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Abstract

The global mapping of the GEOTRACES program requires consistent and precise
measurements of 22Th (pg/kg), 22°Th and 2%'Pa (fg/kg) in seawater and suspended particulate
matter. Concentrations of particulate and dissolved 2!Pa, #°Th and #*2Th were measured by
four labs in samples collected at the Arctic crossover station in 2015. These samples were
collected during two separate expeditions (HLY1502 GNO1, Station 30 and PS94 GN04 ARK-
XXIX/3, Station 101). Detailed descriptions of chemical procedures used by the
participating labs are followed by a discussion focused on dissolved surface samples and
particulate samples. Results demonstrated that participating labs can determine
concentrations of dissolved 23°Th and ?'Pa in deep water (<500 m depth) that are internally
consistent within 4 % of the mean values. However, the analysis of radionuclide concentrations
in suspended patrticles still needs improvement. The pre-concentration of particulate material
used at LSCE was proven to be unsuccessful. Aliquots of particulate samples at St. 101 were
re-measured and it was concluded that the absence of HF in the leaching solution was the
cause for the previously underestimated particulate concentrations. Large blank contributions

are still a problem, especially for measurements of particulate %*!Pa.



1 Introduction

Natural radionuclides such as thorium (Th) and protactinium (Pa) are powerful tracers of
present and past ocean processes (e.g. Luo and Lippold, 2015; Valk et al., 2018). One of the
goals of the international GEOTRACES program is provide a global mapping of 23°Th, 232Th
and #*'Pa to improve our understanding of the behavior and distribution in order to use them
thoughtfully, as ocean tracers (e.g. Hayes et al., 2015; Valk et al., 2018). The global mapping
requires the collaboration and intercalibration of many laboratories worldwide. This is why an
intercalibration exercise gathering 20 laboratories was organized at the beginning of the
GEOTRACES program in order to assess if the results from the labs participating in
GEOTRACES are internally consistent, at least to the degree that the data can be used
interchangeably and integrated across labs for research purposes (Anderson et al., 2012). It
is also a way to improve the different laboratory practices and during the course of the
intercalibration exercise several labs improved their 232Th blanks. One of the conclusions of
this work was that dissolved 2%°Th, #*2Th and *!Pa concentration in the deep waters can be
determined within 7 % for 2°°Th and 2*Pa. However, this study also highlighted several
difficulties. Among them, the low 2*°Th and 23!Pa concentrations occurring in surface seawater
and filtered particles were below the detection limit for several groups (Anderson et al., 2012).

The purpose of the present paper is an intercomparison of dissolved and particulate
231pg, 280Th and 2%?Th concentrations at the GEOTRACES Arctic crossover station in 2015
(HLY1502 GNO1, Station 30 and PS94 GN04 ARK-XXIX/3, Station 101). The aim is to provide
detailed descriptions of modified chemical procedures used for the analysis of Pa and Th at
the crossover station and to provide a measure of (external) consistency between Laboratoire
des Sciences du Climat et de I'Environnement (LSCE), Lamont-Doherty Earth Observatory of
Columbia University (LDEO), Alfred Wegener Institute, Helmholtz Centre for Polar and Marine
Research (AWI) and University of Minnesota (UMN).

Given the conclusions of Anderson et. al (2012), we will focus on the comparison of
dissolved surface seawater and filtered particles. In addition, the processing of the filter before
ion exchange chemistry varies significantly between laboratory (total dissolution of the filter or
leaching using different procedures). Therefore, we will also describe and compare the

methods used by the groups involved in this work.

2 Materials and procedures

2.1 Intercalibration samples

During the previous GEOTRACES intercalibration exercise (Anderson et al., 2012), only four

out of 19 labs were able to report concentrations of dissolved #!Pa in surface water samples



(SAFe, 15 m depth) mainly due to unavailability of 2*Pa-spike. A stored aliquot of this sample
has now been analyzed for dissolved %3!Pa, 2%°Th and #2Th at LSCE and will be used to verify
the methodological procedure described in this work. Detailed descriptions of the sampling and
analysis of seawater during the GEOTRACES intercalibration exercise is found in Anderson
et al. (2012).

2.2 Intercomparison samples

In 2015, seawater and particles were collected at the Arctic GEOTRACES crossover station
(St. 30 and St. 101) for intercomparison purposes between AWI, LSCE, UMN and LDEO. The
labs patrticipating in this study use different procedures for the analysis of Pa and Th in
seawater and suspended particles. Below, methodological procedures used in this study are

summarized, while detailed descriptions can be found in the appendix/supplementary.

2.3 Sampling

Sampling was conducted in summer 2015, during the German expedition PS94 and the
American HLY1502 cruise at the GEOTRACES crossover station. At station 30, investigators
onboard the HLY1502 cruise obtained suspended particles and seawater samples between 1
and 3 of September 2015 (87°41'18.2"N, 179°17'20.0"E). The PS94 arrived at the crossover
station (St. 101), two weeks later and obtained their samples between 13 and 14 of September
(87° 30, 31' N, 179° 49, 81' E). The distance between station 30 and 101 was approximately
20 km.

Seawater samples were obtained from Niskin bottles mounted on a Sea-Bird
Electronics CTD rosette. LSCE, UMN and LDEO collected approximately 4-5 | per desired
depth, while AWI collected volumes of 10 | (below 2000 m) and 20 | (above 2000 m). After
collection, seawater was filtered through Acropak™ 500 filters (gravity filtration, 0.8/0.45 pm
pore size) into the sampling containers. Once filtered, samples were acidified using HCI.

Suspended particles were collected onto SUPOR polyethersulfone filters (0.8 um)
using in-situ pumps (McLane Research and Challenger). For detailed sampling procedures the
reader is referred to the supplementary.

2.4 Pre-concentration and digestion of seawater and particulate samples

2.4.1 Seawater samples

The pre-concentrations of seawater samples is generally similar between participating labs.
First, samples are weighed and spiked with artificial yield monitors (?2°Th, 2*3Pa) followed by
addition of Fe. The pH of the seawater was then raised to 8-8.5 to causing (oxy)hydroxide
precipitates to form. The precipitate is then allowed to settle before separating it from the water.

The precipitate was then rinsed with MQ-H-O (18 Q) to remove the major seawater ions. The
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major difference between the procedures is the way amorphous silica is removed/dissolved
from the samples at LSCE. For detailed descriptions of the procedures used in this study, the
reader is referred to the supplementary.

2.4.1 Suspended particles

There are generally two different procedures used for the pre-concentration of suspended
particulate matter: leaching and total digestion of the filters. At LSCE and UMN, filter samples
were leached using different procedures, while the digestion method was used at LDEO.

At LDEO, filters were folded into Teflon jars and spiked with 2°Th and #**Pa and
dissolved Fe. The next day, HCIO, was added and the sample was heated. After oxidation of
the filter, HF was added and the sample was heated and dried down. The sample residue was
taken up in dilute HCI and transferred into centrifuge tubes were the pH was raised to ~8 to
precipitate iron-(oxy)hydroxide. The precipitate was then centrifuged, the supernatant was
decanted and the precipitate was washed with MQ-H,O. The precipitate was then dissolved in
12N HCI, ready for a series of anion-exchange chromatography steps.

At UMN, filters were submerged in 7N HNOs, spiked with ?2°Th and #**Pa combined
with a couple of drops of HF. The samples were heated so the filters were leached under
pressure. HCIO, was then added to the leach solution and the solution was dried down and
taken up in 2N HCI. The solution was then transferred into centrifuge tubes and dissolved Fe
and NH4OH were added to raise the pH to precipitate iron-(oxy)hydroxide. The precipitate was
then centrifuged, decanted and washed in several steps. Finally, the precipitate was dissolved
in 14N HNOs, dried down and taken up in 7N HNO3 for anion exchange chromatography.

At LSCE, filters were submerged in 3N HCI and heated in an ultrasonic bath for at
least 6 h (Arraes-Mescoff at al., 2001). The leachate was then transferred into clean Savillex
beakers and the leaching procedure was repeated 3 times. The leachate was then dried down
and dissolved in 8N HNOs; combined with H.O, and heated. The following day ?>°Th and %*3*Pa
were added to the samples. After spike equilibration, samples were centrifuged and the
supernatant was decanted. The residue was washed with MQ-H-O followed by addition of HF
and 8N HNO:s in order to dissolve amorphous silica and detrital silicate minerals. The resulting
solution was centrifuged and any residual CAF, precipitate was separated and dissolved in 8N
HNO; saturated with boric acid. After complete dissolution of residual solids the two fractions
were combined and dried. Finally, the samples were taken up in 8N HNO; ready for a series
of anion-exchange chromatography steps.

While working on this manuscript, it became apparent that the leaching procedure
used at LSCE and published in Gdaniec et al. (2017; 2020) was somewhat ineffective,
particularly with regard to particulate ?*'Pa. Therefore the LSCE procedure described above

has been changed. The main difference between the first and second LSCE procedure was
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the addition of a second leaching in HNOs, the addition of HF in both leaching solutions and
the addition of a Fe-precipitation step. This procedure has previously been published in Roy-
Barman et al. (2019) and below follows a summary.

Filters were submerged in 6N HCI + 0.2N HF and heated at 75 °C for 2 days. Then,
the filter pieces were leached a second time using 7N HNOs + 0.2N HF for 2 days at 75 °C.
Both solutions were dried down and combined, followed by addition of 22°Th and 2**Pa. The
solution was dried down again and dissolved in 14N HNOs and 12N HCI. The next day, the
solution was dried and dissolved in 1IN HNOs. Dissolved Fe was then added and iron-
(oxy)hydroxide was precipitated by raising the pH to ~8 using NHs. The precipitate was
separated by centrifugation, decanted and washed with MQ-H2O. Finally, the residue was
dissolved in 8N HNOs, ready for loading on an anionic column. For detailed descriptions of the
procedures used for processing the filter samples in this study the reader is referred to the

supplementary.

2.5 Anion-exchange chromatography

The anion exchange chromatographic procedures used in this study are in general similar, but
details vary between the 4 participating labs. The elution procedures used to separate Pa and
Th at LDEO and AWI were very similar (Tab. 1). These elution protocols are modified versions
of the procedures described in Anderson et al. (2012). The two procedures differ in the volume
of acid used. While the order and concentration of the acids used was the same. At UMN, the
procedure has also been modified since the last intercalibration exercise (Tab. 2) (Anderson
etal., 2012). The LSCE procedure was derived from Jeandel et al. (2011) (Tab. 3). For detailed
reproducible descriptions of the column elution procedures used in this study the reader is

referred to the supplementary.



Table 1. Elution procedures used at LDEO and AWI.

Procedure used at LDEO

Procedure used at AWI

Column - -
Elution step Reactants Elution step Reactants
Wash and conditioning 3 x 2 ml conc. HCI Wash and conditioning 3 x4 ml conc. HCI
1st column: Sample loading 1 ml conc. HCI Sample loading 2 ml conc. HCI
separation  Th elution 4 x 1.5 ml conc. HCI Th elution 4 x 3 ml conc. HCI
of PaandTh  p, elytion 3 x 2 ml conc. HCl + 0.13N HF Pa elution 4 x 3 ml conc. HCI/0.14N HF
Elut|0|j1 of Fe and other 10-15 ml dilute (~1%) HCI EIutlor\ of Fe and other 18 ml dilute (~1%) HCI
undesired elements undesirable elements
2nd column: Wash and conditioning 2 x2 ml 8N HNO; Wash and conditioning 3 x4 ml 8N HNO;
purification  sample loading 1 ml 8N HNO3+ 4 x 1 ml 8N HNOs sample loading 1 ml 8 HNO3 + 4 x 1 ml 8N HNOs
of Th Th elution 200 pl conc. HCl +4 x 1.5 ml conc. HCl  Th elution 400 pl conc. HCI + 6 x 2 ml conc. HCI
3 ml conc. HCI/0.13N HF 3 ml conc. HCI/0.13N HF
Wash and conditioning 6 ml MQ-H,0 Wash and conditioning 6 ml MQ-H,0
3rd .c.olur.nn: 2 x 2 ml conc. HCI 2 x 2 ml conc. HCI
purification
of Pa sample loading 1 ml conc. HCI sample loading 1 ml conc. HCI

rinse
Pa elution

6 x 1 ml conc. HCI
3 x2 ml conc. HCI/0.13N HF

rinse
Pa elution

6 x 1 ml conc. HCI
4 x 2 ml conc. HCI/0.13N HF




Table 2. The elution procedures used at UMN.

Procedure for particulate samples

Procedure for dissolved samples

Column Elution step Reactants Column Elution step Reactants
1.1 ml of H,0O 1.5 ml of H,O
L 1.1 ml of 8N HCI + 0.015N HF L 1.5 ml of 8N HCI + 0.015N HF
wash and conditioning wash and conditioning
1.1 ml of H,0 1.5 ml of H,O
1st column 1.1 ml of 7N HNO3 2.25 ml of 7N HNO3
0 ): 1st column
(0.55ml):  sample loading 0.55 ml 7N HNO; (0.75ml):  Sample loading 0.75 ml of 7N HNO;
Separation .
of Paand Th Eluti fF d h Separatlon Eluti fF d h
ution of Fe and other , g>5 111 of 7N HNOs of PaandTh  Elutionof Feandother —, 1,5 ) ot 7N HNO,

undesired elements undesired elements

Th elution 1.65 ml of 8N HCI Elution of Th 2.25 ml of 8N HCI

Pa elution 1.65 ml of 8N HCI + 0.015N HF Elution of Pa 2.25 ml of 8N HCI + 0.015N HF
2nd column  wash and conditioning  1.65 ml 7N HNO; 2nd column  wash and conditioning 1.65 ml 7N HNO3
(0.55 ml): sample loading 0.55 ml 7N HNOs (0.5 ml): sample loading 0.5 ml 7N HNO3
Purification o ification of Th 1.65 ml of 8N HCl Purification ) rification of Th 1.65 ml of 8N HCl
of Paand Th of Paand Th

purification of Pa 1.65 ml of 8N HCl + 0.015N HF purification of Pa 1.65 ml of 8N HCI + 0.015N HF
3rd column  wash and conditioning  1.65 ml 7N HNO; 3rd column  wash and conditioning 1.65 ml 7N HNO3
(0.55 ml): sample loading 0.55 ml 7N HNO; (0.5 ml): sample loading 0.5 ml 7N HNOs
Second purification of Th 1.1 ml of 8N HCl Second purification of Th 1.1 ml of 8N HCI
purification purification
of Paand Th 1.65 ml of 8N HCl + 0.015N HF of Paand Th 1.65 ml of 8N HCl + 0.015N HF

purification of Pa

purification of Pa




Table 3. The elution procedure used at LSCE.

Column Elution step Reactants
10 ml H,O
. 10 ml 9.5N HCI + 0.26N HF
wash and conditioning
10 ml H,0
10 ml 8N HNO3
1st column:  Sample loading 0.5 mlI 8N HNO;
Separation of
Pa and Th Elution of Fe and other undesired 4 ml 8N HNO,
Resin elements
volume: 2 ml
Elution of Th 6 ml 9.5N HCI
rinse 8 ml 9.5N HCI
Elution of Pa 8 ml 9.5N HCI/0.26N HF
rinse 4 ml 9.5N HCI/0.26N HF
| MQ-H
2nd column: 6 ml MQ-H:0
Purification  Wash and conditioning 6 ml 9.5N HCI/0.26N HF
of Pa 6 ml 8N HNO3
Resin sample loading 0.5 mI 8N HNOs
volume: 2 ml

Elution of Pa

6 ml 9.5N HCI/0.26N HF

2.6 Mass spectrometry

Concentrations of 2*!Pa, 22°Th and #*2Th were calculated by isotope dilution using nuclide ratios
determined by Inductively Coupled Plasma Mass Spectrometry (ICP-MS). The main settings
and parameters of the mass spectrometric analyses were generally similar between the groups
(Tab. 4). At UMN and LSCE multi-collectors were used, while a single-collector was used at

AWI and LDEO. Measurements were made using peak jumping routine in low resolution mode.

Table 4. Main parameters of the mass spectrometric analysis

Mass Sample introduction

Lab Collector Resolution mode
spectrometer system
. . eak jumping at low
Thermo-Finnegan Single P .
AWI ELEMENT 2 collector Apex Q resplutlon mode
(resolving power ~300)
Thermo Multi eak jumping at low
LSCE Scientific™ Jet pump Aridus [I™ P jumping
collector resolution mode

Neptune Plus™




Thermo-Finnegan Single peak jumping at low

LDEO ELEMENT XR collector Apex Q respluuon mode
(resolving power ~300)
Thermo-Finnigan Multi peak jumping routine in
UMN Neptune collector Apex Q ion counting mode

Procedural blanks of the dissolved samples were determined by performing a complete
chemical procedure on Milli-Q water (0.3 — 5 I) with each batch of samples. For particulate
blanks, the procedural blanks were determined by performing a complete procedure using acid
clean filters (Tab. 5). For detailed descriptions of blank procedures and mass spectrometric

analysis, the reader is referred to the supplementary.

Table 5. Concentrations of dissolved and particulate procedural blanks for 23!Pa, 22°Th and
232Th used to correct the measured concentrations at the crossover station. Diss. = Dissolved
samples, Part. = Particulate samples

LSCE AWI LDEO UMN

Diss. (n=6)  Part. (n=4) Diss. (n=5) Part. (n=6) Diss. (n=5) Part. (n=8)

21p3 (fg) 0.05+0.04 0.69%0.04 0.026+0.005 0.07+0.07 0.025+0.05 0.024 +0.05
Z0Th (fg) 0.26+0.12 0.15+0.06 0.21 £ 0.006 1.17+0.9 0.035%0.05 0.09+0.1
22Th (pg) 21.6+6.6 4.28+231 22.7+9.3 21.5+19.3 0.83+1.6 24+5.1

2.7.5 Data correction

All measured #'Pa and 2%°Th concentrations were corrected for the in-growth of 2'Pa and
29Th by uranium decay during the time period between sample collection and the U-Th/Pa
separation. Uranium concentrations in the samples were estimated using the bottle salinity
measured from the CTD and the U-Salinity relationship in seawater (U = (0.100 * S — 0.326),
Owens et al., 2011). For intercomparison purposes between the labs, particulate and dissolved
Z1pa and #°Th concentrations at the GEOTRACES crossover station were not corrected for
the presence of U in lithogenic particles.

All uncertainties are expressed as 2 standard errors on the mean (2 o) including the
propagated contribution from sample weighting, spike impurities, spike contributions, blank

corrections and mass spectrometric measurements.
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3 Assessment and discussion
3.1 Developing the elution procedure at LSCE

The described method was evaluated using samples from one of the intercalibration cruises
(Pacific Ocean SAFe Station, 30°N, 140°W) in 2009. During the years 2014-2016 numerous
of experiments were performed to test the chemical yield of the column chemistry when
separating Pa and Th from natural seawater samples. The first tests were made according to
the procedures described in Jeandel et al. (2011), which uses one single column for the elution
of Ra, Nd, U, Pa and Th, without the need for further purification of the Th and Pa-fractions.
The final LSCE procedure however includes a second column to remove random leaks of U in
the Pa fraction for seawater samples and #*2Th leaks for particulate samples.

Numerous tests of columns (with varying volumes, lengths and diameters), resins,
acid concentrations and volumes were made to obtain the most suitable elution protocol aiming
for the highest chemical yields of Pa and Th. Among these, one test was made to compare the
results using larger columns versus smaller columns. An idea was to try to increase the size
of the reservoir to be able to have more contact surfaces between the resin and the ions in the
sample.

For the final elution procedure, the HF concentration for the elution of Pa was
increased from 0.1N to 0.26N (Anderson et al., 2012). Due to leaking of Th into the Pa-
fractions, we decided to increase the rinsing of the Th-fraction and to add a Pa purification step
to be sure to obtain clean Pa-fractions. The Pa-purification was performed in the same 2 ml
Bio-Rad Poly-Prep® chromatography columns used for the first elution. For the Pa-purification
step, Pa fractions were dried at 100°C and redissolved in 8N HNO3 before being loaded onto
the column and clean fractions of Pa were eluted using 9.5N HCI + 0.26N HF. The final elution
procedure is outlined in Tab. 3 and was tested on water samples from the SAFe site (see
below) (Anderson et al., 2012).

3.1.1 Intercalibration of Seawater — SAFe 15 m depth

During the previous GEOTRACES intercalibration exercise, concentrations of 2!Pa, 22°Th and
22Th was measured in seawater and marine particles (Anderson et al., 2012). At that time,
LSCE were not able to report concentrations of 3!Pays, mainly due to absence of 23Pa spike.
However, concentrations of 23!Pa, 2°Th and 2%Th have now been measured on the same
sample (KN195-8-15 m) using the chemical procedures described previously.

The analysis of 2*!Pa and 23°Th in surface waters is usually challenging because of
the low concentrations present in these samples. This was evident during the previous
GEOTRACES intercalibration exercise where the 2°Th and #*'Pa concentrations reported for

the SAFe sample (15 m depth) showed some variability (Fig. 1). The average concentration of
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232Th (15.4 + 2.9 pg/kg) measured during the GEOTRACES intercalibration (Anderson et al.,
2012) is very close to the new concentration measured at LSCE (15.5 + 1.0 pg/kg). The
average concentration of 2°Th measured in the SAFe 15 m sample during the intercalibration
exercise was 0.75 + 0.25 fg/kg which is close to the new age-corrected concentration (*°Th =
0.61 + 0.001 fg/kg) measured at LSCE and reported in this study. The age-corrected #!Pa
concentration measured during this study (#!Pa = 0.25 + 0.007 fg/kg) is comparable with
concentrations measured during the intercalibration which ranged between 0.1 to 0.3 fg/kg.
The generally good agreement among the labs, including our new results indicates that the
low concentrations of these nuclides can be determined in surface waters samples after 8

years of storage.
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Figure 1. Concentrations of (a) 22Th, (b) #°Thys and (c) %*!Pays analyzed in seawater collected
from a depth of 15 m at the SAFe site. The black squares represent values published in
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Anderson et al. (2012) and white diamonds are new concentrations measured at LSCE. Lab
numbers were anonymous but a list of participating labs are stated in Anderson et al. (2012).

3.1.2 Intercomparison — The Arctic crossover station

In summer 2015, seawater and marine particles were collected at the Arctic GEOTRACES
crossover station during the HLY1502 (LDEO and UMN) and ARK-XXIX/3 PS94 (LSCE and
AWI) cruises. Both particles and seawater were analyzed for 2'Pa, 22°Th and 2*2Th at AWI,
LSCE, LDEO and UMN to provide a measure of internal consistency for the analysis of Pa and
Th in the GEOTRACES program. At station 30, one dissolved profile was obtained and
analyzed by UMN. At station 101, LSCE and AWI collected one profile each, where the water
was collected from the same casts and Niskin bottles. The water masses at station 101 and
30 had similar characteristics during the two sampling occasions. The only difference on the

0-S diagram was observed between 46 and 55 m depth (Fig. 2).
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Figure 2. Salinity-Potential temperature plot of the Arctic crossover station during HLY1502
(St. 30) and PS94 (St. 101).

Dissolved concentrations of 2*2Th, 23°Th and 2*'Pa generally agree well between station 101
(AWI/LSCE) and 30 (UMN) (Fig. 3). The *2Th analyses reported by LSCE and AWI from ~2900
m depth (St. 101) were contaminated (Fig 3). 2%2Th is generally easier to contaminate with
lithogenic material compared to 2*!Pa and 2*°Th (e.g. Anderson et al., 2012; Auro et al., 2012;
Andersson and Schroder, 2012). Interestingly, the 222Th concentrations of these contaminated
samples agreed very well. This indicates that the source of contamination was linked to the
sampling rather than to the chemical procedures used for analysis, as the analysis was done
in separate laboratories. Moreover, the dissolved 232Th concentrations at 1400 m and 2400 m

depth (AWI) showed lower concentrations compared to concentrations reported by LSCE and
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UMN (Fig. 3). The reason for these lower concentrations remains unknown. Moreover,
dissolved #°Th concentrations in bottom samples (3800 — 3900 m depth) agreed well between
UMN and LSCE, while AWI reported elevated values (Fig. 3). This sample (AWI, 3881 m depth)
might also have suffered from contamination.

As particulate #°Th and dissolved 22°Th diverge in the bottom samples (UMN and
LSCE), this suggests the presence of resuspended sediments close to the seafloor. The
presence of resuspended sediments was not detected by transmissometer data collected
during both cruises (data not shown). However, even a slight increase in resuspended
sediments (not detectable by the transmissometer) may be sufficient to enhance scavenging
and removal of dissolved #°Th close to the seafloor. The abundance of resuspended
sediments may vary with time, a factor that should be taken into account when interpreting Th
concentrations in near-bottom waters.

In deep waters (below 500 m), 2°Th reported by LSCE (St. 101) was continuously
lower compared to concentrations reported by AWI (St. 101) and UMN (St. 30) (Fig. 3). This
was unanticipated as the samples obtained at station 101 were essentially the same profile.
As the blank contributions were similar for AWI (¥°Th = 0.21 + 0.006) and LSCE (**°Th = 0.26
+ 0.12), something else has to cause this difference.

In surface waters (above 200 m), dissolved 23!Pa concentrations agree very well
between the three groups (Fig. 3). The good agreement between LSCE and UMN is impressive
due to the difficulty of accurately determining 2*!Pa in water masses with such low #Pa
concentrations. Between 200 and 500 m depth, dissolved 23!Pa concentrations reported by
UMN were continuously higher compared to concentrations reported by AWI and LSCE (Fig.
3). Moreover, the shallow dissolved #°Th concentrations reported by UMN were continuously
higher compared to concentrations measured at AWI and LSCE (Fig. 3). These relatively small
differences in 2'Pa-*Th concentration in shallow waters, cannot be explained by differences
in potential temperature and salinity at the two stations (St. 101 and 30).

The reason for the lower 22°Th concentrations reported by LSCE and AWI could be
linked to overestimation of the blanks used to correct the measured concentrations. For
example, the dissolved 2°°Th, UMN reported blank concentrations correspond to ~5 % of the
concentrations reported by AWI and LSCE (Tab. 5). The low and variable ?'Pa, 2°Th and
232Th in seawater makes the blank contribution from sampling and preparation a major issue
for precise and reproducible measurements.

In shallow waters, the uncertainties of shallow ?3!Pa concentrations reported by AWI
were larger compared to the uncertainties reported by LSCE and UMN and falls within or above
the 2%'Pa concentrations measured by LSCE and UMN (Fig. 3). The reason for the larger

uncertainties is likely the difference in the sensitivity of instruments used for analysis (Neptune
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vs. Element2). For example, the Element2 has higher abundance sensitivity compared to the
Neptune (Boulyga et al., 2006; Ball et al., 2008).

Results obtained at LSCE during the MedSeA and Arctic projects highlighted the
impact of blanks on shallow 23!Pa measurements. During the course of these projects air
conditioning problems forced us to work out of our clean lab leading to larger blanks and larger
blanks ranges contributing to larger uncertainties on shallow sample concentrations for some
stations, compared to station 101 and the Intercalibration sample presented here which were

measured with the best blank conditions.
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Figure 3. Concentration depth profiles of dissolved #2Th (pg/kg), 2°Th and ?*'Pa (fg/kg) in the
full water column (upper panel) and in surface waters (0 — 500 m) (upper water column) at the
Arctic crossover station. These data represent total dissolved concentrations, not corrected for
lithogenic contributions. Error bars are plotted but sometimes smaller than the data points.

To evaluate the consistency between the groups, standard deviation (%) was

determined and compared to the mean concentrations for each depth. When comparing the
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dissolved 23'Pa and #*°Th concentrations in deep waters (below 500 m), between all three
groups, the measurements were consistent within 4 % (*!Pa, n = 24; 2°Th, n = 21; #2Th, n =
15) of the mean. When comparing dissolved ?3'Pa (below 500 m) between AWI and LSCE (St.
101), the measurements were consistent within to 2 % (n = 16), dissolved 2°Th concentrations
were consistent within 3 % (n = 13), and 2%Th measurements were consistent within 3 % (n =
10). For deep and bottom waters (1900 — 3900 m depth), the spread of the data between all
three groups was further reduced, where ?'Pa measurements were consistent within 2 % (n
= 18) and #°Th measurements were consistent within 3 % (n = 17).

Comparing the spread of the measurements in surface waters is more difficult as the
concentrations of 2'Pa and #°Th were very low and can change very quickly due to the fact
that scavenging rates are high. The standard deviation for the surface sample (23 m depth),
was very high (89 % for 2'Pa and 57 % 23°Th). However, it corresponds to small differences
in concentration and falls within the individual errors of the groups.

For surface concentrations of dissolved #*2Th the spread was significantly smaller
compared to Z'Pa and 2°°Th data, due to relatively large concentrations prevailing in surface
waters. Shallow (above 500 m depth) dissolved #*2Th concentrations were consistent within 6
% of the mean values for all three groups (n = 18).

The precision of these measurements are impressive compared to the precision of 6
% for deep #°Th and 14 % for deep 2*'Pa reported in Anderson et al. (2012). The results in
this study are more comparable with the precision of the measured GEOTRACES SW STD
2010-1 (Anderson et al., 2012), which was 2.5% for 2°Th, 1.8% for *2Th, and 4% for #!Pa.

3.2 Developing the leaching procedure at LSCE
During the previous GEOTRACES intercalibration exercise, total digestion of the Supor
polyethersulfone filters presented problems for several participating labs (Anderson et al.,
2012). The procedure used and LDEO was proven to be the most successful method for total
digestion of particles and filter material. However, this procedure (as for the digestion of water
samples) involves the use of HCIO4, which absolutely requires a certified perchloric acid hood.
Moreover, since the whole filter often is used, it makes it difficult to share samples.

The idea of filter leaching (based on heavily charged filters from the Mediterranean
Sea, Arreas-Mescoff et al., 1999) was to wash the particles off the filters using diluted HCI,
spike the leachate, followed by totally dissolving the material removed from the filter using
HNO; and HF (e.g. Gdaniec et al., 2017; Gdaniec et al., 2020).

However, when the particulate results obtained with the above procedure were
compared with the results of UMN and LDEOQ, it clearly appeared that at least the particulate
Z1pa concentrations were underestimated by LSCE. These results suggested that the lower

concentrations measured by LSCE might be a consequence of using a leaching solution
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containing no HF. Following this observation, it was decided that some un-leached filter
fractions (n = 6) of station 101 would be analyzed by complete dissolution at LDEO. At LSCE,
the filter fractions originally leached without HF have been leached again using the leaching
procedure developed to process SUPOR filters used in the southern Ocean (Roy-Barman et
al., 2019). In this case, the final result is the sum of the nuclide removed by the two separate
leaching procedures. Additionally, three aliquots, not leached before, were also analyzed at
LSCE using the leaching procedure described in Roy-Barman et al. (2019).

One weakness with the leaching procedures versus the digestion procedure, is that
you don’t really know if you truly removed all particles from the filter. Another problem that
appeared during the filter leaching procedure is that the filters started to oxidize creating a

slushy mass when too much heating is combined with ultra-sonication.

3.2.1 Intercomparison — suspended particles

Measuring concentrations of 2%°Th and #*'Pa in suspended particles can definitely be more
challenging compared to seawater due to the low concentrations present. At station 101, one
particulate profile was originally analyzed at LSCE and then reanalyzed by LSCE and LDEO,
when it appeared that the original particulate *!Pa concentrations obtained by LSCE were
consistently lower compared to station 30. At station 30 one particulate profile was obtained
and the samples were shared between UMN and LDEO (Fig. 4). For station 101, there is
generally a good agreement between the Pa results obtained by LDEO (full dissolution of the
filter fraction), and LSCE (direct leaching of the filter with HF or sum of the 2 leaching steps)
(Fig. 4). The only exception was the bottom filter (3800 m), leached twice (with and without
HF) that yielded a Pa content that appears to be 40 % above the LDEO result (Fig. 4). An
additional outcome of this comparison is that variable amounts of 22°Th and 2*2Th had been
lost with the leaching without HF at LSCE. Again, concentrations obtained at LSCE for the
3800 m sample appears to be higher than concentrations obtained by LDEO. It suggests that
particles were heterogeneously distributed over the filter or that LSCE results at this depth was
affected by a contamination issue. As the concentration obtained by LDEO at station 101
compares well with the concentration obtained at station 30 by UMN, the contamination issue
seems more likely. In any case, these results advocate for necessity to use HF during the
leaching procedure (not only after the leaching to dissolve the recovered particles). Providing
that HF is used during the leaching, it does not seems compulsory to achieve the complete
dissolution of the filter.

As the particulate samples at station 30 were shared between UMN and LDEO, it was
not possible to compare the precision of the measured concentrations. Nevertheless, the
observed surface particulate *?Th and #°Th profiles follow a clear trajectory, suggesting a

good agreement between UMN and LDEO measurements (Fig. 4).
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As expected, the precision of the particulate measurements were lower and more
variable compared to the dissolved concentrations. Especially when considering the surface
particulate 2*Pa concentrations, which were more variable and governed by larger
uncertainties, due to the very low and variable concentrations observed (Fig. 4).

Coincidentally, as the particulate profile at station 30 was shared between UMN and
LDEO, a comparison was only able to be done between LDEO and LSCE. When comparing
all measured particulate concentrations (St. 30 and 101), the precision of 2!Pa concentrations
ranged between 6 and 26 % (n =18), 2°Th ranged between 5 and 28 % (n =18), while 232Th
ranged between 5 and 12 % (n =17) within the mean values. This is pretty impressive as ?3'Pa
and 2%°Th concentrations measured in subsamples deployed on different pumps, but placed at

the same depth can vary as much as 20 % (e.g. Anderson et al., 2012).
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Figure 4. Concentration depth profiles of particulate (a) 22Th (pg/kg), (b) 2°Th (fg/kg) and (c)
21pa (fg/kg) at station 101 (LSCE) and 30 (LDEO and UMN). 2®°Th and 2'Pa concentrations
were not corrected for lithogenic contribution.

The largest spread of the 2%'Pa and 2°Th concentrations was observed at 55 m and 3800 m
depth. This further suggests that the bottom sample might be contaminated, while the large
spread of the surface sample might be explained by larger uncertainties linked to the low
concentrations found at this depth.

To overcome the problem with heterogeneously distributed particles on the filters, it
might be necessary to completely digest or leach the whole filter to be able to obtain an
accurate bulk concentration. However, comparing particulate concentrations from filters

attached on different pumps at the same depth is also problematic.
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4 Comments and recommendations

This study brought together by four labs of the GEOTRACES community who determine the
concentrations of Pa and Th in seawater and particulate samples. Since the last intercalibration
effort (Anderson et al., 2012; Andersson and Schéberg, 2012; Auro et al., 2012), the Pa-Th
community has continued improving the methods used to analyze these isotopes by
decreasing contamination and blanks, improving elution procedures and refine ICP-ICP-MS
techniques.

Results from this study demonstrated that participating labs can determine
concentrations of dissolved *°Th and #*'Pa in deep water (below 500 m depth) that are
internally consistent within 4 % of the mean values. This is a noteworthy improvement
compared to the precision (6 % for 22°Th and 14 % for 2*!Pa) of the measurements obtained in
the last intercalibration effort (Anderson et al., 2012). As these samples were not obtained at
the same time or during the same cruise, the precision of the measurements shown in this
study is impressive. It opens the possibility of combining datasets obtained by different teams
to perform large scale studies involving large scale transport of Pa and Th along isopycnal
surfaces (e.g. Roy-Barman et al., 2019).

However, the analysis of #!Pa, 22°Th and 2*2Th in suspended particles still needs
improvement as evident from the results in this and previous studies (e.g. Anderson et al.,
2012; Gdaniec et al., 2020). Large blank contributions are still a problem. Especially for
particulate ?'Pa measured at LSCE, where the blank constituted for up to 89% of the
measured 23!Pa for the shallowest samples. The blank contributions reported by LDEO and
UMN were significantly lower.

The first leaching procedure performed by LSCE was clearly not efficient enough,
probably due to the absence of HF in the leaching solution. This leaching procedure has
previously been published in Gdaniec et al. (2017; 2020), which means that particulate
concentrations were probably underestimated and requires caution. However, the low
particulate 2'Pa and 2*°Th concentrations reported in Gdaniec et al. (2017) might be correlated
to the sampling and treatment at sea rather than to the leaching procedure. Nevertheless, we
recommend the procedures described here by LDEO, UMN and the new LSCE procedure
recently published in Roy-Barman et al. (2019) for the analysis of 23Pa, 22°Th and #2Th in
suspended particulate matter.

During the last intercalibration exercise, #?*Pa concentrations of filtered particles
around ~ 0.02 fg/kg (BATS 2000 m and slope 80 m) were below detection limit for several
groups (Anderson et al., 2012). In the present work consistent particulate 'Pa concentrations

as low as ~ 0.002 fg/kg were obtained.
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One problem that has to be addressed in the future is to further increase the precision
and accuracy of particulate 2%Pa, 2°Th and #*2Th. This could easily be achieved if resources
were put on intercalibration of particulate concentrations from the same filter samples as in
Anderson et al. (2012).
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