yhereas our study

the challenge of dealing with matrix effects,
reveals accurate B isotopic ratios independently of the sample matrix.
In this study, the obtained results of all investigated reference
materials, including carbonate and various silicate matrices using the
silicate glass NIST SRM 610 as bracketing standard, are highly
consistent with published B isotopic data (Figure 3). These results
demonstrate the capability of matrix-independent analysis of B

isotopic ratios by this instrumental set-up, consisting of a UV fs LA

Rapid WILEY 7 0f 12
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TABLE 4 Boron isotopic data (6*B) and calculated internal pH
(pH¢f) values of investigated coral samples of Desmophyllum dianthus

Septa interspace 5B (%o) pHes
BsCpl1-A (fjord head; seawater pHt = 7.59)
6 27.38 8.82
7-1 26.25 8.75
7-2 25.61 8.71
7-3 25.53 8.71
8 24.82 8.66
9 25.28 8.69
11 25.94 8.73
Average 25.83 +1.52(2 SD) 8.73 +0.05 (1 SD)
CsCpl9-F (fjord mouth; seawater pHy = 7.86)
1 22.08 (22.73; 21.43) 8.49
2 23.77 8.62
3 22.89 (23.64; 22.24) 8.55
4 20.78 8.40
5 22.19 8.50
6 23.04 8.56
7 25.08 8.69
8 23.56 8.59
9 23.76 8.60
10 22.98 8.55
Average 23.01 £2.21 (2 SD) 8.55 +0.08 (1 SD)
CsCpl4-F (fjord mouth; seawater pHy = 7.86)
1 22.90 (22.36; 23.44) 8.55
4 23.87 (23.03; 24.70) 8.61
5 23.37 8.58
6 22.33(22.24; 22.33) 8.51
7 23.39 8.58
8-1 22.03(22.35; 21.71) 8.49
8-2 23.62(24.21; 23.02) 8.60
9-1 23.64 (23.37; 23.90) 8.63
9-2 24.15 (23.98; 24.33) 8.60
10 22.96 8.56
12-1 24.26 8.65
12-2 23.63 8.61
Average 23.35+1.30(2SD) 8.58 +0.05 (1 SD)
Septum 23.63 8.59

Note: The average !B value is provided for multiple analyses at the same
spot with values of single measurements given in brackets.

system coupled to a Nu Plasma Il MC-ICP-MS equipped with electron
multiplier detectors. Neither laser-induced nor ICP-related matrix
effects are detectable within the obtained precisions, independent of
major differences in matrix composition and B concentration between
the reference material and the bracketing standard. Contrarily, several
other recent studies'?1¢182% disclosed considerable biases in &§''B

with respect to accepted values ranging from a few permils up to 20%o.
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FIGURE 4 Boron isotopic data (A) and calculated internal pH
values (pH¢) (B) of investigated coral samples from the Comau Fjord
(Chile) relative to B isotopic composition of seawater borate. Grey
filled circles refer to individual data obtained at various interspaces
for each investigated coral sample, whereas blue filled circles
represent average data with error bars referring to 2 SD for 8B and
1 SD for pH¢. Coral samples from the fjord mouth both grew under
ambient seawater pHy of 7.86, which corresponds to a §1Bpgrate
value of 15.63%o., but are plotted slightly apart (offset 0.15%o) from
each other for better visualization. Published data for D. dianthus are
presented by open circles.*>*=3° [Color figure can be viewed at
wileyonlinelibrary.com]

for carbonates and silicates when using ns LA coupled to a Thermo
Neptune Plus MC-ICP-MS equipped with Faraday cups with 10*3 Q
resistors. These offsets are interpreted to result primarily from an
unresolved interference caused by scattered Ca ions. However, there
is also evidence that laser-induced fractionation at the ablation site
contributes to observed offsets, especially for silicate matrices.*?> To
obtain accurate 8'!B values, these authors developed a correction
procedure based on an empirically determined logarithmic relationship
between the offset to the accepted true value, A*'B, and the B/Ca
ratio for each sample matrix, which might require re-calibration during
every analytical session. Nanosecond LA coupled to an AXIOM MC-
ICP-MS does not show the effect of scattered ion but is sensitive to
plasma conditions when analyzing carbonates.*®?* The question arises

as to why some instrumental set-ups produce offsets due to an

121826 \whereas others

unresolved interference of scattered Ca ions,
including this study reveal accurate results without applying correction
modes. 11330 This effect of scattered ions might be linked to the type
of mass spectrometer in use and is likely related to the specific
arrangement of ion optics, electrostatic analyzer, magnet and detector
block in each instrument type. We can only speculate on possible
causes as to why our analytical set-up is unaffected by this potential
complication as more detailed investigations, and ideally cross-
institutional collaborative efforts, would be required, which is beyond
of the scope of this study. An obvious difference is the arrangement of
the applied detectors. Studies conducted on a Thermo Neptune or
Neptune Plus MC-ICP-MS employed Faraday cups, which detect ions
after being dispersed according to their mass by the magnet.121826 |
contrast, we applied electron multiplier detectors, which are located
behind the Faraday collector block in a Nu Plasma I MC-ICP-MS.
Additional installed ion optics steer ions through gaps between
Faraday cups to electron multiplier detectors, which might contribute
to minimize potential scattered ions of other elements. Beside the kind
of mass spectrometer, the type of laser (ns versus fs pulses) might
have an effect on matrix dependency, especially for silicates with a

1*2 ascribed

more complex matrix than carbonates. Although Evans et a
observed offsets in §*!B for silicates mainly to scattered ions in the
mass spectrometer, they also noted some laser-induced effects for
their set-up (ns laser coupled to Thermo Neptune Plus), which are not
observed for fs LA in this study. In conclusion, matrix effects seem
mainly related to processes within the mass spectrometer, which are
dependent on the type of instrument (no detectable effects for Nu
Plasma II*? (this study), scattered Ca ions for Thermo Neptune
Plus,*?182% plasma load effects for AXIOM MC-ICP-MS!%2%), whereas
the employment of a fs laser provides further improvement especially
for samples with a complex matrix composition, that is, silicates*? (this
study).

Some LA-MC-ICP-MS studies using Faraday cups for detection
achieved an external reproducibility of better than +1%. (2 SD) for
silicate glasses.*?232730 |n contrast, a more variable reproducibility
has been reported for carbonate reference materials ranging between
+0.5%0 and 1.7%o (2 SD).*271%1826 |n our study, we obtained a
reproducibility of better than +0.9%. (2 SD) (slightly higher for
GOR132-G) using electron multiplier detectors, independently of the
sample matrix and type of sample preparation (pressed powder pellets
versus glass beats) (Figure 3; Table 1). The same detector
configuration of our mass spectrometer revealed a long-term
reproducibility of +0.3%. (2 SD) for 6''B using solution MC-ICP-MS
for pure B standards, whereas multiple analyses of foraminifera
samples subjected to chemical purification prior to analysis indicate a
reproducibility of about +0.6%o (2 SD).*’ In comparison, analyses of B
isotopic ratios by solution ICP-MS based on a Neptune/Neptune Plus
MC-ICP-MS achieved a reproducibility of about +0.2%o (2 SD) using
Faraday cups.® This demonstrates that our instrumental set-up, that
is, a UV fs LA system coupled to a Nu Plasma || MC-ICP-MS, provides
accurate and precise B isotopic data independently of the sample
matrix with a reproducibility close to those obtained by solution MC-

ICP-MS on the same mass spectrometer.
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4.2 | Application to cold-water corals (D. dianthus)
421 | Spatial variability of B isotopic composition
in coral samples

We investigated increments grown in austral spring in coral skeletons
at interspaces between septa for each coral sample (n =7 to 12)
(Table 4) as shown for sample CsCpl4-F (Figure 1). Interestingly, the
coral samples from the fjord mouth with a seawater pH; of 7.86
reveal very similar average 6!'B values of 23.35 + 1.30 (2 SD) and
23.01 £ 2.21 (2 SD), whereas the sample from the fjord head shows a
higher average 6''B value of 25.83 + 1.52 (2 SD), despite a lower
ambient seawater pHy of 7.59 (Figure 4). However, the obtained
average B isotopic compositions are in the range of published values
for D. dianthus (5B =22.6%0 to 28.1%0).*84>4875% |ndividual
samples show little intra-skeleton variation in &'!B as reported
reproducibility (2 SD) is close to those obtained for investigated
reference materials. These minor variations might be related to
microstructures as observed for the cold-water coral Lophelia pertusa
(syn. Desmophyllum pertusum),’® the tropical coral Siderastrea siderea®®
and also for D. dianthus in the Comau Fjord, which is more
pronounced than for species grown under more steady open-ocean
conditions.*> Overall, the B isotopic data suggest that B incorporation
into coral skeletons during calcification is a relatively uniform process
in each individual coral over the considered growth period (austral
spring). The similarity in 8B of the investigated coral samples from
the fjord mouth suggests that the calcification process is also
consistent on a seasonal scale across individual corals grown under
the same environmental conditions. Contrary to expectations, the
coral sample from the fjord head shows a higher 6''B value than
those at the fjord mouth suggesting that also other parameters beside
seawater pHt affect the B isotopic record of corals from the Comau

Fjord (see discussion below).

42.2 | Boron isotopic composition translated into
internal pH of cold-water corals

Scleractinian corals have the capability to up-regulate their internal
pH in the calcifying fluid with respect to seawater to promote
calcification.®® This mechanism enables corals to adapt to low-pH
environments, providing some resilience to ocean acidification.>%>*
Measured 6B values in coral skeletons can be converted into the pH

of the internal calcifying fluid (pHcf) using the following equation®®:

5ilBSW _5uBcarb
@ x 5 Beoral — 81 Bsw + 1000 x (a— 1)

pH¢ = pKg — log (2)

where &'Bsyy is the isotopic composition of ambient seawater,
8B oral is the average isotopic composition of the coral sample, the
isotopic fractionation factor a between boric acid and borate is
1.0272°* and pKg refers to the dissociation constant. The
dissociation constant of boric acid pKg>® is calculated by the Seacarb
package®® in the software R’ using salinity and temperature data

Rapid 9 of 12

L i 4 in-
¥ Mass Spectrometry Wl LEY

giving a value of 8.763 (Table 1). Typically, B isotopic data of biogenic

carbonates are depicted relative to B isotopic composition of

seawater borate §'Bpgate Calculated from carbonate chemistry data

(Figure 4), which relates to seawater pHy by the following equation:

811 Bsw + [611Bsw — 1000 x (o — 1)] x 10PKe=PHr
1+ax 10°KePHr

11
o Bborate =

The difference between pH and ambient seawater pHt

describes the biological induced up-regulation ApH as follows:

ApH = pH¢ —pHy (4)

The two coral samples from the fjord mouth, CsCpl4-F and
CsCpl9-F, reveal almost identical pH¢ values of 8.58 + 0.05 (1 SD)
and 8.55+ 0.08 (1 SD), respectively, which correspond to an up-
regulation of 0.7 pH units (Table 4, Figure 4). Although the seawater
pHt is lower at the fjord head, the investigated sample indicates
enhanced pH up-regulation of 1.1 pH units, reaching a higher pH
value of 8.73 + 0.05 (1 SD) compared to those from the fjord mouth
(Table 4, Figure 4). The revealed up-regulation is within the range
detected in the calcifying fluid of several cold-water coral species,
showing an increase of about 0.6 to 1.3 pH units relative to seawater
pHy. 4849525358 However, studies on the capability of pH up-
regulation of cold-water corals have revealed opposing results,
suggesting that also other environmental parameters beside seawater
pHt may influence up-regulation (see also Table 2). Previous
investigations on D. dianthus revealed a correlation between low 61'B
values and low seawater pHt values, which implies that physiological
pH up-regulation can only partly compensate for low ambient
seawater pHr.*>*®%? In contrast, a study on the closely related, but
colony-forming, cold-water coral species L. pertusa found little
variability in B isotopic composition independently of seawater
conditions, which suggests that corals have the potential to
compensate for acidified conditions, likely due to enough food
resources.>® Likewise, a recent study showed that the high abundance
of zooplankton enhances the growth of cold-water corals in the

h .40

Comau Fjord even in shallow dept! Beside distinct fjord conditions,

potential small-scale variability in 61'B related to microstructures in

the skeletons'®#°

and a rather poor control on pH conditions in a
highly dynamic fjord system might obscure a correlation between
seawater pHr and &!B as revealed for D. dianthus from open-ocean

conditions (Figure 4).4>48-50

5 | CONCLUSION

This study demonstrates that UV fs LA coupled to MC-ICP-MS
(Nu Plasma Il) provides a unique in situ technique to obtain accurate
and precise B isotopic data, independently of the sample matrix using
the glass NIST SRM 610 as calibration standard. Multiple analyses of
silicate and carbonate reference materials reveal average 5B values,
which are identical within analytical uncertainties to published data
obtained by solution MC-ICP-MS or TIMS. We obtained an external
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reproducibility of £0.9%o. (2 SD) independent of the sample matrix by
consuming sample material with an equivalent amount of less than
0.1 ng of B. Application to cold-water corals (D. dianthus) from a field
experiment in the Chilean Comau Fjord reveals average 8''B values
ranging between 23.01%o. and 25.83%. for skeleton increments
grown during austral spring with minor intra-skeleton variability.
Inferred internal pH values of calcifying fluids reveal an up-regulation
of 0.7 to 1.1 pH units relative to ambient seawater pHy. This
approach opens a wide field of application, including pH
reconstruction in biogenic carbonates and deciphering processes
related to fluid-mineral interaction in low- and high-temperature
geochemistry.
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