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Abstract

The precise determination of radium-226 (**Ra) in environmental samples is challenging due to its low con-
centration. Seawater typically contains between 0.03 and 0.1 fg g~! #*Ra. Thus, this work addresses the need for
an easy and precise methodology for **°Ra determination in seawater that may be applied routinely to a large
number of samples. For this reason, a new analytical approach has been developed for the quantification of
226Ra in seawater via inductively coupled plasma mass spectrometry (ICP-MS). Analysis by single collector
sector-field ICP-MS was shown to be convenient and reliable for this purpose once potential molecular interfer-
ences were excluded by a combination of chemical separation and intermediate mass resolution analysis. The
proposed method allows purification of Ra from the sample matrix based on preconcentration by MnO,, precipi-
tation, followed by two-column separation using a cation exchange resin and an extraction chromatographic
resin. The method can be applied to acidified and unacidified seawater samples. The recovery efficiency for Ra
ranged between 90% and 99.8%, with precision of 5%, accuracy of 95.7% to 99.9%, and a detection limit of
0.033 fg g~ (referring to the original concentration of seawater). The method has been applied to measure **°Ra
concentrations from the North Sea and validated by analyzing samples from the central Arctic (GEOTRACES
GNO4). Samples from a crossover station (from GEOTRACES GN04 and GEOTRACES GNO1 research cruises)
were analyzed using alternative methods, and our results are in good agreement with published values.

but the large sample volumes required for **°Ra analysis pre-
vent routine measurement in pore water.
Several methods have been applied to determine *?°Ra con-

Radium (Ra) isotopes have been widely applied as tracers
and chronometers of processes in the oceans (Knauss
et al. 1978; Chung and Craig 1980; Moore and Dymond 1991;

Ku and Luo 2008; Charette et al. 2016). Radium is present in
seawater at ultratrace levels, with *?°Ra concentrations ranging
from 0.0305 to 0.0355 fg g~' (6.69-7.8 dpm/100 L) in the sur-
face Pacific and Atlantic Oceans (Broecker et al. 1976; Chung
and Craig 1980; Sanial et al. 2018), and > 0.0683 fg g™*
(> 15 dpm/100 L) in Southern Ocean surface waters (Vernet
et al. 2019). The accurate analysis of such low concentrations
of #?°Ra is challenging, as highlighted by an interlaboratory
comparison during the GEOTRACES program (Charette
et al. 2012).

The capability to measure these low concentrations, on the
other hand, is valuable in oceanographic studies. Water
masses often have specific >*°Ra signatures that could be better
resolved if improved analytical precision was available. In
addition, pore-water **°Ra can provide information about
sediment-water exchange (Krishnaswami and Cochran 2008),
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centrations in seawater. The majority require preconcentration
of Ra from large sample volumes (~ 20-300 L), and analyses
rely on decay counting techniques, which in turn, may
require labor-intensive sample preparation or long waiting
times for ingrowth and counting. Radiometric techniques
include alpha spectrometry (Eikenberg et al. 2001), gamma
spectrometry (Michel et al. 1981; Moore 1984; Reyss
et al. 1995; van Beek et al. 2010), and by radon emanation
(Moore 1969; Key et al. 1979; Roy et al. 2018) or radon-in-air
monitor (e.g., RAD-7, Durridge; Kim et al. 2001). The RaDeCC
system (Radium Delayed Coincidence Counter), developed by
Moore and Arnold (1996) can be used to measure both short-
lived (Garcia-Solsona et al. 2008; Moore 2008) and long-lived
Ra isotopes such as **°Ra via *??Ra ingrowth (Waska
et al. 2008; Geibert et al. 2013; Diego-Feliu et al. 2020). More
recently, mass spectrometry has been used for *°Ra determi-
nation in seawater, such as thermal ionization mass spectrom-
etry (TIMS) (Cohen and O’Nions 1991; Ghaleb et al. 2004;
Ollivier et al. 2008), or multicollector inductively coupled
plasma mass spectrometry (MC-ICP-MS) (Foster et al. 2004;
Bourquin et al. 2011; Hsieh and Henderson 2011).


https://orcid.org/0000-0001-9382-062X
mailto:lucia.lhv@gmail.com
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Flom3.10428&domain=pdf&date_stamp=2021-04-03

Vieira et al.

Varga (2008) described the use of sector-field ICP-MS in low
salinity water from the Caspian Sea for artificially fortified
226Ra concentrations. The features and weaknesses of each
radiometric and mass spectrometric method have been
highlighted in relevant reviews (Lariviere et al. 2006; Hou and
Roos 2008; Jia and Jia 2012; Al-Hamarneh and Almasoud 2018;
Thakur et al. 2021). Advantages of mass spectrometry com-
pared with conventional decay counting methods are higher
precision and fast analysis (a couple of minutes), and smaller
sample volumes (<100 mL vs. 20-1000L) (Cohen and
O’Nions 1991; Lariviere et al. 2005; Lagacé et al. 2017; Ver-
linde et al. 2019). However, although previous methods have
efficiently measured *°Ra by mass spectrometry, there is little
consensus on the optimal technique. The widespread applica-
tion of mass spectrometry for Ra analysis is still limited, no
method is routinely applied to a large number of samples, and
226Ra measurements still rely on decay-counting and emana-
tion techniques.

Analysis of ??°Ra by mass spectrometry may present analyt-
ical limitations resulting from instrumental sensitivity and
spectral interferences (Lariviere et al. 2006). Barium, for exam-
ple, behaves chemically like Ra due to its similar ionic poten-
tial, and along with other alkaline earth metals in the sample,
may cause molecular interferences (e.g., *®*Sr'**Ba*) on the
mass spectrometric measurements of *°Ra (Epov et al. 2003;
Lariviere et al. 2005; Zoriy et al. 2005; Copia et al. 2015). Fos-
ter et al. (2004) showed that the mass difference between the
226Ra and interference peaks is only 0.2 amu. Chabaux
et al. (1994) presented a chromatographic method for Ra puri-
fication in volcanic rocks using a combination of AG-50W-X8
and Sr resin. This procedure was subsequently adapted for
water matrices (Joannon and Pin 2001; Foster et al. 2004;
Sharabi et al. 2010; Lagacé et al. 2017). Although there have
been several methodologies for **°Ra measurement by mass
spectrometry in environmental and water samples, few
methods have been specifically developed for seawater matrix.
Nelson et al. (2014) and Lagacé et al. (2017) showed the
importance of considering the effect of sample matrix on Ra
recovery for saline waters, as they usually led to poor separa-
tion efficiency. Methods for seawater generally include labori-
ous chemical purification involving 3 to 4 column separation
procedures, as the column separation steps are reprocessed
several times. Although resins are typically reused, these
methods may become time-consuming. Therefore, improve-
ments in the Ra chemical purification and instrumental setup
would simplify determination of **°Ra by mass spectrometry.

In addition to sample purification, appropriate instrumen-
tation is crucial for accurate Ra measurements at ultratrace
levels. The highest instrumental sensitivity on mass spectrom-
etry is obtained when measurements are performed in low-
resolution mode (i.e., FWHM = 300), but this cannot resolve
isobaric interferences on 2?°Ra (Foster et al. 2004; Lariviere
et al. 2006; Leermakers et al. 2009). Yang et al. (2020) showed
that polyatomic interferences from Pb and Bi oxides and
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hydroxides can only be resolved at a resolution higher than
4000. Verlinde et al. (2019) showed that formation of these
interferences strongly depends on the sample introduction
system. Isobaric interferences can be resolved in high-
resolution mode (FWHM = 10,000), although there is a sub-
stantial loss in sensitivity (Varga 2008). In summary, the
development of a suitable mass spectrometry method depends
on excluding interferences, either by chemical purification or
by instrument resolution and the sensitivity of the method.
For routine application, any purification method must be sim-
ple and rapid.

To solve the sensitivity issue in high-resolution mode, we
use a larger sample volume (1000 mL) than previous methods.
We present a new analytical approach for an easy and simple
determination of natural ?*°Ra in acidified and unacidified
seawater samples using a single-collector sector-field ICP-MS
(ThermoFisher Element 2 ICP-MS). The method is based on
the preconcentration of Ra and Ba by MnO, precipitation,
followed by chemical separation using a commercially avail-
able cation exchange resin and the Triskem Sr-spec resin with
subsequent analysis by mass spectrometry. Recovery and
repeatability were examined by replicate measurements of
226Ra concentration in natural seawater from several locations,
for which measurements using alternative methods for com-
parison exist.

The approach used for the method development aimed to
minimize the column separation procedures while excluding
the effects of interferences on the results. As part of the
method development only, we collected and analyzed more
fractions than eventually necessary and used advanced mass
resolution features of the ICP-MS that are not necessary to
apply the methodology.

Use materials and procedures

All reagents were prepared in deionized water (>18.2
MQ cm; Milli-Q, Millipore). Hydrochloric acid (32%), used to
acidify the samples, was purified by single distillation in a qua-
rtz sub-boiling still (K. Kiirner, Rosenheim, Germany). Nitric
acid 65%, ammonia solution 25%, and potassium permanga-
nate (KMnO,) were purchased from PanReac AppliChem.
Manganese (II) chloride tetra-hydrate (MnCl,-4H,0) was pur-
chased from Sigma-Aldrich.

Spike preparation

A ??®Ra spike was added to the seawater samples before the
chemical purification to determine **°Ra by isotope dilution.
The %?%Ra spike was prepared from a commercial 1000 mg L™
Thorium (Th) atomic absorption spectrometry standard using
anion exchange resin (Bio-rad AG1 X8). Thorium is retained
on this resin in 8 M HNO; while Ra passes it. We first reduced
the volume of the ?**Th solution to achieve an acid concentra-
tion of about ~ 8 M HNOj3, then added ca. 10 g Biorad AG1 X8
resin (batch resin mode) to separate *>Th. The supernatant
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was decanted and passed over 10 mL Biorad AG1 X8 resin
equilibrated in 8 M HNOj in a 20 mL column (TrisKem).
Radium was eluted from the column with 3 CV (column vol-
ume) 8 M HNOs;, then carefully evaporated with heating
(avoiding bubbles) to increase the 228Ra concentration, and
taken up in the desired acid concentration by dilution.
Thorium-232 was then eluted (after radium) from the resin
with 9 M HCI and collected for future use. The resin from the
batch mode, containing most of the 3*Th, is kept stored in
8 M HNO; for providing access to 2?®Ra again after an
ingrowth period. The %2°Ra/**®Ra ratio of the spike will be
much lower (improved) on the second separation as 2?°Ra
ingrowth is much more slowly than %?®Ra. The 2*®Ra/**‘Ra
ratio of the extracted Ra was 6.03 + 0.16 (see spike calibra-
tion). Radium-228 must be separated from Th to avoid isobaric
interference at m/z = 228. Although Th-standards can some-
times be purchased as exempt from radiation safety rules, this
procedure involves health risks due to the handling of open
radioactivity, and it may still be subject to strict regulations.
In any case, it should only be performed after a comprehen-
sive risk assessment by trained personnel after making sure
that all legal requirements are fulfilled.

Blanks

Blanks of the chemical procedure, including acid and col-
umn contributions, were determined on every ICP-MS mea-
surement and used to correct the final ?*Ra concentrations.
Blanks were prepared using 1 liter of deionized water
(>18.2 MQ cm; Milli-Q, Millipore) spiked with 2?®Ra and
treated as samples. Seawater blanks were also prepared in order
to replicate the sample matrix. For the seawater blanks, 1 liter
of North Sea water was gravity filtered three times through a
single PVC column loaded with 18 g of MnO,-coated fiber
(Mn-fiber) at 0.1 Lmin~! to quantitatively remove Ra
(Moore 2008; Charette et al. 2012). No differences in 2*°Ra
counts and 2?®Ra/?*°Ra ratios were observed between MilliQ
and seawater blanks.

Chemical purification

One liter of seawater was acidified to pH 1.0 using distilled
HCI (32%). After gravimetric addition of the *®Ra spike solu-
tion (~ 100 fg or ~ 60 dpm), the sample was stirred continu-
ously on a stirrer plate with a Teflon-covered magnetic stir
bar. In the next stage, Ra preconcentration was performed
using MnO, coprecipitation following a modified method of
Ghaleb et al. (2004). A 1 mL of 0.25 M KMnQ, solution was
added to the (acidified and unacidified) samples, and the pH
was adjusted to 8.5-9 by adding Ammonia Solution 25%. The
pH was checked using pH strips (Carl Roth™) and a pH meter
when necessary. Next, 1 mL of 0.5 M MnCl,-4H,O was added;
at this stage, Mn?" is oxidized to Mn**, forming insoluble
MnO,. The solution was then stirred for 2 h at 80°C and
allowed to stand overnight.
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| Column 1: 10 mL AG-50-X8

Wash 1: 80 mL Milli-Q
Wash 2: 20 mL 3M HCI

~ Conditioning: 20 mL 3M HCI
Load sample: 20 mL 3M HCI

Wash 3: 60 mL 3M HCI

g Elute radium: 30 mL 3M HNO3
[Dry and convert: 500 uL 3M HNO, }

f———

Column 2: 500 pL Sr spec. ]
Wash 1: 6 mL Milli-Q }
J
|
J
|

Wash 2: 3 mL 3M HNO;
~ Conditioning: 3 mL 3M HNO3

| Load sample: 500 L 3M HNO,
| Elute radium: 2.5 mL 3M HNOj;
Ej [Dry and convert: 1 mL 1M HNO;

Fig 1. Schematic diagram for cation exchange separation and purifica-
tion of Ra from seawater.

HR-ICP-MS (Element 2)

The supernatant was then discarded, and the precipitate
recovered by centrifugation, washed twice with Milli-Q, and
transferred into a 50 mL Teflon™ beaker. The precipitate was
dissolved in 20 mL 6 M HCI, and few drops (3-4) of 1 M
hydroxylamine were added for a complete reduction of MnO,
to Mn?*. The solution was brought to dryness and taken up in
20 mL 3 M HCI, ready for the column separation procedure.

Column separation

Radium purification was performed by cation exchange
chromatography using commercially available columns
(20 mL; Triskem Int., AC-20E-20M), Bio-rad AG-50-X8 (200-
400 mesh) hydrogen form resin (biotechnology and analytical
grades), and Sr-spec resin (TrisKem Int., SR-B25-A). A 20 mL
column was filled with 10 mL of AG-50-X8 resin (Fig. 1), to
separate elements such as Mn, Ca, and Sr from the Ba-Ra frac-
tions (Fig. 2). The second extraction was performed using a
1 mL Thermo Scientific Samco Transfer Pipette filled with
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Fig 2. (a) Elution curve for Mn, Ca, Sr, Ba, and Ra on the first cation
exchange column (10 mL AG-50W-X8). (b) Elution curve for Ba and Ra
on the Sr spec column. Radium recovery was determined by gamma spec-
trometry, while Mn, Ca, Sr, and Ba recoveries were obtained by ICP-OES.

500 pL of Sr resin to separate radium isotopes from barium fol-
lowing a slightly modified method of Hsieh and
Henderson (2011).

We collected the eluted fraction from the columns in small
increments to assess the separation of potentially interfering
elements. The AG-50-X8 cation exchange resin was thor-
oughly rinsed with Milli-Q and 3 M HCI before conditioning
to remove Sr and Pb (Varga 2008). The first column was
preconditioned with 20 mL of 3 M HCI, and samples were
loaded in 20 mL 3 M HCI (fractions 1-8). Next, the column
was washed with 60 mL of 3 M HCI to remove Mn, Ca, and Sr
(fractions 9-32). Ra and Ba were then eluted in 30 mL 5 M
HNOj at roughly 2 mL min~! (fractions 33-44). Radium was
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detected in fractions 34-38 (Fig. 2a), but all elution fractions
(33-44) were combined, brought to dryness, and converted
into 500 L. 3 M HNOj3, which was then loaded onto the sec-
ond column preconditioned with 6 mL 3 M HNO;. Radium
was eluted with 2.5 mL 3 M HNOj; at roughly 0.3 mL min~’,
evaporated, and taken up in 1 mL 1 M HNOj for analysis
(Fig. 1). A fresh batch of resins was used for each sample.

For column calibration purposes, the eluate from the col-
umns was collected in fractions of 2.5 mL (from column 1)
and 1 mL (from column 2). A 200 uL. from each fraction was
taken, added into 3.8 mL 1 M HNO3, and Mn, Ca, Sr, and Ba
subsequently measured by Inductively Coupled Plasma Opti-
cal Emission Spectrometry (Thermo Scientific, ThermoFisher
iCap, ICP-OES; Fig. 2).

Mass spectrometry

Analyses of **°Ra were performed using a ThermoFisher Ele-
ment 2 sector field inductively coupled plasma mass spectrom-
etry (HR-ICP-MS) at the Alfred Wegener Institute (AWI),
Germany. The ICPMS was equipped with a “flattop peak
medium resolution kit” that replaces the usual R = 10,000 res-
olution with a resolution of R = 2000. It produces flat top
peaks that allow the separation of typical radium interferants
but provide better sensitivity than medium resolution. The
mass resolution is between typical “low” (R = 300) and
“medium” (R = 4000), and is referred to here as “intermediate”
resolution (IR). This feature was used for the method develop-
ment, but it is not essential for applying the method described
here. The ICP-MS method for analysis in IR also included a full
scan in low resolution to examine peak shape and check any
interferences that would affect the ratio. All data were there-
fore acquired in low (R = 300) and intermediate resolutions
(R = 2000). We used the *?®Ra/**°Ra ratios provided by the
low-resolution (LR) analysis after ensuring that interferences
were not present on the IR peak spectrum. Figure 3 shows the
spectra of a sample analyzed in IR and LR. Radium-226 was
determined by isotope dilution.

Mass regions measured for **°Ra and ***Ra were 225.7466
to 226.3033 and 227.4799 to 228.3122, respectively. The
instrument was tuned before each measurement for maximum
sensitivity and stability using a solution of Indium (In) and
Uranium (U) (RSD < 2%). Parameters such as torch position,
cool gas, auxiliary gas, sample gas, lenses, and RF power were
optimized before each ICP-MS run. An Apex-IR desolvating
nebulizer (ESI) was used to minimize formation of molecular
interferences (Lariviere et al. 2006) and increase sensitivity.
Verlinde et al. (2019) demonstrated the superior performance
of the Flement 2 ICP-MS in combination with an Apex-Q
compared to other ICP-MS instruments, presenting a detection
limit as low as 0.024 fg g~'. Typical sensitivities of our system
in this setup are around 12 million cps ug~! L™! in low resolu-
tion. The sampling cone (X8) and skimmer cone (standard)
were made of nickel. Mass bias was monitored at mass
238 and 235 with a natural U standard solution (0.2 ug L' U).
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Fig 3. (a) Intermediate resolution mass spectrum (flattop peak) of a
North Sea sample. Arrows represent the location of potential interferences
in case they were present. (b) Full scan in low-resolution of the same
sample.

Assessment

Radium samples are typically acidified after collection, but
unacidified samples were also tested (n = 3) as an alternative
for sample preparation on board before analysis in a land-
based laboratory. The Mn-precipitation step, can be performed
directly after sample collection, and the sample volume
reduced from 1 L to 5-10 mL. No difference was observed
between acidified and unacidified samples during the whole
procedure, except adjustment of the pH before
coprecipitation, in which case less ammonia solution is
required for unacidified samples (3—4 drops vs. 30-150 drops
to acidified samples).

The coprecipitation method used here allows the incorpo-
ration of Ba and Ra on MnO, and aids the partial removal of
chemical elements from the solution which are not of interest,
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such as Ca and Sr (Ghaleb et al. 2004). Coprecipitation of Ra
on MnO, is pH sensitive, so adjustment from pH 1 to 8.5
should be carefully performed. Coprecipitation is thought to
occur by surface sorption and high pH increases the negative
charge of the MnO, and improves its capacity to adsorb
radium (Moon et al. 2003). However, pH should not exceed
9, as coprecipitation of magnesium (Mg) may occur.
Strelow (1984) and Bohlin et al. (2018) have shown that the
affinity of Mg to the cation exchange resin (AG MP-50)
decreases with increasing HCI concentration. Nonetheless, the
presence of Mg in the sample can result in non-spectral inter-
ferences during the determination of 2?°Ra by ICP-MS
(Lariviere et al. 2005) and should be avoided.

After redissolution of the precipitate, two columns were
used to extract Ra. Radium and Ba were well separated from
Mn, Ca, and Sr after the cation exchange column separation
(Fig. 2a). The thin and long column 2 produced effective peak
separation of Ra and Ba (Fig. 2b). Potential molecular interfer-
ence caused by ®8Sr'*®Ba on the ??°Ra analysis by HR-ICP-MS
is considerable if the concentrations of Sr and Ba exceed 1 and
10 ug L1, respectively (Park et al. 1999). In our study, the con-
centration of Ba was around 1.5+ 0.1 ugL™!, and Sr was
undetectable in the fractions where Ra was eluted (Fig. 2b).
Furthermore, no interferences were observed on the radium
peaks analyzed in intermediate mass resolution (Fig. 3).

228Ra spike calibration

The %?®Ra concentration of the spike (reference date: 10 July
2020) was determined by isotope dilution via ICP-MS mea-
surements using a calibrated **°Ra standard (~ 240,000 fg g~!
on 13 August 2020). Increasing amounts of ?*°Ra standard
solution (in the range from 0 to 24,050 fg) were added gravi-
metrically to *?®Ra-spiked North Sea samples, allowing to cal-
culate *?®Ra concentration of 255 + 4 fg g~ in the ?*®Ra spike
(standard deviation from the average) (Fig. 4). The spike
228Ra/*?Ra ratio was 6.03 + 0.16. The ?*°Ra contribution from
the spike was corrected for every measurement. The *?°Ra
standard was made by gravimetric dilution of a NIST standard,
kept sealed with Parafilm in a teflon bottle, and corrected for
decay since the certified date. A small amount of evaporation
could have occurred, but repeated comparisons with reference
materials (e.g., DL1-A) and cross calibrations with other labo-
ratories (Woods Hole Laboratory, University of South Caro-
lina) confirm that this is negligible.

Recovery, accuracy, and repeatability

Column eluate fractions were analyzed by gamma spec-
trometry, and column recoveries determined relative to the
228Ra spike. The ?*®Ac peaks (338 and 911 keV) were used to
determine **®*Ra, and gamma analysis was performed 2 d after
the column separation in order to allow the ingrowth of *?8Ac
(half-life 6.15 h). Total radium recovery ranged between 90%
and 99.8% (average 93%, n = 13). We observed that up to 10%
Ra is lost in the precipitation step. Bourquin et al. (2011)
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Fig 4. Standard addition curve for the calibration of **Ra spike.

report that the preconcentration using MnO, coprecipitation
technique seems to improve the yield of Ra recovery com-
pared to other techniques.

We tested Bio-rad AG-50-X8 (200-400 mesh) resins of bio-
technology and analytical grade and observed no difference
on Ra recovery. However, the analytical grade seems to con-
tain higher levels of Sr and may need to be washed with more
3 M HCI before the conditioning and the Ra-Ba elution steps
from column 1 (Fig. 1).

Further tests were performed to reduce the amount of AG-
50-X8 resin on the first column separation. Extraction recover-
ies of 90% + 1% (n = 3) were obtained for 5 mL of resin in a
5 mL column (Triskem Int). The smaller columns require 20 mL
3 M HCI for preconditioning, loading of 10 mL sample, wash-
ing with 30 mL 3 M HC]I, and elution with 20 mL 5 M HNOs.

The precision of the method was assessed by analyzing six
replicates of North Sea samples. Replicate measurements of
226Ra are shown in Fig. 5. The average value of the **°Ra con-
centration is 0.049 + 0.003 fg g~ (10.7 + 0.49 dpm/100 L) (1s
uncertainty).

Accuracy of 95.7% to 99.9% was determined using the
standard addition method by adding an increasing amount of
226Ra spike to North Sea blank samples, treated and analyzed
as natural samples. Final **°Ra concentrations in the standard
addition samples were compared with the amount of ?*°Ra
spike added to these samples prior to the precipitation step.
Accuracy was expressed as a percentage recovery: measured
226Ra value/added ??°Ra (spike). In the absence of a certified
228Ra spike, the accuracy of the *2°Ra measurements is hard to
confirm. This was checked with a 2?®Ra spike (1711 +
42 fg g~1) that had been cross-calibrated by gamma spectrome-
try and HR-ICP-MS. This spike can be called here “spike 2” to
differentiate from that used on the method development
described in the Spike Calibration section.
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Fig 5. Replicate measurement of *?°Ra by single-collector sector-field
ICP-MS. Error bars represent the uncertainties on the measurement; short
dashed lines and dashed lines represent 16 and 20, respectively.

The instrumental detection limit of 0.033 fg g~' was calcu-
lated as three times the standard deviation of the procedural
blanks described above.

Method evaluation

As an application of the proposed method, >*°Ra was deter-
mined in a depth profile from the Arctic Ocean collected dur-
ing the GEOTRACES section GNO4 (Fig. 6).

In the framework of the GEOTRACES program, two
research cruises took place in 2015 to the central Arctic:
GEOTRACES - GN04 on RV Polarstern (expedition PS94) and
GEOTRACES - GNO1 on USCGC Healy (expedition HLY1502).
At the crossover station, that is, PS94 Sta. 101 and HLY1502
Sta. 30, water column samples were collected for Ra analysis
with in situ pumps (ISP) equipped with MnO,-coated car-
tridges (Mn-cartridges) (Henderson et al. 2013). Radium
extraction efficiencies of the Mn-cartridges on the
GEOTRACES - GNO1 cruise were determined using 15-20 L
discrete samples (collected at corresponding ISP depths) that
were filtered through Mn-fibers (Kipp et al. 2019). The **°Ra
activities on the fibers were then compared to those deter-
mined on the corresponding cartridges. During the
GEOTRACES - GNO4 (PS94), two cartridges were placed in
series on some pumps at selected stations. The Mn-cartridge
extraction efficiencies from the GNO4 cruise were estimated
from the relative activity on the two cartridges (Rutgers van
der Loeff et al. 2018). Small-volume samples (1 liter) were col-
lected at Sta. 101 during the PS94 expedition for analysis of
226Ra by mass spectrometry. Six of these samples analyzed by
the proposed method are in good agreement with
GEOTRACES - GNO1 (Fig. 6), which implies that the offset
observed on the ?*°Ra distribution in deep waters from the
GEOTRACES - GNO4 is likely due to overestimation of their
constant cartridge efficiency.

Samples from the North Sea had a **°Ra concentration of
0.049 + 0.003 fg g~' (Fig. 5). Radium isotopes have been
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Fig 6. Vertical profiles of 2?°Ra at the crossover station from GEOTRACES
GNO1 (triangle), GEOTRACES GNO4 (Rutgers van der Loeff et al. 2018;
circle) and GEOTRACES GNO4 (this study; square).

already applied as tracers of land-ocean exchange and pore
water fluxes in the North Sea (Moore et al. 2011; Schmidt
et al. 2011; Burt et al. 2014). Nonetheless, there are still lim-
ited data on ?*°Ra activities in seawater in this region. Schmidt
et al. (2011) reported ??°Ra activities ranging from 0.037 to
0.075fg g~' (8.2-16.5 dpm/100 L) between the coastal and
open ocean region, which are in agreement with our data
from the North Sea (Fig. 5).

Discussion

The proposed analytical method has been developed and
successfully applied to acidified and unacidified seawater sam-
ples. For measurement of Ra isotopes by mass spectrometry,
good separation of Ra from other alkaline earth elements is
crucial to avoid mass interferences. The current method does
this successfully for analysis by single-collector sector field
ICP-MS. ?*®Ra from the spike was separated from its daughter
228Th, which can form isobaric interference on m/z = 228.
Radium was also completely separated from the other alkaline
earth elements (e.g., Ca, St, and Ba). The presence of ®*Sr'**Ba
is thought to be one of the major contributors to molecular
interferences. In our study, Sr was undetectable after the final
separation so that residual Ba is irrelevant. Nonetheless, Ba
concentration (1.5 ug L~!) was almost tenfold lower than the
level that may cause interferences (10 ug L™'). Furthermore,
low concentrations of Ba avoid salt accumulation on the sam-
pler and skimmer cones (Foster et al. 2004).

Several other polyatomic interferences have been identified
on the *?°Ra analysis by mass spectrometry, such as those from
Sr, tungsten (W), platinum (Pt), mercury (Hg), lead (Pb), bis-
muth (Bi), and thallium (Tl), that is, %6Sr'4°Ce, ®7Sr'¥La,
186W40Ca/ 1867740 Ar, 194Pt1602, 199Hg27 Al 202Hg24Mg,
ZOSPb”O]H, ZOSPb]SO, 208Pb1601H2’ 209Bi1601H, 209Bil70, and
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203T123Na (Park et al. 1999; Epov et al. 2003; Lariviere
et al. 2006). However, no interference was observed on the
226Ra and **®Ra spectrum from the HR-ICP-MS analysis (Fig. 3).

This study used an intermediate resolution of 2000 to
demonstrate the absence of these interferences, in contrast
with other studies that used low-resolution mode for HR-ICP-
MS measurement of Ra in environmental samples (Park
et al. 1999; Sharabi et al. 2010; Copia et al. 2015). Although
the sensitivity in low-resolution is almost 10 times higher
than in high/intermediate resolution, possible molecular
interferences may not be well separated from the **°Ra peak
resulting in incorrect values at fg g~! levels of Ra. The current
method gives flat-topped peaks that allow the complete
mass-spectrometric separation of potential interferants. In a
similar study, Varga 2008 used medium resolution (R = 4000)
on a double-focusing sector-field inductively coupled plasma
mass spectrometry (HR-ICP-MS) but used artificially enriched
226Ra in low salinity Caspian Sea water to reach the required
count rates. In comparison, we used seawater from the North
Sea and the Arctic Ocean with natural ?*°Ra concentrations
and achieve sufficient sensitivity by increasing the sample
volume from 10-300 to 1000 mL (see Table 2).

Recovery of the method ranged between 90% and 99.8%
and is similar to that reported by Foster et al. (2004) and
Bourquin et al. (2011) (~ 90%) (MC-ICP-MS), but higher than
that reported by Varga (2008) (ICP-SFMS) and Ghaleb
et al. (2004) (73%-94%) (TIMS). The 5% precision of the cur-
rent method is similar to that found by Bourquin et al. (2011)
(2.5%-6.6%) and Foster et al. (2004). Hsieh and Hender-
son (2011) reported a precision of 2% by MC-ICP-MS. The
uncertainties reported here may be slightly higher than those
reported in other studies, but includes error propagation from
the concentrations and isotope ratios of the ?*®Ra spike and
blanks. A ??Ra spike with no trace of ?>°Ra would be ideal to
obtain a better background and low uncertainties. However,
no such commercial **®Ra spike is available, and manually
produced spike (in small batches) has variable 2*Ra/**°Ra
ratios. Although MC-ICP-MS and TIMS may achieve a lower
detector limit and background, these instruments are not read-
ily available in most laboratories, whereas single-sector field
ICP-MS is currently common and widely used.

The detection limit of 0.033 fg g~ (referring to the original
seawater concentration) is comparable to radiochemical
methods such as alpha spectrometry or Rn emanation. How-
ever, the proposed method avoids long waiting periods for
ingrowth and counting, and requires significantly smaller
sample amounts (Table 2). In addition, the current method
has better precision than gamma spectrometry. Smaller sample
amounts also open new possibilities for pore-water analyses.
The proposed method was successfully applied in 60-80 mL of
sediment pore water from the Pacific Ocean, and will be
detailed in a separate publication.

Further reduction of detection limits for **°Ra will require a
commercially available *?®Ra spike with a low and certified
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Table 1. Data acquisition parameters for the detection of 2*Ra and ??®Ra by element 2 ICP-MS. Note that the values for “mass win-
dow” and “samples per peak” for R = 2000 are misleading since the instrument software assumes the R = 10,000 slit to be present, lead-
ing to a factor of five difference between the apparent and the actual values.

Instrumental parameters

Method: Full peak scan

Method: Peak hopping ratio

Resolution
Number of runs
Number of passes
Mass window
Mass magnet
Settling time
Sample time
Samples per peak
Segment duration
Search window
Integration window
Scan type
Detection mode
Integration type
Acquisition time

300 2000
1 2
1 1
125 2500
226.025 226.025
0.001 0.001
0.3 0.2
20 3
7.5 15
100 100
100 60
EScan EScan
Counting Counting
Average Average
16s 1min01s

300
5
3
5
226.025
0.001
0.25
300
3.75
0
5
EScan
Counting
Average
1 min53s

amount of ?*°Ra. Furthermore, the sensitivity of the ICP-MS
instrument still plays a crucial role, as a higher sensitivity
translates to longer acquisition times.

The applicability of this method was evaluated by analyz-
ing six samples from a crossover station visited during the
GEOTRACES GNO0O4 Arctic Ocean cruise. Kipp et al. (2019) and

Table 2. Comparison between ?*°Ra measurement techniques in water samples.

Sample

Detection
Analytical method volume (L) limit (fg g~')

Advantages

Disadvantages

References

ICP-MS

Gamma spectrometry

Liquid scintillation
spectroscopy (LSC)

Rn-emanation

Alpha spectrometry

0.01-1 >0.002

1-1000

1-4 0.009-0.541

1-20 0.156

0.1-20

0.044-2.73

0.003-0.547

Direct measurement of *2%g;
higher analytical precision;
precise isotope ratio

measurements; smaller sample

size; short analytical time

Four naturally-occurring radium

isotopes analyzed
simultaneously; low
background levels;
nondestructive technique;

minimal sample preparation

High detection efficiency;
relatively easy sample

preparation; readily available

LSC instrumentation

High precision; low detection

limit

High sensitivity. Low detection
limit. No wait for ingrowth time

Requires Ra purification;
polyatomic and tailing
interferences; sample matrix
effects

Requires large volume
samples. Low counting
sensitivity; long waiting for
ingrowth and counting
times

High background levels; long
waiting for ingrowth and
counting times

Requires large volume
samples; long waiting for
ingrowth and counting
times

Requires complex chemical
separation procedures and
the use of a yield tracer

Lagacé et al. (2017); Copia
et al. (2015); Kim
et al. (1999); Dalencourt
et al. (2018); Yang
et al. (2020); this study
Moore (1984); Cuttell
et al. (1986); Parsa
et al. (2004); Diab and
Abdellah (2013); Medley
et al. (2015)

Burnett and Tai (1992); Tinker
et al. (1995); Wallner and
Steininger (2007)

Kohler et al. (2002)

Rodriguez-Alvarez and
Sanchez (1995); Baeza
et al. (1998); Lawrie
et al. (2000); Eikenberg
et al. (2001)
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Rutgers van der Loeff et al. (2018) reported *>°Ra concentra-
tions from the crossover station. The current results are in
good agreement with their values. The current method takes
approximately 3 d, comparable to the leaching procedure for
gamma analysis. Eight to 10 samples could be prepared simul-
taneously, or more, depending on hot plates/stirrer availabil-
ity. Measurement by mass spectrometry takes approximately
3 min per sample, so hundreds of samples can be analyzed per
day (Table 1). In contrast, gamma spectrometry often requires
12-24 h measurement time per sample. Gamma spectrometry
may also be unsuitable for low levels of Ra, and along with
the Rn-emanation technique, requires waiting for 22?Rn
ingrowth if Ra is determined by its progenitors (*'*Pb and
214Bi). Table 2 summarizes the main features of the major
techniques for ?>°Ra measurement.

This study provides a reliable method with an efficient Ra
purification and analysis using a commonly available instru-
ment. Thus, the proposed method provides an opportunity to
measure *?°Ra by ICP-MS easily and efficiently, which will
ultimately contribute to its routine application.

Comments and recommendations

The method described here showed an effective and reliable
procedure for Ra purification and can be adapted to the inves-
tigation of Ra in other environmental matrices. Using the pro-
posed method, ?*°Ra profiles of pore waters and sediments can
be obtained, and concentrations in coral reefs, groundwater
and freshwater can be determined. However, the concentra-
tion of Ba in these matrices is higher relative to seawater. The
presence of Mg and Ca in groundwater, for example, may
affect the sensitivity of HR-ICP-MS (Copia et al. 2015). There-
fore, an additional column separation might be necessary
(repeat column 1 or 2) to purify Ra in these matrices.

The element 2 instrument used in this study presents a spe-
cial feature, which is an intermediate resolution of 2000 that
can produce flattop peaks, whereas the majority of the ele-
ment 2 system provides analysis in low (R = 300), medium
(R = 4000), and high (R = 10,000) resolutions. However, the
medium resolution (4000) does not provide flattop peaks, and
high resolution (10,000) has substantially reduced sensitivity.
We recommend using medium resolution to check for inter-
ferences and the **Ra/?*°Ra ratios acquired in low resolution
for the **°Ra determination by isotope dilution. This can be
reliably performed with the current method given the success-
ful reduction in interfering contaminants.
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