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Abstract

We describe a new method suitable for the precise and accurate determination of 2*°Ra in
porewater and sediment samples using a single-collector sector field ICP-MS (ThermoFisher
Element XR) equipped with an Apex-Q desolvation device and a high-sensitivity Jet-X
interface. In combination with 2*°Th measurements in parallel sediment samples, this method
allows precise and accurate quantification of the 2?’Ra/?°Th disequilibria in surface sediment
cores, thereby enabling the use of this isotope pair as a tracer of solute transfer across the
sediment-water interface in the deep ocean. The method integrates a step of isotope dilution
with ?*®Ra as an internal spike, a pre-concentration of Ra and Ba by MnO: precipitation, and
an efficient separation of Ra from other undesirable elements using a cation exchange resin and
a Triskem Sr-spec resin. With the inclusion of one or two additional cation resin columns and
the use of up to 16 bed-volumes of a lower molarity (1.7 M) HCI eluent, our procedure
eliminates the complicated matrix effects persistently encountered in previous studies, and
provides a highly purified solution suitable for *’Ra measurement using an Element XR ICP-
MS apparatus. Consequently, we are able to determine the activity of *?Ra in ~20-50 ml of
porewater or 100 mg of sediment with an internal precision of ~1.0% and an accuracy of
~99.2%. The precise measurements of porewater and solid phase >*°Ra in a sediment core from
the North Pacific Ocean allowed the distribution coefficient (Ka) of >*Ra to be constrained
tightly within a range of 4700-11600 ml g'. Moreover, with the aid of a one-dimensional
exchange model, the combination of the 2?’Ra and »**Th measurements allowed us to estimate

a ?2°Ra flux of 1140+20 dpm m? y! from the sediment core.
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1. Introduction

Marine sediments can be either major sinks or major sources of chemical substances in
coastal seas and the open ocean. Understanding what controls the exchange of chemicals and
nutrients between the sediment and overlying water reservoirs is a key aspect of marine
geochemical studies (Broecker and Peng, 1982). Naturally occurring radionuclides in the
uranium and thorium decay chains are powerful tools for the investigation of mass transfer
processes taking place at the sediment-water boundary (Krishnaswamy et al., 1971; Koide et
al., 1973; Aller and Cochran, 1976; Tamborski et al., 2022). In particular, the advent of the
224Ra/*?%Th isotope pair in the past decade has provided a new way to study solute exchange
across the sediment-water interface in the coastal ocean (Cai et al., 2012; 2014). Application
of the so-called ***Ra/??*Th disequilibrium approach has significantly expanded since its first
introduction in 2012 and has greatly improved our knowledge of the mechanisms that control
solute transfer between the sediment and water reservoirs in highly dynamic coastal systems
(e.g., Hong et al., 2017; 2018; Shi et al., 2018; 2019; Cai et al., 2020; Tamborski et al., 2021;
Wei et al., 2022). However, a major limitation of the 2*Ra/***Th disequilibrium approach lies
in the short half-life of 2>*Ra (t12=3.66 d), which is translated into a relatively rapid production
and decay rate of this isotope in nature. Consequently, any deviation of >**Ra from 2**Th is not
expected to be detectable in deep-sea sediments, where physical disturbances are rather weak
(Shi et al., 2019). In such an environment, the 2>°Ra/**°Th isotope pair in the uranium decay
chain should be an excellent substitute: the long half-life of ?°Ra (t12=1600 a) can amplify
very subtle and weak disturbances in the quiescent ocean floor to a large 22°Ra/**°Th

disequilibrium signal in the sediment. Goldberg and Koide (1963) reported the first
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measurements of 2°Ra and **°Th for sediment cores collected from the Indian Ocean. Since
then, investigators have reported marked deficits and excesses of *°Ra relative to 2°Th in the
upper layer of deep-sea sediment cores (Cochran and Krishnaswamy, 1980; Cochran, 1980).
Nevertheless, application of the 2°Ra/**°Th isotope pair to date is surprisingly sparse and has
generally been limited to tracing bioturbation processes near the sediment-water boundary
(Kadko et al., 1987).

We believe that this dilemma is caused by the technical challenges for precise
measurement of 2°Ra/**°Th disequilibria in sediments. To use the 2*’Ra/?*°Th isotope pair as a
tracer of interfacial solute exchange in the deep-sea floor, it is necessary to determine the
activity of 2°Ra in the aqueous phase (porewater) along with the measurements of 2*’Ra and
230Th in the bulk sediment (Cochran and Krishnaswamy, 1980). While the determination of
230Th in the bulk sediment to date has become routine (e.g., Geibert et al., 2019), the task of
precise measurement of 22°Ra in porewaters and sediments still lies at the edge of the capacity
of traditional radioactive counting techniques and modern mass spectrometric methods (e.g.,
Lariviere et al., 2006; Charette et al., 2012). For a comprehensive overview of all the techniques
for measuring 22°Ra and their pros and cons, please refer to Vieira et al. (2021). In any type of
determination, instrumental sensitivity and the sample matrix are of particular concern.
Radium-226 is present in sediment porewater at the sub-femtogram (fg or 10°g) level,
typically ranging from 0.2 to 6.5 fg g”! in the deep Pacific Ocean (Cochran and Krishnaswamy,
1980; Kadko et al., 1987). To facilitate an accurate and precise measurement of *°Ra,
collection of a minimum of ~500-1000 ml of porewater is generally required when using

traditional radioactive counting techniques (for instance, the Rn emanation method). In practice,
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sampling such a large amount of porewater is tedious and not always possible, especially
onboard an ocean-research vessel (Kadko et al., 1987). Modern high-sensitivity mass
spectrometers, such as thermal ionization mass spectrometers (TIMS) or inductively coupled
plasma mass spectrometers (ICP-MS), have significantly increased instrumental sensitivity to
a detection limit of <0.1 fg g! for ?°Ra (Cohen and O’nions, 1991; Chabaux et al., 1994;
Staubwasser et al., 2004). This important technical advance has allowed several research teams
to successfully measure *?°Ra activities in seawater samples less than 250 ml (e.g., Foster et
al., 2004; Bourqin et al., 2011; Hsieh et al., 2011).

However, when the sample matrix is porewater or sediment, researchers have met
additional challenges. Spectral interferences were persistently encountered at m/z of 226 in
ICP-MS. A variety of polyatomic ions, such as *¥Sr!3¥Ba”, 87Sr!*La*, 86Sr!4%Ce*, WAL,
186W40Ca”, Hg?’ Al", 22Hg?*Mg", 2%8Pb'80", 2Bi'’0", and 2*T1**Na’, have been identified
as contributing to the apparent signal of 22°Ra (Lariviére et al., 2005; Zhang et al., 2015; Yaala
et al., 2019). Theoretically, these polyatomic interferences can be resolved using a
medium/high resolution mode of measurement (Vieira et al., 2021), or be eliminated by use of
a collision cell (Epov et al., 2003; Yaala et al., 2019). Unfortunately, neither strategy can be
accomplished without losing substantial sensitivity, which in turn would require a larger sample
size if a high precision of *°Ra measurement were to be maintained. On the other hand,
sediment and porewater samples are typically characterized by high levels of Mg, Ca, Sr, and
Ba, and trace levels of these elements in the final solution to be measured are sufficient to cause
a marked reduction in the ionization and transmission efficiencies of Ra (Cohen and O’nions,

1991; Copia et al., 2015). This phenomenon is ascribed to a space charge effect, which again
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leads to a substantial loss in sensitivity (Thomas, 2001). Furthermore, the presence of Mg, Ca,
and Ba in the final solution may readily cause salt accumulation on the sampler and skimmer
cones (Foster et al., 2004). This problem can become more and more severe with the progress
of measurement, and may greatly deteriorate the stability of ICP-MS signals.

To solve the abovementioned problems, we present here a new procedure for the rapid and
precise determination of 2°Ra in porewater and sediment samples using a single-collector
sector field ICP-MS (ThermoFisher Element XR) equipped with an Apex-Q desolvation device
and a high-sensitivity Jet-X interface. Our procedure integrates 1) isotope dilution with 2?Ra
as an internal spike (Cohen and O’nions, 1991), 2) pre-concentration of Ra and Ba by MnO2
precipitation (Ghaleb et al., 2004), and 3) efficient separation of Ra from other unwanted
elements using a cation exchange resin and a Triskem Sr-spec resin (Chabaux et al., 1994;
Zhang et al., 2015). With the inclusion of one or two additional cation resin columns and the
use of up to 16 times bed-volume of a lower molarity (1.7 M) HCl eluent, this procedure results
in a highly purified solution suitable for °Ra measurement in an Element XR ICP-MS
instrument. Consequently, we can determine the activity of **Ra in ~20-50 ml porewater and
100 mg sediment samples with an internal precision of ~1.0%. In combination with 2*°Th
measurements in parallel sediment samples, this method enables the use of the 22°Ra/**°Th
isotope pair as a tool to study solute transfer across the sediment-water interface of the deep-

ocean floor.

2. Analytical methods

2.1. Chemical procedures
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2.1.1. Separation and purification of Ra from the porewater matrix

All beakers and vials used in this study were soaked for two 12-h periods in high-purity
2M HNOs3, and thoroughly washed with 18 MQ deionized water. Trace metal grade acids
(HNOs, HCI, HCIO4 and HF) and analytical grade KMnOs, MnCl2-4H20 and NH+4OH were
used. All reagents were prepared in 18 MQ deionized water, and were found to be free of Ra.

A known quantity (20-50 ml) of porewater was acidified to pH<2 with concentrated HCI.
After gravimetric addition of ~50 fg ??®Ra spike (1 dpm ?Ra =1.653 fg 2*®Ra) to guarantee
that any contribution of 2®Ra from the sample is negligible, the sample was shaken vigorously
and allowed to equilibrate for 12 hours. The sample then was diluted to ~80 ml with deionized
water. The pH was brought up to 8.5-9 with concentrated NH4OH. Radium was isolated by
sorbing it to a MnO: precipitate that was formed by the sequential addition of 1.0 ml of KMnO4
(15 g KMnOs4 1) solution and 1.0 ml of MnClz (40 g MnCl2-4H20 1) solution. The sample
was shaken vigorously between each addition and heated at a hot plate for ~30 minutes. After
it cooled down to room temperature, the MnO: precipitate containing sorbed Ra was recovered
by centrifugation, washed twice with deionized water, and dissolved in 2.0 ml concentrated
HCl and 1 ml 30% H20:. The solution was transferred to a Teflon beaker, evaporated to dryness,
and re-dissolved into 6 ml of 8 M HNOs. Subsequently, Ra was isolated using a modification
of the ion exchange method used to isolate Ra from seawater and carbonate matrixes (Chabaux
et al., 1994; Zhang et al., 2015; Vieira et al., 2021). Details of the modified procedure are given
in Table 1. First, an anion exchange column with 8 ml of chloride form resin (Bio-Rad AG 1-
X8, 100-200 mesh) was used to remove any >?Th that might be present in the sample and in

the 228Ra spike solution. This step serves to avoid isobaric interference at m/z=228. The second
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and third cation exchange columns (Bio-Rad AG 50-X8, 100-200 mesh) separated Ra and Ba
from other major elements that would interfere with ICP-MS measurement, especially Mg, Ca,
and Sr. The final 500-pl column of Sr-spec resin separated Ra from Ba. In a lower molarity
HCI eluent, radium tends to have a superior selectivity on the cation exchange column.
Previous studies have further demonstrated that the use of up to 20 times bed-volume of 1.7 M
HCI eluent does not cause significant loss of radium from the cation exchange column (Zhang
et al., 2015). Thus, we used 10-16 times the bed-volume of 1.7 M HCI (Table 1) to rinse a 100-
200 mesh resin column, instead of using the 4-8 times bed-volume of 3-6 M HCI to rinse a
200-400 mesh resin column that was used in most previous studies (Staubwasser et al., 2004;
Foster et al., 2004; Vieira et al., 2021). This modification proved to be critical for the efficient
purification of Ra from complicated matrixes, especially porewater or sediments. The final
eluent was evaporated, and taken up in 2 ml of 2% nitric acid for analysis.
2.1.2. Separation and purification of Ra and Th from the sediment matrix

For the determination of ??°Ra in sediments, ~100 mg of dried sediment was weighed and
spiked with a known quantity of ?®Ra (~165 fg or 100 dpm of ?2®Ra). The sample was digested
sequentially using 10 ml of concentrated HNO3, 2 ml of 30% HF, and 2 ml of HC1O4 until the
solution became clear. The digestion mixture was evaporated to dryness, and 10 ml of 1.4 N
HNOs was added. This mixture was centrifuged, and any solid residual was discarded. The
resulting solution was collected, evaporated to dryness, and re-dissolved in 6 ml of 8 M HNO:s.
The subsequent separation and purification of Ra is broadly similar to the procedure described
for porewater samples above (see Table 1), but differs in two aspects. First, the step for co-

precipitation of Ra and Ba onto a MnO:2 suspension was pursued after the cation-exchange
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chemistry of “Column 2” in Table 1. It is impractical to perform this same step with sediment
samples before the anion-exchange chemistry of “Column 17 because adjusting the pH to 8-9
at this stage will precipitate a large quantity of undesirable material from the sample solution,
e.g., Fe(OH)3 and AI(OH)s. Second, the step for the cation-exchange chemistry of “Column 3”
(see Table 1) was executed twice in order to thoroughly remove all unwanted elements from
the very complex sediment matrix. Finally, the eluent was evaporated, and taken up in 2 ml of
2% nitric acid for analysis.

For the determination of 3°Th in sediments, a separate sample of ~100 mg freeze-dried
sediment was weighed and spiked with 5.0 dpm (or 10.6 pg) of 2*Th. We do not recommend
that the same sample as ?2°Ra be used because the ***Ra spike itself may contain a significant
amount of 2°Th. The procedure for sediment digestion is similar to that described above for
226Ra samples. After centrifugation, the digested material was transferred into a 50-ml Teflon
beaker, evaporated to dryness, and re-dissolved in 6 ml of 8 M HNOs. The subsequent
separation and purification of 2*°Th followed classic anion-exchange column chemistry (e.g.,
Anderson and Fleer, 1982) and is detailed in Table 1. The final sample solution was prepared
in 2 ml of 2% nitric acid for measurement by ICP-MS.

2.2. Spike calibration

The ?*®Ra spike was prepared by re-milking a Th(NO3)4 salt at an interval of ~6-12 months
after the first separation of Ra from Th in an anion-exchange column (Cohen and O’nions,
1991). Because 22°Ra grows at a rate much lower than that of 22®Ra, this strategy creates a spike
with a high 2**Ra/*?°Ra ratio. The chromatographic method for separation and purification of

the Ra fraction from the Th(NOs3)4 salt has been described in Vieira et al. (2021), and is similar
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to the anion-exchange column chemistry detailed in Table 1. The 2*®Ra spike was calibrated
against a *?°Ra standard provided by China Institute of Atomic Energy via isotope dilution
using an Element XR mass spectrometer. A succession of 0.000, 0.2000, 0.4000, 0.6000, and
0.8000 g of ?*Ra standards with an activity of 1.117 dpm g were added to five ***Ra spike
replicates. As shown in Figure 1, the activity of ??®Ra in the spike was determined to be
204.2+1.1 dpm g™! (337.5+1.8 fg g!), and the 2?)Ra/*?*°Ra atomic ratio was 5.46+0.14 (reference
date: October 27, 2021).
2.3. Mass spectrometry

Measurement of >°Ra and 2*°Th was performed using a ThermoFisher Element XR sector
field inductively coupled plasma mass spectrometer (SF-ICP-MS) at Xiamen University. This
instrument facilitates spectrometric measurements in three different mass resolution modes of
R=300 (low-resolution), 4000 (medium-resolution), and 10000 (high-resolution). In order to
achieve an optimum sensitivity for the Element XR ICP-MS, we coupled an Apex-Q
desolvation device to the sample introduction system. An additional benefit from the Apex-Q
desolvation device is that it minimizes molecular interference. In the interface region, the
common Standard-H configuration was replaced with a Jet-type sampler cone and an X-type
skimmer cone. In this manner, we pushed the sensitivity of the instrument to around 40-50 cps
fg! ml™! for Ra in the low-resolution mode, which is ~20 times the sensitivity provided by the
same instrument without the inclusion of the Apex-Q desolvation device and Jet-X cones.

Before each set of measurements, the Element XR mass spectrometer was tuned to
maximum sensitivity and stability using a solution of lithium (Li), indium (In), and uranium

(U). The RF generator power was 1250W. Argon flow rates used for coolant, auxiliary, and
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sample were 16, 0.8, and 1.0 L min™!, respectively. In the low-resolution mode, the mass regions
for 22°Ra and 2*®Ra were 225.7466 to 226.3033 and 227.7499 to 228.3122, respectively. From
each set of 2?°Ra samples, we randomly selected 6-8 samples to perform the first measurements,
and used the “full peak scan” method in both the low-resolution (R=300) and the medium-
resolution (R=4000) modes to examine peak shape and check any interferences that might bias
the 22°Ra/*?®Ra ratio (Vieira et al., 2021). After ensuring that no interferences were present in
each mass spectrum, we continued to execute the second and the third measurements for each
sample using a method of “peak hopping” at the low-resolution mode to acquire a *>°Ra/***Ra
ratio. While the third measurement is not mandatory, the combination of the second and third
measurements, i.e., two replicate measurements of the same sample, provides a better internal
precision than that offered by a single measurement. For 2*°Th samples, a single measurement
was performed in the medium-resolution mode to obtain a 2**Th/??°Th ratio. Instrumental mass
bias was monitored at m/z=235 and 238 using a natural U standard solution of 5 ppt with a
hypothetical 2*3U/*8U ratio of 0.007253. The difference between the measured ratio and the
hypothetical ratio gave a mass bias of ~0.7% per amu, which was extrapolated to correct the

226Ra/??Ra and 2°Th/>*Th ratios using a simple linear mass bias law.

3. Results
3.1. Blank and recovery

The blank for the entire Ra procedure was determined for each set of sample measurements.
Ra-free blanks were prepared using ~80 ml of deionized water without the addition of a ?Ra

spike, and processed in the same manner as porewater samples. Blank signals at m/z=226 and

11



246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

228 were typically lower than 10 and 5 counts per second (cps), respectively (Figure S1). These
values represented <1% of the *°Ra and ***Ra signals for porewater and sediment samples, and
final data reported here are blank-corrected. For 2*°Th measurements in sediment, blank signals
at m/z=229 and 230 were negligible compared to sample signals. The tailing of 232Th on 2*°Th
and *Th peaks was monitored in the medium-resolution mode by measuring mass signals at
m/z=229.8 and 230.2, and at m/z=228.8 and 229.2, respectively. The contribution from >*Th
tailing to the 22°Th and ?*°Th signals in the sediment sample was <0.1% and <0.5%, respectively.

The total recovery of Ra was assessed by independent analyses of replicate sediment
samples with the addition of a known quantity of the short-lived 2>*Ra isotope. To this end, a
set of eight replicate sediment samples each with a dried mass of ~100 mg were spiked with
40.0 dpm of #*2U. The 2**U standard had been stored for >20 years, and therefore 23?U-??Th-
224Ra was assumed to be in transient equilibrium. The sediment standards were processed
following the chemical procedure described above. Radium-224 in the final solution and in
each column eluent fraction was co-precipitated with MnO2 by addition of an appropriate
quantity of KMnOs and MnClz solutions. After the MnO: suspension was filtered onto a 142-
mm 0.7-pm pore size GFF filter, the sample was measured using a delayed coincidence
counting system (the RaDeCC system) as per Cai et al. (2012). In the RaDeCC system, a sealed
sample is placed in a closed He-circulation loop, where the alpha decay products of adsorbed
224Ra (to 22°Rn) and ?’Ra (to 2!°Rn) are swept into a ZnS phosphor scintillation detector (i.€.,
Lucas cell). Alpha decay of the radon daughters within the Lucas cell generates light, which is
subsequently transformed into an electronic pulse from a photomultiplier tube and then sent to

a delayed coincidence circuit, where 2?°Rn and 2!°Rn daughters are discriminated and counted
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(Moore and Arnold, 1996). The total recovery of Ra for the entire procedure was assessed
through a comparison of ?*Ra activity determined in the final solution with the sum of all the
eluent fractions, and was found to vary between 92.3% and 97.8% (Figure S2), similar to that
reported using earlier methods by Foster et al. (2004), Bourquin et al. (2011), and Vieira et al.
(2021).
3.2. Spectral and non-spectral interferences

Several research teams have suggested that the presence of *¥Sr!**Ba* at m/z=225.8 could
be the major contributor to polyatomic interferences, and may lead to a characteristic “step”
slightly before the actual peak of 2°Ra (e.g., Epov et al., 2003; Foster et al., 2004; Copia et al.,
2015). However, mass spectra of sediment and porewater samples measured here exhibited
symmetrical peak shapes at m/z=226 and 228 in the low-resolution mode (Figure 2). No “steps”
were seen at m/z=225.8 and 227.8 as observed in some previous studies. The mass spectra
measured in the medium-resolution mode confirmed the absence of polyatomic interferences
in the mass windows of 225.7466-226.3033 and 227.7499-228.3122 (Figure 3). Thus, it is clear
that undesirable elements that might interfere with spectrometric measurement of 2°Ra had
been completely removed from the very complex sediment and porewater matrixes. Under such
circumstances, the use of the low-resolution mode offers optimum instrumental sensitivity.
This is particularly important for ’Ra measurements in porewater because high instrumental
sensitivity means that a smaller sample size is required.

Our procedure is also very effective for the elimination of non-spectral interferences. We
have measured more than one hundred sediment and porewater samples in the Element XR

ICP-MS, and no salt accumulation was seen on the sample and skimmer cones. The intensity
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of mass spectrometric signals was fairly constant during the measurement. In addition, we did
not see any difference in the intensity of 2®Ra signal between sediment/porewater samples and
highly purified ?>°Ra standards that were spiked with the same quantity of 2**Ra. This indicates
that any residual impurities in the sample solution that might have jeopardized ionization and
transmission of Ra in the ICP-MS instrument had been completely removed. For a sediment
sample spiked with ~165 fg 2?®Ra, we normally obtained a spectral signal of ~6500-8000 cps
228Ra" in 1 ml of 2% HNO3 solution. This signal translates into an instrumental sensitivity of
40-50 cps fg ml! for Ra, which is ~3 times higher than that reported by Vieira et al. (2021).

Finally, we must emphasize that the inclusion of pre-concentration of Ra and Ba by MnO2
precipitation and a second (for porewater samples) or a third (for sediment samples) cation
resin column in our protocol is necessary for complete removal of spectral and non-spectral
interferences from the sample matrixes. This is best manifested in the quality of the mass
spectra of Ra without the execution of these steps, which is greatly deteriorated in terms of
both signal intensity and peak shape (Figure S3). Relative to alkaline earth elements (like Ca,
Sr, Ba, and Ra), Mn?* has a much lower affinity for the cation resin column in the HCI eluent
(e.g., Vieira et al. 2021). Although the precipitation step introduces a significant amount of
Mn?" into the sample, the subsequent two cation resin columns acts to remove it very efficiently
so that any remaining Mn?* in the final solution would be too low to interfere with the
measurement of Ra on ICP-MS.
3.3. Reproducibility and accuracy

Eight sets of two replicate sediment samples from the same core collected from the South

China Sea were measured for 2*Ra following the above-described procedure. The results are
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presented in Table S1. The mean ratio of ?*°Ra activities for the replicate samples was
1.002+0.019 (1SD). This represents an external reproducibility of 2% at 68% confidence level
that includes both chemical separation and spectrometric measurement.

The accuracy of sediment ?°Ra and *°Th measurements using the method described here
was assessed through the determination of ?°Ra and 2*°Th activities in an in-house mica
standard in which 2*8U-?**U-?3Th-??6Ra are known to be in secular equilibrium. Two sets of
six replicate mica standards were analyzed following the procedure for sediment samples
detailed in Table 1. We measured an activity of 2.031+0.029 dpm g"! for 2°Ra, and 2.048+0.026
dpm g! for 2°Th (Table S1). Within the uncertainty of our measurements, the ratio of
226Ra/*Th (0.992+0.019, 1SD) is consistent with the secular equilibrium ratio of unity.

The accuracy of porewater 2*’Ra measurements is difficult to assess because there is no
porewater standard available for such an exercise. As a substitute, seven ~250-gram samples
of near-bottom seawater collected at different sites in the North Pacific Ocean were analyzed
following the procedure described for porewater samples. The measured *°Ra activities ranged
from 0.32120.001 to 0.333+0.001 dpm kg (Table S2), in excellent agreement with previous
results (0.32-0.34 dpm kg™!) based on the traditional >’Rn emanation method (Cochran, 1980).
Although the sample size for the ?°Ra analysis was similar to that used in previous ICP-MS
methods, our seawater measurements provided a much better precision than that reported by
other investigators (~1.0% vs. 2.5%-6.6%; see Vieira et al., 2021). Consequently, our data
exhibited a clear trend of increasing 2*°Ra activity with water depth despite the variation being

less than 4% (plot not shown).
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4. Discussion
4.1. Field application

We performed ?2°Ra and 2*°Th measurements in deep-sea sediments in order to assess the
applicability of our method. During a cruise to the North Pacific Ocean from September 15 to
November 25 in 2021, sediment cores were collected at site A8 (16” 29.27' N, 137° 57.48' E;
4927 m) using a box corer (50 cm lengthx50 cm widthx80 cm height). The overlying seawater
was siphoned off, and ferromanganese nodules were carefully removed from the sediment
surface. Subsequently, sediment sub-cores were obtained by gently inserting PVC tubes with a
diameter of 65 mm into the box core. Porewater was extracted at discrete depths from several
parallel sediment sub-cores using Rhizon samplers (Seeberg-Elverfeldt et al., 2005). A separate
sub-core was collected for the analyses of sediment **°Ra and 2*°Th. Sediment and porewater
samples were stored at 4 °C before they were returned our land-based laboratory for analyses.

Figure 4 gives the results of 2*Ra and 2°Th measurements from this deep-sea sediment
core. Sediment 2*°Ra activities ranged from 33.01+0.32 dpm g™! to 83.73+0.07 dpm g™! (dried
mass) and exhibited a maximum at ~15 ¢cm (Table S3). In comparison, 2*°Th activities were
relatively uniform in the upper ~5 cm sediment layer. This phenomenon can best be explained
by biological mixing which often homogenizes this zone. Below the bioturbation zone, 2*°Th
activities decreased gradually with depth, from 124.8+0.4 dpm g™ at ~ 5 cm to 32.87+0.50 dpm
gl at ~ 48 cm. Porewater 2*Ra activities increased from 4.31+0.01 dpm kg™! near the sediment-
water interface to a maximum of 7.85+0.02 dpm kg! at ~ 10 cm, and then decreased steadily
to a value of 4.57+0.06 dpm kg™! at ~45 cm (Figure 4, lower panel). The most prominent feature

displayed by the solid phase measurements was a remarkable deficiency of ?*°Ra relative to
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230Th in the upper ~15 cm (Figure 4, upper panel), indicating active migration of >?’Ra from
near-surface sediment into the overlying water column. Between 15 and 20 cm, there was a
layer of 2?Ra excess with respect to 2*°Th, followed by another layer of ??°Ra deficiency at ~
25 cm. Below this depth horizon, ?2°Ra and 2*°Th approached secular equilibrium.

In an early study, Cochran and Krishnaswami (1980) used traditional radiometric
techniques (**’Rn emanation and alpha spectrometric methods) to determine 2*’Ra and 2*°Th in
deep-sea sediments from the North Equatorial Pacific. Similar to our observations, a large
deficiency of ?2Ra relative to 2*°Th in the solid phase was evident from the sediment surface
to ~30 cm in all of the three depth profiles obtained by these investigators. The 22°Ra/**°Th
activity ratios at the top of the cores were ~0.3, indistinguishable from our value 0f 0.319+0.003
(Table S3). Albeit with less precision (~10%), their ?*’Ra determinations based on 500-1000
ml porewater samples (0.49+0.06-14.2+2.4 dpm kg™') bracketed our results, and showed a
depth pattern similar to that displayed in Figure 4. The consistency between our measurements
suggests that analyzing **Ra and 2*°Th by high-sensitivity ICP-MS is very reliable.

4.2. Radium distribution coefficient

One important piece of information extractable from the measurements of porewater and
solid phase 2?°Ra is the radium distribution coefficient (Kq) in the sediment core, which is a
key index for assessing the remobilization of this nuclide. The radium distribution coefficient
is defined as

Ke=2> 0]
where Cs is the adsorbed ?2°Ra activity in the solid phase (unit: dpm g!), and Cp denotes the

dissolved ?2°Ra activity in the aqueous phase (unit: dpm ml™"). Note that Cs represents only the
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exchangeable fraction of the total 2°Ra measured in the solid phase. Kq defined in this fashion
takes into account the sediment mass/porewater volume ratio of the system. The concept of Kd
requires an adsorption-desorption equilibrium of 22°Ra between the solid and aqueous phase
(Geibert and Usbeck, 2004). In deep-sea sediments, this premise can generally be satisfied
because the adsorption and desorption of *Ra in oxic porewater take place over a time scale
of minutes or less (e.g., Krishnaswami et al., 1982), much shorter than the porewater residence
time in the bio-turbation zone (Cochran and Krishnaswami, 1980). Although Cs is not directly
measurable, an upper limit can be set by assuming that all ?Ra in the sediment was potentially
exchangeable. On the other hand, a value of 0.319+0.003 for the **Ra/***Th activity ratio
measured at the top of the sediment core indicates that at least 68.1% of the total **°Ra produced
from decay of the *°Th in the solid phase was potentially exchangeable. Indeed, early
investigators utilized the recoil of 2*’Rn as an analogue for *?°Ra recoil to quantify the
emanation/desorption of 22°Ra from deep-sea sediment grains, and found that 61 to 75 percent
of the total **Ra in the solid phase was potentially desorbable (Cochran and Krishnaswami,
1980). Thus, we used the value of 68.1% to place a lower limit on Cs.

The upper and lower limits of K4 estimated in this manner ranged from 6800 to 11600 ml
g, and from 4700 to 7900 ml g™! respectively (Table S3). The Kq values of >*’Ra went through
a maximum at 15 to 20 cm depth, in concert with the 2°Ra excess with respect to 2*°Th in the
solid phase. This depth pattern might be a result of changes in porewater pH, sediment
mineralogy, and sediment grain size. For instance, early investigators recognized that
remobilization of manganese taking place during the diagenetic oxidation of organic matter

can cause steep absorption gradients within the sediment (Kadko et al., 1987). Consequently,
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226Ra profiles measured in sediment cores from the eastern Equatorial Pacific can be simulated
by adjusting the distribution coefficient of ?°Ra as a function of depth-varying manganese
content. There are few historical studies on the adsorption behavior of radium with which to
compare our Kd values. Cochran and Krishnaswami (1980) used the traditional *’Rn
emanation method to determine porewater and solid phase ??°Ra activities in sediment cores
from the North Equatorial Pacific. In combination with an emanation/desorption experiment,
they gave a range of 4300-17400 ml g!, and 5400-22600 ml g™! for the lower and upper limits
of Kd value, respectively. Their low end is comparable to the lowest value of our estimates
(4300 vs. 4700 ml g'!). However, their high end is two times the highest value of our estimates
(22600 vs. 11600 ml g!). Because high Ka values are the result of a stark contrast in **Ra
activity between the solid phase and the aqueous phase, and because the uncertainty of 2*Ra
measurements increases at low activities, large errors can accompany those high Kq values
determined using the traditional ?*’Rn emanation method. In this aspect, the precise
measurements of 22°Ra facilitated by high-sensitivity ICP-MS in the present study allow the Kq
value of ?°Ra to be more tightly constrained than ever before.
4.3. Flux of ?°Ra from the sediment column

Another important piece of information extractable from the precise measurements of
226Ra and 2*°Th is the flux of 2°Ra from the sediment column, which can help to constrain the
rate of ocean circulation (Cochran, 1980). While several models can be employed for this
purpose, the most straightforward scheme may be a one-dimensional (1-D) exchange model
similar to that used to estimate 2>*Ra fluxes from coastal sediments (Cai et al., 2015):

Fra = J, ™ Ara (Th — Rar)dz — w(Th® — Ra®y,) )

19



422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

where zm is the sampling depth, Ara is the decay constant of **°Ra, o is the sedimentation rate
(unit: cm ky!), Rar and Th are the total 2°Ra and **°Th activities in a unit of dpm cm™ wet
sediment respectively, and the superscript 0 represents activity in the surface sediment; Fra is
the flux of 2?°Ra from the sediment column and represents the sum of all processes operating
near the sediment-water interface that can induce a flux of ??°Ra into the overlying water
column. To calculate the flux of ?>°Ra from Eq. (2), the sedimentation rate (o) must be known.

In analogy to 2!°Pb dating for coastal sediments, the excess of *Th (***The) in deep-sea
sediments can be used to determine a sedimentation rate (e.g., Goldberg and Koide, 1962;
Geibert et al., 2019). Three different models are commonly employed for this purpose: 1) the
constant flux: constant sedimentation rate model; 2) the constant initial concentration model;
and 3) the constant rate of supply model (for a review, see Sanchez-Cabeza and Ruiz-Fernandez,
2012). All models require an assessment of the *°Thex activity in the sediment column. Total
230Th in deep-sea sediments is contributed from three sources. The first source is the flux of
new 2°Th atoms produced by decay of **U from the overlying water column to the sediment
column. This component exceeds 2*°Th in equilibrium with 234U in the sediment and is called
excess 2>°Th. The remnant 2*°Th, i.e., supported >*°Th, can in turn have two sources. It consists
of a lithogenic fraction and an authigenic fraction, the latter of which is produced by decay of
authigenic U that accumulates in anoxic sediments as uranium in the bottom seawater
penetrates into the sediment. The relative importance of these components varies considerably
in different sedimentary settings. In general, the authigenic component is negligible under the
typical oxic conditions (Geibert et al., 2019). In the absence of authigenic uranium, the

supported 2*°Th activity can be approximated as the activity of 2**U or 238U in the sediment by

20



444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

assuming that 23°Th, 2**U, and 2**U in the lithogenic fraction of deep-sea sediments are in
secular equilibrium. We herein used a value of 1.4 dpm g! determined for the activity of 2*U
in a sediment core from the North Equatorial Pacific to correct the contribution of supported
20Th (Cochran and Krishnaswami, 1980). As the supported >*°Th represents only a small
fraction of the total 2*°Th in the sediment under study (see Table S3), any error caused by this
correction must be minor.

We chose the constant flux: constant sedimentation rate model to estimate the
sedimentation rate in the study site. This model is based on cumulative mass depth (g cm™),
rather than absolute depth, in order to take into consideration any sediment compaction and
downcore variation in dry bulk density. By assuming a constant flux of 2°Th and a constant
mass accumulation rate, the model is expressed as:

Thi, = The, x e % 3)
where Thi, is excess *°Th activity at depth i and ThY, is the excess 23°Th activity at the
surface (unit: dpm g™!), At is the decay constant of 22°Th (0.00916 ky™!), m is the cumulative
dry mass, and k is the mass accumulation rate (unit: g cm? ky!). Plotting cumulative mass [X]
versus In (Thex) [Y] and dividing the best-fit slope by Ath gave a value of 0.13 g cm™ ky! for
k (Figure 5). Based on the porosity data (Table S3), the mass accumulation rate was converted
into a sedimentation rate of 0.32 cm ky! using the relation k=o-p-(1-¢) where p is the density
of dry sediment (2.65 g cm™) and ¢ is the sediment porosity. Finally, we substituted the
sedimentation rate into Eq. (2) and derived a value of 1140+20 dpm m™ y!' for Fra. The
sedimentation term corrected for a relatively small flux of -110 dpm m™ y!. In comparison,

direct integration of the deviations of total ?°Ra with respect to 22°Th from the sediment-water
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interface to the sampling depth yielded a flux of 1250+20 dpm m™ y! for the first term in the
right-hand side of Eq. (2).

The flux of ?2°Ra from a sediment core may also be deduced by modelling the depth profile
of dissolved *?°Ra in porewater. To this end, Cochran and Krishnaswami (1980) developed a
sophisticated diagenetic model that takes into consideration mixing of sediment particles by
bioturbation, molecular diffusion in the dissolved phase, adsorption onto particle surfaces, as
well as radioactive production and decay. Fluxes of 2°Ra were calculated from the model-
generated porewater 22°Ra gradients at the sediment-water interface using Fick’s first law,
ranging from 800 to 2200 dpm m™ y! in the North Equatorial Pacific. Although this flux range
brackets our value, Cochran and Krishnaswami’s diagenetic model relied on many variables
that were generally difficult to constrain. To find “good fits” to their porewater profiles of 2°Ra,
a wide range of sediment mixing coefficient, molecular diffusion coefficient, fraction of Th
decays that recoil Ra atoms, and Ra distribution coefficient had to be assigned. In comparison,
Eq. (2) depends on only the solid phase ?*Ra and 2*°Th data and an estimate of the
sedimentation rate, which in turn can be deduced from the solid phase 2*°Th data. Thus, our
approach is a relatively simple and easy way to quantify the flux of ?°Ra from the sediment

column.

5. Concluding remarks
The 22°Ra/**°Th isotope pair in deep-sea sediments can be regarded as a counterpart to the
224Ra/*?%Th isotope pair that has been extensively used to study solute exchange across the

sediment-water interface in coastal seas. However, traditional radiometric techniques used for
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the determination of °Ra have relied on porewater samples of >500-1000 ml. Consequently,
it may take as long as ~2 weeks to sample an eight-point profile of **°Ra (e.g., Cochran and
Krishnaswami 1980). This technical challenge has prevented the 22°Ra/***Th isotope pair from
developing into an approach for studying solute exchange across the sediment-water interface
of the deep-sea floor. In this study, we have described a new method for measurement of 2*Ra
in porewater and sediment samples by high-sensitivity ICP-MS. Because our procedures used
only 20-50 ml of porewater and 100 mg of dried sediment, the time required for sampling a
depth profile of 2*Ra was greatly shortened, to ~2 hours under typical conditions. More
importantly, our method provided a much better precision for both porewater and sediment
measurements than that reported by early investigators using the conventional radiometric
methods (~1.0% vs. ~10% for porewater measurements, and ~1.0% vs. ~3.0% for sediment
measurements). We have also determined 2*°Th activities in deep-sea sediments using the same
high-sensitivity ICP-MS instrument. This combination led to an accurate and precise
quantification of both the ?2°Ra distribution coefficient and the 2*Ra deficiency in the upper
sediment core from the North Pacific Ocean. Consequently, our method will enable researchers
to use the 2?Ra/?°Th isotope pair, in a fashion similar to the ***Ra/?*Th disequilibrium
approach for coastal sediments, to examine a wide spectrum of interfacial exchange processes
in the deep-ocean floor, like CaCOs3 dissolution and formation, chemical weathering of silicate

minerals.. .etc.
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Table 1. Chemical separation of Ra (Column 1-4) from a porewater (or sediment) matrix, and separation of Th (Column 1*-2%*) from a sediment matrix.

Column 1 Column 2 Column 3 Column 4 Column 1* Column 2*
Resin type BioRad® BioRad® BioRad® Sr Spec® BioRad® BioRad®

AG 1-X8, AG50W-X8, AG50W-X8, AG 1-X8, AG 1-X8,

100-200 mesh 100-200 mesh 100-200 mesh 100-150 pm 100-200 mesh 100-200 mesh
Column type 10 ml BioRad 10 ml BioRad (3 ml) 6 cm length, (1 ml) 8 cm length, 10 ml BioRad (3ml) 6 cm length,

Econo-Column Econo-Column 8 mm diameter 4 mm diameter Econo-Column 8 mm diameter
Resin volume 8 ml 8 ml 2.5 ml 0.5 ml 8 ml 2.5 ml
Conditioning 24 ml 8N HNO3 24 ml 1.7N HCI 7.5 ml 1.7N HCI 6 ml 3N HNO; 24 ml 8N HNO; 7.5 ml 8N HNO3
Sample loaded in: 6 ml 8N HNO; 3 ml 0.5N HCI 1.5 ml 0.5N HCI 1.5 ml 3N HNOs3 6 ml 8N HNO3 1.5 ml 8N HNO;3
Wash: — 80 ml 1.7N HCI 40 ml 1.7N HC1 — 24 ml 8N HNO;s 12.5 ml 8N HNO;
Elute 24 ml 8N HNO; 40 ml 3N HNO3 15 ml 3N HNO; 1 ml 3N HNO3 24 ml 6N HCI 7.5 ml 6N HCl
Eluted elements Ra + other cations Ra + Ba Ra + some Ba Ra Th Th
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Figure captions

Figure 1. Standard addition curve for calibration of the **Ra spike. Error bars are shown if
larger than the symbol size. The reciprocals of the slope and the y-axis intercept denote
the 22®Ra concentration (unit: fmol g'') and the ??®Ra/*?°Ra atomic ratio in the spike,
respectively. For 22°Ra to 2*®Ra, an atomic ratio of 1:1 corresponds to an activity ratio
of 1:278.6.

Figure 2. Mass spectrometric measurements of 2°Ra and 2*®Ra in porewater using the low-
resolution mode (R=300).

Figure 3. Mass spectrometric measurements of 2*’Ra and ??Ra in sediment using the medium-
resolution mode (R=4000). The mass spectra of ?°Ra and ?*Ra are expanded in the
lower panel.

Figure 4. Depth profiles of ?*Ra and **°Th in dry sediment (upper panel), and **°Ra in
porewater (lower panel) from a core in the North Pacific Ocean. With a bottom depth
of 4927 m, the sampling site was located at 16° 29.27"' N, 137° 57.48'E.

Figure 5. Excess 2*°Th activity versus cumulative mass depth in the sediment core from the

North Pacific Ocean.

30



Figure 1

3.0

2.0

226Ral**®Ra (atomic ratio)

y=0.676x+0.183; R?*=0.9999

0.0
0.0

1.0 2.0 3.0

Added ***Ra concentration (fmol g'1)

31

4.0



Figure 2
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Figure 3
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Figure 4
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Figure 5
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