
Supplementary information 

1. Sampling 

Below follows detailed descriptions of the procedures used for the pre-concentration and 

digestion of seawater samples of the three groups participating in this study (LSCE, AWI, UMN 

and LDEO). These methods are mainly based on the procedures previously described in 

Anderson et al. (2012), Gdaniec et al. (2017; 2020), Valk et al. (2018) and Roy-Barman et al. 

(2019). 

 

1.1 Sampling procedures used at LSCE and AWI 

Seawater and particles analyzed at AWI and LSCE were obtained during R/V Polarstern 

expedition PS94 in 2015 (GEOTRACES section GN04). Water samples were collected in 24 

L Niskin bottles mounted on a General Oceanic rosette equipped with a Sea-Bird Electronics 

CTD system (SBE911plus). 5 L of seawater were filtered directly from the Niskin bottles into 

sampling containers using Acropak500 cartridges (0.45 µm). After filtration, all water samples 

were acidified using concentrated ultra-pure HCl or HNO3 (AWI) (~1 ml of acid per 1 l of 

seawater). Acropaks were cleaned with MQ-water in between stations.  

Particulate samples were collected using in-situ pumps (McLane Research and 

Challenger Oceanic). Particles (0.8 µm pore size) were collected on Supor polyethersulfone 

filters (pleated membrane) with a diameter of 142 mm.  

1.2 Sampling procedures used at LDEO and UMN 

Seawater and particles analyzed at LDEO were obtained during the USCGC Healy HLY1502 

(GEOTRACES section GN01) cruise in 2015. Water samples were collected with a Sea-Bird 

Electronics CTD carousel fitted with 12 30-liter PVC Niskin bottles. After collection, seawater 

was drained with Teflon-lined TygonTM tubing and filtered through AcropakTM 500 filters on 

deck (gravity filtration, 0.8/0.45 μm pore size) into Fisher I-Chem series 300 LDPE cubitainers. 

Approximately 4-5 L was collected per desired depth. Prior to the cruise, the tubing, filters and 

cubitainers were cleaned by immersion in 1.2 M HCl (Fisher Scientific Trace Metal Grade) for 

4-5 days. Once filtered, samples were adjusted to a pH ~2 with ultra-clean 6 M HCl (Fisher 

Scientific OPTIMA grade), double-bagged, stored in pallet boxes on-deck until the end of the 

cruise and then at room temperature once shipped to the participating laboratories analysis.  

The particulate samples were collected using McLane Research in-situ pumps 

following the procedure described in Lam et al (2015). Particles were collected over paired 0.8 

m Pall Supor800 polyethersulfone filters behind a 51 µm Sefar polyester mesh pre-filter.   
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2 Sample preparation 

2.1 Pre-concentration of seawater samples at LSCE 

Water samples were weighed and spiked with yield monitors (~1 pg of 229Th, ~0.3-3 fg of 233Pa) 

followed by addition of 20 mg Fe (FeCl3). The following day, the pH is raised to ~8 - 8.5 by 

adding NH4OH to form a Fe-precipitate. The precipitate was allowed to settle for 24 - 72 h and 

recovered by siphoning followed by centrifugation. The sample pellet was washed by 

centrifugation, 3 times with 40 ml MQ-H2O to get rid of salts. The sample pellet was then 

dissolved in 500 µl 16N HNO3, placed in a 1.5 ml centrifuge tube and centrifuged at 14500 rpm 

for 10 min. The supernatant was poured into a clean Savillex beaker and 1 ml of 16N HNO3 

was added to the remaining material in the 1.5 ml centrifuge tube, which is centrifuged again. 

This washing procedure is repeated 3 times. In dissolved silica-rich waters, significant amounts 

of amorphous silica is formed during the precipitation step. Therefore, it must be removed 

because of the strong affinity for Pa. The remains in the 1.5 ml centrifuge tube was then 

attacked with 0.5 ml concentrated HF and 0.1 ml 8N HNO3 saturated with boric acid. After 

complete dissolution of the amorphous silica the supernatant and the attacked HF-fraction 

were mixed together. Finally, the sample was heated at 100°C to dryness and re-dissolved in 

8N HNO3 preceding the elution chemistry. Procedural blanks were determined by performing 

a complete chemical procedure on 3-5 bottles of ~250 ml of Milli-Q® water with each batch of 

samples.  

2.2 Pre-concentration of seawater samples at AWI 

Seawater samples were weighed to determine sample size and spiked with 229Th and 233Pa 

followed by addition of 15-30 mg of dissolved Fe were added to the samples depending on the 

sample size (10 - 20L). After allowing 1 day for spike equilibration, the pH of each sample was 

raised to 8-8.5 by adding ~10 ml of NH4OH (suprapur 25%) to allow iron (oxy)hydroxide 

precipitate formation. The precipitate was allowed to settle for 1-2 days before the overlaying 

water was siphoned off.  

The remaining sample was transferred to pre-cleaned 1l bottles. The cubitainer was 

rinsed with 12N HCl and this solution was added to the 1l bottle. As the rinse is made using 

HCl a second addition of NH4OH (ca. 2 ml) was added to the sample to achieve a pH of 8.5 to 

allow Fe precipitation. The precipitate was allowed to settle for one day before the overlying 

water was siphoned off. The samples were then transferred into 50 ml centrifuge tubes and 

the 1l bottle was rinsed with 12N HCl which was added to the 50 ml centrifuge tube together 

with the sample. To increase the pH again, ca 0.3 mL NH4OH was added to the samples 

followed by centrifugation for 7 minutes at 4000 rpm and the supernatant was decanted.  
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The 50 ml tubes were filled with 30 ml Milli-Q water, centrifuged and decanted. This 

cleaning procedure was repeated 3 times. After washing, 1 ml of 12N HCl was added to the 

centrifuge tubes and the samples were transferred into Savillex Teflon beakers. The centrifuge 

tubes were rinsed 3 times using 0.5 ml 12N HCl and transferred into the Savillex beakers. 10 

ml of HClO4 was added to each sample and evaporated to almost dryness (max. 120°C). 1 ml 

12N HCl was added to the Teflon beaker and the solution was dried to a small drop before 

dissolving the sample in 1 ml of 12N HCl prior to the column separation.  

2.3 Pre-concentration of seawater samples at UMN 

In the on-shore laboratory, samples were weighed to determine sample size, taking into 

account the weight of the cubitainer and of the acid added at sea. Then weighed aliquots of 

the artificial isotope yield monitors 229Th and 233Pa and ~ 30 mg dissolved Fe were added to 

each sample. After allowing 3 days for spike equilibration (at a temperature of about 40oC, the 

pH of each sample was raised to 8-8.5 by adding NH4OH which caused iron (oxy)hydroxide 

precipitates to form. This precipitate was allowed to settle for 1-2 days before the overlaying 

seawater was siphoned off. The Fe precipitate was transferred to centrifuge tubes for 

centrifugation and rinsing with deionized H2O (>18 MΩ) to remove the major seawater ions. 

The precipitate was then dissolved in 14 M HNO3 and transferred to a Teflon beaker. It was 

then dried down and taken up in 7N HNO3, ready for anion-exchange chromatography. 

2.4 The leaching procedure used at LSCE 

2.4.1 First procedure 

Approximately 1/5 of the filter was cut out of the 140 mm Supor filter (0.8 µm) and placed in a 

300 ml Savillex beaker. 25-30 ml 3N HCl was added to the beaker, making sure that the whole 

filter piece was covered in acid. The beaker was placed in a heated ultrasonic bath at a 

temperature between 40° and 50°C for at least 6 hours. The temperature of the solution should 

not exceed 50°C as the filter material starts to oxidize. The leachate was then transferred into 

clean Savillex beakers. This leaching procedure is then repeated 2 or 3 times depending on 

how clean the filter was. After the last leaching, the filter was carefully removed and rinsed with 

MQ-H2O. The leachate was dried at 100°C. 1 ml 8N HNO3 and 10 ml H2O2 was added to the 

sample and heated at 100°C over night. After cooling, samples were spiked with 229Th and 

233Pa followed by removal of amorphous silica using the same procedure as for water samples 

(section x.x). Finally, samples were redissolved in 8N HNO3 prior to chemical separation. For 

LSCE, procedural blanks were prepared in the same way as for samples by using acid cleaned 

filters (0.5N HNO3). Procedural blanks were prepared in the same way as for samples by using 

acid cleaned filters (0.5N HNO3). 
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2.4.2 Second procedure 

Filters from the in-situ pumps were leached in two steps: filter pieces were first leached with 

6N HCl + 0.2N HF in 300 ml Teflon beakers for at 75 °C for 2 days. The filter pieces were then 

removed from the leaching solution and rinsed with a MQ water squeeze bottle over the 

leaching beaker. The leaching and rinsing solutions were evaporated down to ∼10 ml and 

transferred into a 30 ml Teflon beaker. Then, the filter pieces were leached a second time 

using 7N HNO3 + 0.2N HF for 2 days at 75 °C. The filter pieces were removed from the leaching 

solution and rinsed with MQ water that was again recovered into the leaching beaker. After 

evaporation to a few ml, this solution was added to the first leaching/rinsing solution. The 

possible particles sticking on the beaker walls were removed in warm diluted HNO3 and added 

to the 30 ml beaker. The resulting solution was then spiked with 229Th and 233Pa, dried and 

dissolved again in a solution with 4 ml of 14N HNO3 and 1 ml of 12N HCl. After 1 night on the 

hot plate, the solution was dried and the residue was re-dissolved in 10 ml of 1N HNO3.  

Since filters were not immediately rinsed after filtration with distilled water on board, it 

was preferable to remove the major seawater ions before the column chemistry. Therefore, 40 

μL of dissolved Fe (60 mg/g) was added to the solution. After 1 h of heating, iron-

(oxy)hydroxide was precipitated by raising the pH to ~8 using NH3. The iron precipitate (that 

co-precipitates Pa and Th isotopes) was separated by centrifugation, decanted and rinsed with 

MQ-H2O several times. Finally, it was dissolved in 0.25 ml of 8N HNO3, ready for loading on 

an anionic column. Procedural blanks were prepared in the same way as for samples by using 

acid cleaned filters (0.5N HNO3). 

2.5 The leaching procedure used at UMN 

Filters were folded into 30 ml Teflon beakers and weighed aliquots of the artificial isotope yield 

monitors 229Th (~1pg) and 233Pa (0.2 – 0.6 pg) were added to the emerged filters. Filters were 

first completely submerged in 20-25 ml 7N HNO3 acid combined with 10 drops HF, tightly 

covered with a Teflon threaded cap and heated for 10 hours at ~93°C so that the particulate 

sample was dissolved/leached under pressure. The leachate and the rinsing solution was then 

transferred to a second acid-cleaned Teflon beaker separate from the residual filter. Five drops 

of HClO4 were then added to the leach solution in the second beaker. The original beaker walls 

and caps were washed with small amounts of weak HNO3 and the resulting solution added to 

the second beaker. The solution was then dried down and was taken up in 2N HCl, and 

transferred to 15ml centrifuge tubes along with a 2N HCl rinse. One drop of dissolved Fe and 

six to nine drops of NH4OH were added to raise pH to 8-8.5 at which time iron (oxy)hydroxide 

precipitated.  This precipitate was then centrifuged, decanted, washed with deionized H2O (>18 

MΩ), centrifuged, and dissolved in 14N HNO3 and transferred to a Teflon beaker. It was then 
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dried down and taken up in 7N HNO3 for anion-exchange chromatography. Procedural blanks 

were prepared in the same way as for samples by using acid cleaned filters (0.5N HNO3). 

2.6 The digestion procedure used at LDEO 

Filters were folded into 50 ml Teflon jars and weighed aliquots of 229Th (1 pg), 233Pa (0.3-0.4 

pg) and dissolved Fe (7-8 mg) was added to each sample. The next day, the filters were heated 

for ~1 hour at 180°C, followed by adding 4-5 ml of HClO4 and the hot plate temperature was 

increased to 220°C. After 10-20 minutes, the samples were covered with a Teflon watch cover. 

After 30-60 minutes, rapid oxidation of the Supor material would occur, at which point the Supor 

material was almost completely broken down. The watch glasses were removed and beaker 

walls were rinsed down with 3 ml 8N HNO3. Ten drops of HF were added, and the samples 

were heated at 220°C until the HClO4 dried down to a viscous residue. 

The sample residue was taken up in dilute HCl and transferred to 50 ml centrifuge 

tubes with MQ-H2O and 15-25 drops of NH4OH were added to raise pH to 8-8.5 and precipitate 

Fe-(oxy)hydroxide. This precipitate was then centrifuged, supernatant was decanted and the 

precipitate was washed with MQ-H2O. These steps were repeated three times. The precipitate 

was then dissolved in 12N HCl, ready for a series of anion-exchange chromatography steps 

to purify Th and Pa, as outlined in below. Procedural blanks were prepared in the same way 

as for samples by using acid cleaned filters (0.5N HNO3). 

 

3 Anion-exchange chromatography 

3.1 Procedures used at LDEO and AWI 

The separation of Pa and Th was carried out by ion exchange using a series of three columns. 

The first column was used to separate Pa and Th from the matrix, the second column was 

used to purify the Th-fraction and the third column was used for Pa-purification. At both 

laboratories, the column chemistry was conducted using Bio-Rad columns (6 ml) packed with 

1 ml Bio-Rad AG1-X8 resin (100-200 mesh) and 45 µm porous polyethylene frits (Anderson et 

al., 2012).  

The columns were washed and preconditioned with 12N HCl before the sample was 

loaded onto the column. Th was then eluted with 12N HCl and Pa was eluted with 12N 

HCl/0.13N HF. Fe and other undesirable elements were washed off the resin with dilute (~1%) 

HCl.  

Both the Pa and Th fractions were dried overnight at ~100°C. After cooling, 0.5 ml of 

16N HNO3 (0.3 ml at AWI) and 2 drops of HClO4 was added to the sample to decompose any 

organics eluted from the resin, followed by heating to a small drop.  
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The Th fraction was heated to fuming HClO4 and taken up in 8N HNO3 before loading 

on the 1st column that has been preconditioned with 8N HNO3. The sample was loaded on the 

column and Th was eluted with 12N HCl.  

Two drops of HClO4 and 0.5 ml 16N HNO3 were added to the purified Th-fraction and 

the solution was dried over night at ~100°C. The following day, 250 µl 16N HNO3 and a drop 

of HClO4 was added and the solution was heated to a drop of fuming HClO4 at 180°C. In 

preparation for the analysis, the sample was taken up in 1 ml of 1 % HNO3/0.1 % HF.   

A drop of HClO4 and 200 µl 16N HNO3 were added to the Pa fraction and heated at 

180°C to fuming HClO4 to drive off all remaining HF. The sample was taken up in a few drops 

of 12N HCl and heated again to fuming HClO4. The column used for Th purification was 

reconditioned with 12N HCl/0.13N HF, MQ-H2O and 12N HCl. The sample was loaded on the 

column in 12N HCl followed by rinsing of the column with 12N HCl. Pa was eluted with 12N 

HCl/0.13N HF. Two drops of HClO4 and 0.5 ml 16N HNO3 were added to the purified Pa-

fraction and the solution was dried overnight at ~100°C. After cooling, another drop of HClO4 

and 200 µl 16N HNO3 were added to the sample, which was dried at 100°C. Finally the sample 

was taken up in 0.75 ml 0.16N HNO3/0.026N HF for mass spectrometric analysis.   

3.2 Procedures used at LSCE 

Two separate columns were used for the separation of Pa and Th: the first column was used 

to separate Pa and Th from the removal of undesired elements and the second column was 

used to purify the Pa-fraction from possible U leaking during the dissolved sample processing. 

The first column (Bio-Rad Laboratories) was hand packed with 2 ml AG1-X8 resin (Cl- form, 

200-400 mesh). Each column was cleaned and conditioned as follows: 5 x 2 ml 8N HNO3, 5 x 

2 ml MQ-H2O, 5 x 2 ml 9.5N HCl/0.26N HF, 5 x 2 ml MQ-H2O and finally 5 x 2 ml 8N HNO3. 

The samples were loaded onto the column in 2 x 250 µl 8N HNO3 and the undesirable elements 

were eluted with 6 x 0.5 ml 8N HNO3. Th was eluted with 6 x 1 ml 9.5N HCl and collected into 

clean Savillex beakers, followed by a 4 x 2 ml 9.5N HCl rinse. Pa was eluted with 4 x 2 ml 9.5N 

HCl/0.26N HF, followed by a 2 x 2 9.5N HCl/0.26N HF rinse.  

The columns used for the first separation were washed with 3 x 2 ml 9.5N HCl/0.26N 

HF, 3 x 2 ml MQ-H2O, followed by conditioning with 3 x 2 ml 8N HNO3. The Pa-fraction was 

dried at ~100°C, redissolved in 0.5 ml 8N HNO3 and loaded onto the column. Pa was then 

eluted with 3 x 2 ml 9.5N HCl/0.26N HF and collected in clean Savillex beakers.  

Pa and Th-fractions were dried to a drop at 100°C, redissolved in 3 drops of 16N 

HNO3, dried again and taken up in 2 ml 1 % HNO3/0.1 % HF. Samples were then filtered 

through a syringe filter (0.22 µm) before analysis by MC-ICP-MS, to prevent any presence of 

organics eluted from the resin or resin debris that could block the nebulizer. Procedural blanks 
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for the elution were prepared using 229Th and 233Pa spikes. These blanks were processed in 

the same way as the samples. 

 

3.3 Procedures used at UMN 

The separation of Pa and Th was done in a series of three Teflon columns. The dissolved 

samples were passed through 0.75 ml columns while particulate samples were passed through 

0.55 ml columns. For both particulate and dissolved samples, Pa and Th were separated by 

anion-exchange chromatography using AG1-X8, 100-200 mesh size resin and a polyethylene 

frit. 

Both the particulate and the dissolved columns were washed and conditioned with 

H2O, 8N HCl/0.015N HF and 7N HNO3. The dissolved samples were loaded in 0.75 ml of 7N 

HNO3, Fe and other undesired elements were washed off the resin with 1.125 ml of 7N HNO3. 

Th was eluted with 2.25 ml of 8N HCl and Pa was eluted with 2.25 ml of 8N HCl/0.015N HF. 

The Pa and Th fractions were then dried down in the presence of 2 drops of HClO4 and taken 

up in 7N HNO3.  They were each passed through second and third columns (each with 0.5 ml 

column volumes) using similar elution schemes. The final Pa and Th fractions were then dried 

down in the presence of 2 drops of HClO4 and dissolved in weak nitric acid for analysis on the 

mass spectrometer. 

The particulate samples were loaded onto the column in 0.55 ml of 7N HNO3. Fe and 

other undesired elements were washed off the resin with 0.825 ml of 7N HNO3. Th was eluted 

with 1.65 ml of 8N HCl and Pa was eluted with 1.65 ml of 8N HCl/0.015N HF.   

The Pa and Th fractions were then dried down in the presence of 2 drops of HClO4 

and taken up in 7N HNO3.  They were each passed through second and third columns (each 

with ~0.55 ml column volumes) using similar elution schemes.  The purified Pa and Th fractions 

were then dried down in the presence of 2 drops of HClO4 and dissolved in weak nitric acid for 

analysis on the mass spectrometer.  

An aliquot of an intercalibrated working standard solution of 232Th, 230Th and 231Pa, 

SW STD 2010-1 (Anderson et al., 2012), was added to a separate acid-cleaned Teflon beaker 

along with weighed aliquots of 229Th spike and 233Pa spike. Spike and Standard were 

equilibrated for 3 days. It was then dried down and taken up in 7N HNO3 for anion-exchange 

chromatography using the procedures described above. 

4 Mass spectrometry  

4.1 Procedures used at LDEO 

Concentrations of 232Th, 230Th and 231Pa were calculated by isotope dilution using nuclide ratios 

determined on a Thermo-Finnegan ELEMENT XR Single Collector Magnetic Sector ICP-MS, 



 

 

equipped with a high performance Interface pump (Jet Pump), and specially-designed sample 

(X) and skimmer (Jet) cones to ensure the highest possible sensitivity. All measurements were 

made in low resolution mode (resolving power ~300), peak jumping across the central 5% of 

the flat-topped peaks. Analyses were made in Escan mode. A natural U-standard, was run to 

determine the mass bias correction (assuming that the mass fractionation for Th and Pa are 

the same as for U). Each sample measurement was bracketed by aliquots of the run solution 

to gauge background count rates. To correct for potential tailing of 232Th into the minor Th and 

Pa isotopes, beam intensities were measured at the half masses above and below each mass 

for 230Th, 231Pa, and 233Pa. Tailing under each minor isotope was estimated as the log mean 

intensity of the half masses on either side of each minor isotope.  

 

4.2 Procedures used at AWI 

Concentrations of 232Th, 230Th and 231Pa were calculated by isotope dilution using nuclide ratios 

determined on a Thermo-Scientific ELEMENT 2 ICP-MS, equipped with a high performance 

Interface pump (Jet Pump). All measurements were made in low resolution mode (resolving 

power ~300), peak jumping across the central 5 % of the flat-topped peaks. Analyses were 

made in E-scan mode. A natural U-standard, was run to determine the mass bias correction 

(assuming that the mass fractionation for Th and Pa are the same as for U). Each sample 

measurement was bracketed by aliquots of the run solution (1N HNO3) to gauge background 

count rates. To correct for potential tailing of 232Th into the minor Th and Pa isotopes, beam 

intensities were measured at the half masses above and below each mass for 230Th, 231Pa, 

and 233Pa. Tailing under each minor isotope was estimated as the log mean intensity of the 

half masses on either side of each minor isotope. Water samples were analyzed in batches of 

10-14. An aliquot of an intercalibrated working standard solution of 232Th, 230Th and 231Pa, SW 

STD 2010-1 (Anderson et al., 2012), was analyzed and processed like a sample. 

4.3 Procedures used at LSCE 

Pa and Th were analyzed by Multiple Collector Inductively Coupled Plasma Mass 

Spectrometry (MC-ICP-MS) at Laboratoire des Sciences du Climat et de l'Environnement 

(LSCE) on a Thermo Scientific™ Neptune Plus™ instrument equipped with an Aridus II™ 

desolvator and a Jet interface following the protocols derived from Burckel et al. (2015).  

For the Th analysis, 230Th and 229Th were measured sequentially on the axial electron 

multiplier. Simultaneously, 232Th was measured on off-axis faraday cups. A RPQ system was 

used to reduce the abundance sensitivity. Masses 230.5 and 231.5 were monitored to correct 



 

 

for 232Th peak tailing. A Th standard was introduced between every fifth sample to monitor 

detector abundance sensitivity and Th-hydride contribution on the 230Th peaks. Mass 

fractionation was estimated with a natural U standard and certified Th standard solutions 

(IRMM035, IRMM036) spiked with 229Th were run regularly to check of the accuracy of the 

measurements. 

For the Pa analysis, 231Pa and 233Pa were measured simultaneously on the non-axial 

electron multipliers. Simultaneously, 232Th, 235U and 238U were measured on off-axis faraday 

cups to monitor abundance sensitivity and Th-hydride contributions on the 231Pa measurement. 

The tuning of the MC-ICP-MS was done by using an “in-house” mixed 231Pa-233U solution. This 

solution was also analyzed every fifth sample to monitor the relative yield between the ion 

counters measuring mass 231 and 233. Th standard was introduced between every fifth 

sample to determine 232Th-hydride contribution on the 233Pa peak and the abundance 

sensitivity on the 231Pa peak, while mass fractionation was estimated with a natural U standard. 

Overall uncertainty was determined by applying corrections on the raw isotope ratios 

for the contribution of the mass bias, detector yield, abundance sensitivity and Th-hydride. For 

both Pa and Th measurements, a U standard solution was measured to monitor detector yield 

and mass bias corrections. Machine blanks and washes (1 % HNO3 + 0.01 % HF) were 

introduced between each sample to limit the cross-contamination between samples. Chemistry 

blanks are analyzed in the beginning of the sequence to avoid contamination from any memory 

effect linked to the passage of solutions more concentrated in Pa and Th. 

4.4 Procedures used at UMN 

Concentrations of 232Th, 230Th and 231Pa were calculated by isotope dilution using nuclide ratios 

determined on a Thermo-Finnigan Neptune mass spectrometer. All measurements were done 

using a peak jumping routine in ion counting mode on the discreet dynode multiplier behind 

the retarding potential quadrupole.  A solution of 233U-236U tracer was run to determine the 

mass bias correction (assuming that the mass fractionation for Th and Pa are the same as for 

U). Each sample measurement was bracketed by measurement of an aliquot of the run solution 

used to correct for the instrument background count rates on the masses measured. 

 

 


