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A B S T R A C T

The ocean is one of the largest sinks of atmospheric carbon. Surface phytoplankton absorb CO2, forming the 
marine snow that sinks as a downward flux of particulate organic carbon (POC). A fraction of this POC flux 
reaches the deep ocean, where it can be stored for long periods of time. Quantifying this export flux enables us to 
estimate the ocean carbon sequestration. One of the most widely used methods of estimating the POC flux is 
measuring the disequilibrium of the radioactive pair 210Pb-210Po in the seawater column.

We present an accurate, robust method, easy-to-perform onboard during cruises, for measuring 210Po and 
210Pb in seawater using FeSO4 (Fe2+) to co-precipitate polonium. This is a challenging step in seawater matrices, 
due to its high content in salt and organic matter, to which 210Po is strongly bound. The method was validated 
with open-ocean samples collected on the PAP-Site Observatory. Replicate samples were processed employing a 
traditional method based on the co-precipitation with Fe(OH)3 (Fe3+). The co-precipitation method using FeSO4 
yields activities of 210Po and 210Pb that are consistent with previously reported values. In contrast, when co- 
precipitation is done using Fe(OH)3 

210Po is underestimated by an average of 40 ± 5% compared to co- 
precipitation with FeSO4. Identical activity concentrations of 210Po and 210Pb, i.e. secular equilibrium, were 
expected in deep ocean waters, indicating the cease of the POC export. This was found using the FeSO4 method, 
but a systematic deviation from the secular equilibrium was detected when precipitating with Fe(OH)3, 
evidencing the 210Po underestimation.

1. Introduction

The ocean is one of the largest active sinks for carbon dioxide, and 
the Biological Carbon Pump (BCP) is one of the main mechanisms by 
which CO2 is removed from the atmosphere and exported to the deep 
ocean as particulate organic carbon (POC), over seasonal to decadal 
timescales. This POC is transported in the form of sinking particles that 
constitute marine snow, an heterogenous mix of particles mainly 
composed by plankton cells, fecal matter and biominerals [1]. Approx
imately 5 - 20 GTC yr− 1 are globally exported from the surface to deep 
ocean by means of the BCP [2,3]. Any change in this mechanism could 
reduce the removal of atmospheric CO2 by up to 50% [4,5]. Accurately 
quantifying the amount of POC exported and stored by the ocean 
through the BCP will help us to understand the evolution of atmospheric 
CO2 in the next future.

A widely used approach to estimate downward POC fluxes is based 

on the distinct biogeochemical behavior of the naturally occurring ra
dioisotopes from the 238U series, 210Po and 234Th, relative to their 
respective parents, 210Pb and 238U respectively [6]. In this study, we 
focus on the 210Pb – 210Po pair, whose half-lives (128 days for 210Po and 
22.3 years for 210Pb) [7] make it suitable for studying sinking POC fluxes 
on timescales of up to a few months [8].

In marine systems, 210Pb is produced both from the in-situ decay of 
226Ra [9] and from the decay of atmospheric 222Rn, through a series of 
short-lived products, to 210Pb, which subsequently it is deposited onto 
the ocean surface [8,10]. The primary source of 210Po in seawater is the 
in-situ decay of 210Pb, being the 210Po atmospheric deposition to the 
surface ocean almost negligible [11].

The concentration of both radioisotopes changes along depth, in the 
Euphotic Zone (EZ), where phytoplankton absorb atmospheric carbon 
[12] that sinks as POC flux, a210Pb – 210Po disequilibrium arises from the 
preferential scavenging of 210Po, relative to 210Pb, by the sinking organic 
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matter [7]. In the upper Twilight Zone (TZ, >200 m), 210Po excess is 
attributed to remineralization and fragmentation processes carried out 
by bacteria and zooplankton [13]. Deeper in the TZ, both 210Po and 
210Pb are expected to reach secular equilibrium (i.e., equal activity 
concentrations), because no additional export and remineralization 
processes take place [6]. Determining the disequilibrium of both ra
dioisotopes in depth allows to estimate the 210Po downward flux, which 
is used as a proxy to calculate POC flux [7].

210Po is commonly determined by alpha spectrometry, which pro
vides very low detection limits [14]. Before the radiochemical prepa
ration 210Po must be extracted, isolated and concentrated from the 
sampled matrix. In seawater, 210Po extraction is particularly challenging 
because of the complexity of this matrix, which contains high salt con
centration and organic matter to which 210Po is strongly bound [14,15].

In most of the oceanographic cruises this extraction method must be 
performed on board to minimize the amount of water stored and 
transported to the laboratory. Therefore, 210Po measurement methods in 
oceanography must benefit from being robust, straightforward, and 
quick to implement on board.

A traditional approach for 210Po extraction relies on its co- 
precipitation using a precipitating agent. The most common agent is 
Fe(OH)3 (Fe3+) [16,17], however, cobalt–ammonium pyrrolidine 
dithiocarbamate (Co-APDC) has been gaining popularity in the recent 
years [18]. A polonium isotope, usually 209Po is usually added as spike 
[19,20].

For the method based on polonium co-precipitation using Fe3+, there 
is extensive literature reporting analytical problems in the measurement 
of 210Po and its disequilibrium in depth with 210Pb in seawater matrices. 
Results from previous intercalibration studies [21–23] and several 
oceanographic cruises [6,24–27] pointed out that 210Po and 210Pb do not 
consistently reach the expected secular equilibrium in deep waters when 
the Fe3+ method is used. This lack of expected secular equilibrium with 
its parent 210Pb in deep waters can be explained by the fact that this 
method underestimates 210Po activity in the samples [27,28].

This is an important issue for downward POC flux evaluations, as the 
analytical inaccuracies in 210Po and 210Pb activity determination are 
directly propagated to the accuracy of the POC fluxes derived from this 
method [23].

Hence, in recent years, there has been a growing interest in devel
oping alternative, reliable methodologies to accurately, precisely and 
routinely measure 210Po and 210Pb in seawater samples [25,29–32]. 
While the Co-APDC approach has proven to provide robust results in the 
determination of 210Po and 210Pb in seawater [27], it is a laborious and 
time-consuming method to apply on board during oceanographic 
cruises.

In this context, the method based on the co-precipitation of 210Po and 
209Po with FeSO4 (Fe2+) has been employed for the determination of 
other actinides in seawater, such as 236U and 237Np [33–35]. Moreover 
[31], successfully applied it for the determination of 210Po in freshwater 
matrices.

In this study, we apply this approach to the determination of 210Po 
and 210Pb in seawater matrices. Our method was first implemented to 
determine 210Po activities in groundwater samples and 210Po in coastal 
surface seawater. Thereafter, the method was extended to obtain high- 
resolution 210Po–210Pb depth profiles in open-ocean seawater samples 
collected during two oceanographic campaigns around the PAP-Site 
Observatory in the North Atlantic. For comparing and validating the 
performance of the results, several replicates were collected and pro
cessed using the traditional Fe3+ method and deep ocean samples were 
measured using both methods, in order to test secular equilibrium in the 
absence of particulate export.

2. Sampling and methods

2.1. Sampling

To set up and validate the method, a total of 94 samples from 
different unfiltered water matrices — including freshwater from wells, 
coastal surface and open-ocean samples — were collected and 210Po, and 
sometimes 210Pb, were determined.

Furthermore, to demonstrate the robustness of the Fe2+ method, 
different elapsed times between sampling, processing, and measurement 
were tested, including immediate 210Po determination, one-year stor
age, and a dual approach for 210Po and 210Pb determination. This 
comprehensive analysis across various water matrices and different 
elapsed times was carried out to validate the metho to overcome the lack 
of available, accurately evaluated, reference water matrices for 210Po 
[36].

All samples were immediately acidified to pH 3 after collection to 
prevent the adsorption of metals or radionuclides to container walls, 
minimize microbial degradation, and keep species in solution, 10 mL of 
nitric acid were used per 5 L of water, and stored dark until further 
processing. Each sample was also spiked with 0.2 Bq of 209Po to assess 
polonium recovery during the radiochemical procedure and gently 
shaken for 2 min. When samples were processed in the laboratory and 
not on the ship, to simulate the procedure followed on board, only six to 
8 h were allowed for homogenization to take place.

2.1.1. Freshwater
Groundwater samples were collected in the influence area of the 

Uranium Factory of Andújar (FUA), in Jaén, which is currently under 
decommissioning. Specifically, three locations were sampled (Fig. S1, 
Supplementary Material). Samples were collected during the environ
mental radiological monitoring program of the Consejo de Seguridad 
Nuclear (CSN) in January 2021. Groundwater samples were stored for 
one year after collection before 210Po determination.

The unfiltered water volumes collected in the three sampling points 
were split into 1 L aliquots and grouped into batches denoted as A, B, 
and C (Table 1). Half of the aliquots from each batch were processed 
using the Fe2+ method, and the other half were replicates processed 
using the Fe3+ method for intercalibration.

2.1.2. Coastal surface seawater
Coastal surface seawater samples were collected at two locations in 

the Gulf of Cádiz, Spain: Huelva (December 2021) and Cádiz (March 
2022). Sampling coordinates are shown in Fig. S1.

These unfiltered samples were split into 5 L aliquots and grouped in 
different batches. The total sample volume collected in Huelva was split 
into 4 aliquots (Batch D, Table 1), and the sample volume from Cádiz 
into 18 aliquots, grouped into Batches E to H. Half of the aliquots from 
each batch were processed using the Fe2+ method, while the replicates 
were processed using the Fe3+ method for intercalibration.

2.1.3. Open-ocean seawater profiles
To test the Fe2+ method in open ocean seawater, a total of 87 samples 

from 0 to 600 m depth with a CTD-rosette and Niskin bottles were 
collected in two different oceanographic cruises at the Porcupine 
Abyssal Plain Observatory (PAP-Site, 48◦ 50′ N 16◦ 30′ W, 4850 m depth) 
to obtain high resolution 210Po - 210Pb depth profiles. This multidisci
plinary observatory is an open-ocean, long-term time series site in the 
NE Atlantic, focusing on the study of the connections between the sur
face and the deep ocean [37].

A first unfiltered water profile was collected during the JC231 cruise, 
on 18 May 2022, on board the RRS James Cook led by the National 
Oceanography Centre (NOC). The goal of the cruise was to continue 
time-series observations on the surface ocean, water column, and sea
floor at the site. The station sampled during this campaign was labelled 
SS1-1 (Table S1, Fig. 1).
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Five additional profiles were sampled the following year, between 6 
June and 17 July 2023, on board Pour Quoi Pas? during APERO cruises. 
APERO project aims to study the mechanistic functioning of the BCP 
with emphasis on the mesopelagic ocean [38]. Stations sampled during 
this campaign were labelled from SS1 to SS5 (Table S1, Fig. 1).

Replicates were collected at several depths in both cruises and pro
cessed using the Fe3+ co-precipitation method (Table S1).

2.2. Fe(OH)2 co-precipitation method

Below we describe the steps followed for 210Po determination in 5 L 
water samples. 

Step 1. Preconcentration of lead and polonium

The radiochemical procedure starts by adding 1.25 g of FeSO4 (Fe2+) 
and 2.5 g of K2S2O5 to the spiked samples. K2S2O5 prevents Fe2+ from 

Table 1 
Total210Po activity concentrations (Bq⋅m− 3) and chemical yields (R%) obtained with the Fe3+ and Fe2+ methods in duplicate samples and batch averages from 
groundwater (Jaén) and surface seawater (Cádiz and Huelva). Uncertainties are reported as absolute values (±σ) and percentages (%).

Study Area Batch Samples duplicates Batches average

Fe3+ Fe2+ Fe3+ Fe2+

210Po ± σ % R% 210Po ± σ % R% 210Po ± σ % R% 210Po ± σ % R%

Uranium mine 
Jaén, Spain 
38.21 ◦N, 4.1 ◦W 
17/01/2021

A 6.7 1.8 27 36 7.7 1.9 25 60 7.4 1.7 23 48 ± 8 7.8 2.0 26 61 ± 8
5.7 1.5 26 53 6.3 1.4 26 50
7.3 1.9 26 48 6.6 1.3 23 65
9.7 1.6 16 55 10.6 0.5 5 68

B 2.4 0.4 29 60 4.2 0.8 19 51 2.6 0.1 21 64 ± 4 3.8 0.6 18 53 ± 3
2.7 0.7 26 66 4.1 1.0 24 56
2.7 0.3 11 67 3.0 0.2 7 51

C 4.9 0.5 10 45 4.7 0.3 6 55 4.9 0.5 10 45 ± 0 4.7 0.3 6 55 ± 0
22 4 18 49 18 2 11 54

Punta Umbría 
Huelva, Spain 
37.2 ◦N, 7.0 ◦W 
8/12/2021

D 2.7 0.5 19 55 3.0 0.4 13 55 2.3 0.6 26 64 ± 13 3.0 0.1 3 50 ± 8
1.8 0.2 11 73 2.9 0.5 17 44

Playa de la 
Cortadura 
Cádiz, Spain 
36.5 ◦N, 6.3 ◦W 
18/03/2022

E 3.0 0.8 30 49 3.5 0.7 20 43 2.7 0.5 19 49 ± 0 3.7 0.3 8 50 ± 9
2.3 0.4 17 49 3.9 0.4 10 56

F 6.7 1.1 16 55 6.9 0.8 12 55 4.9 1.8 37 55 ± 3 5.2 1.6 31 52 ± 8
4.9 1.0 20 50 3.8 0.5 13 59
3.2 0.6 19 55 4.8 0.8 17 43

G 6.7 1.1 16 55 14 2 14 53 10.7 2.5 23 60 ± 4 13 2 15 50 ± 3
11 2 18 58 15 2 13 50
11 2 18 65 11 2 18 48

Fig. 1. Stations sampled during the NOC (Red) and APERO (Green) campaigns around the PAP-SO in spring 2022 and summer 2023, respectively.
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oxidizing. The samples are gently shaken for 2 min, after which the pH is 
adjusted to 8 – 9 using 20 mL of concentrated NH4OH (13 M), resulting 
in the formation of Fe(OH)2 precipitate. The precipitate is allowed to 
settle for at least 24 h, after which it is siphoned off, and the precipitate – 
carrying the dissolved fractions of 210Pb, 210Po, and 209Po – is trans
ferred to 250 mL bottles. 

Step 2. Sample conditioning

The precipitate from each sample is evaporated to near dryness at a 
controlled temperature of 60 ◦C to avoid polonium losses due to vola
tility [39]. The precipitate is then dissolved using 10 mL of 37% HCl and 
1 mL of H2O2. This evaporate–dissolve procedure is repeated three times 
to ensure complete digestion of the organic matter and to bring the so
lution to an acidic medium. The final residue is dissolved in 120 mL HCl 
(1 M). 

Step 3. Separation of polonium from lead

The polonium isotopes 210Po and 209Po were spontaneously depos
ited onto silver discs (25 mm diameter). To this end, 0.2 g of ascorbic 
acid was first added to prevent any iron in the sample from interfering 
with polonium plating. A one-side coated silver disc was then intro
duced, suspended from a nylon thread, and the bottles were tightly 
capped and heated at 60–70 ◦C for at least 8 h. A deposition time of more 
than 4 h is recommended for optimal recoveries [40]. Finally, the silver 
discs were retrieved, rinsed with distilled water, and allowed to dry.

Is important to note that to avoid an statistical increase of the un
certainties of the 210Po and 210Pb activity concentrations, the elapsed 
time between the collection of the sample at open sea and the final 
separation of 210Po by its deposition onto silver disks must be minimized 
[41], due the relatively short 210Po half-life (T1/2 = 138 days).

An intercomparison of methods was performed using the co- 
precipitation of polonium and lead through the previously employed 
Fe3+. In that co-precipitation method steps 2 and 3 remained the same, 
while Step 1 substitute FeSO4 for FeCl3 as carrier to form Fe3+ instead. 
Specifically, 10 mL (0.250 g/mL) of FeCl3 were added. Fe(OH)3 and 
polonium were co-precipitated after adjusting the pH to 8–9 with 20 mL 
of NH4OH [42].

2.3. Instrumentation and α – measurement

209Po and 210Po activities were determined at CITIUS (Centro de 
Investigación, Tecnología e innovación, Universidad de Sevilla) labo
ratory at the Universidad de Sevilla by alpha spectrometry using PIPS 
detectors with 450 mm2 active area and 18 keV resolution at the highest 
alpha emission energy of 241Am (5.486 MeV) for at least one week to 
guarantee that uncertainties were lower than 5%. The alpha background 
count rates (cps) contributed on average less than 1% to the total counts 
of 210Po and 209Po (10− 6 cps for 210Po and 10− 5 cps for 209Po). To obtain 
210Po at the sampling date in the different water matrices, decay cor
rections were applied based on the time elapsed between sample 
collection and measurement, additional corrections had to be performed 
when 210Pb activities were measured [40].

Specifically, coastal surface seawater samples from Huelva and Cádiz 
(Spain) were processed and measured immediately after collection for 
210Po determination, yielding activities approximately corresponding to 
the sampling date. For groundwater samples collected in Jaén (Spain) 
and stored for one year, 210Po activity at the sampling date cannot be 
obtained any longer, as after a year it is in secular equilibrium with its 
parent 210Pb. In that case 210Pb and 210Po, both in secular equilibrium, at 
the sampling date are provided indirectly through the measurement of 
210Po. Finally, open-ocean samples collected during the PAP cruises 
were processed using the double-measurement approach detailed in 
studies such as [40] to obtain both 210Po and 210Pb at the sampling date. 
More details about the measurement procedure and decay corrections of 

210Po and 210Pb in the different water matrices are provided in Section 
S1 of the Supp. Material.

3. Results and discussion

3.1. Measurement of the activity concentration

3.1.1. Groundwater and coastal surface seawater
Table 1 presents 210Po activity concentrations and the average of 

each batch for groundwater and coastal surface seawater samples 
following our Fe2+ co-precipitation method described in Section 2.

Groundwater was collected from an area influenced by the FUA 
(Fig. S1); in areas where uranium is mined and extracted, 210Po and 
210Pb tend to accumulate in tailings and run-off [43]. Determined 210Po 
activities were similar between aliquots, with the average batch stan
dard deviation of 210Po narrowly ranging from 6 to 26%. Moreover, 
these values are in close agreement with the uncertainties associated 
with individual aliquots, which ranged from 5 to 26%. The only 
exception was Batch C, where one duplicate showed markedly higher 
activity than the other replicates (18 ± 2 Bq⋅m− 3). As indicated below, 
this duplicate also exhibited the highest 210Po activity measured using 
the Fe3+ method (22 ± 4 Bq⋅m− 3). Nevertheless, since the samples were 
collected at three different sampling points, variations between aliquot 
batches are expected.

These values fall within the range reported for Spanish groundwater 
(1.4 – 78 Bq⋅m− 3, average 20 ± 7 Bq⋅m− 3 [44]) and for slightly 
contaminated groundwater in the uranium-mineralized area of Jadu
guda, India (average 9.3 ± 2.1 Bq⋅m− 3 [43]). Other regions affected by 
uranium mining exhibit much higher 210Pb levels [45].

For coastal surface seawater, average 210Po standard deviations also 
align with individual aliquot uncertainties in all batches. Seawater 
samples from Cádiz were measured in consecutive weeks, so a small 
fraction of 210Po originated from 210Pb ingrowth during the elapsed 
time. This explains the slight increase in 210Po activity observed from 
batches E to G, despite identical sampling time and matrix. By contrast, 
replicates within the same batch were analyzed on the same day, and the 
results were within the uncertainty.

210Po activities determined in surface seawater samples show good 
agreement among those collected in Huelva and Cádiz (Batches D to G). 
These values also fall within the range reported in the literature for 
coastal surface waters (0.25 – 3.39 Bq ⋅ m− 3 [46–51]) and specifically 
align with previously reported ranges values for the southern Atlantic 
coast (0.50 – 1.94 Bq⋅m− 3 [48,52]).

3.1.2. 210Po – 210Pb depth profiles from PAP-site campaigns
Fig. 2 plots 210Pb – 210Pb depth profiles obtained from both NOC 

(SS1-1) and APERO (SS1 to SS5) campaigns using Fe2+. 210Po and 210Pb 
activity concentrations and their ratio (210Po/210Pb) are shown in 
Table S1. Determined values for both radioisotopes during the two 
cruises align well with those reported in previous PAP-site studies, 
ranging from 0.45 to 2.1 Bq⋅m− 3 for 210Po and from 1.06 to 6.7 Bq⋅m− 3 

for 210Pb [7,53,54].
To correctly interpret depth profiles from Fig. 2 we differentiate two 

regions in the water column. The euphotic zone (EZ), from 0 to 126.5 m 
in the sampled stations, is the layer that receives enough solar radiation 
to allow phytoplankton photosynthesis and therefore the production of 
organic matter [55]. The euphotic zone base (EZB in Fig. 2) is taken as 
the depth of 0.1% light penetration [6]. In the twilight zone (TZ), below 
the EZB, there is no further production of organic matter [56].

In the EZ, all stations exhibit 210Po deficits relative to 210Pb 
(210Po/210Pb ratios average 0.71 ± 0.05), due to preferential 210Po 
scavenging [13]. Indeed, whereas 210Pb is only adsorbed on particles 
surface, 210Po is strongly adsorbed on particles, but also incorporated to 
phytoplankton cells, and bioaccumulated through the food web 
[57–59].

In the TZ, 210Po/210Pb ratios are closer to 1 (average 0.97 ± 0.07) 
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due to the absence of net removal or 210Po addition occurring faster than 
their ingrowth–decay [17]. Profiles SS1, SS2 and SS3 show 210Po excess 
values in relation to 210Pb (210Po/210Pb > 1) from 250 m downward that 
likely reflects the release of particulate 210Po to non-sinking phases 
through remineralization or disaggregation processes carried out by 
bacteria and zooplankton [13].

Our results align well with those reported by Ref. [60], who pre
sented 210Po – 210Pb depth profiles along a North Atlantic transect 
during the GEOVIDE program. In this cruise the Co-APDC method was 
obtained for polonium co-precipitation. Two of their sampled stations 
were located near the PAP Site (Stations 21 and 26; see Fig. 1 in the 
article). Fig. S2 shows average 210Po – 210Pb activities obtained during 
the NOC and APERO campaigns and those from GEOVIDE. In addition to 
the good agreement observed in the range of measured values for 210Po 
and 210Pb, both radioisotopes show similar vertical patterns in the water 
column: 210Po deficits in the EZ (~50 m) due to particle scavenging, and 
either secular equilibrium or 210Po excesses below ~ 250 m in the TZ.

As a final remark of the excellent performance of the method here 
presented, during the APERO campaign, POC and 210Po fluxes were 
determined from the 210Po – 210Pb disequilibrium, using the Fe2+

method, and complementary using sediment traps. The results show an 
excellent agreement at the ten depths in the five stations where the 
fluxes were evaluated using both methods [61].

3.2. Evaluation of the performance of the Fe2+ co-precipitation

3.2.1. Chemical yields
Table 1 shows the individual and batch-averaged chemical yields for 

groundwater and coastal surface seawater samples. Table S1 includes 
the chemical yields obtained for the collected open ocean samples from 
PAP cruises. Additionally, Fig. S3 presents the boxplot summarizing the 
chemical yields statistics obtained for all analyzed matrices.

The higher chemical yields observed in groundwater matrices 
compared with coastal surface seawater, and especially with open-ocean 
samples, both in terms of average and quartile values, have already been 
reported previously, 40 – 87% for groundwater samples [60,62–64] and 
from 20 to 71% in seawater [7,12,13,39,65,66]. As further discussed 

below, there are at least two factors that complicate 210Po extraction 
from seawater matrices: the high salinity [42], and the high content of 
organic matter [27,67,68].

The overall lower chemical yields measured when applying Fe2+

method relative to Fe3+ (Table 1 and boxplot in Fig. S3) is likely related 
to the formation of smaller aggregates in the Fe2+ than in the Fe3+

precipitates, which takes longer times to completely settle than the 
processing time on board, and are therefore partially lost during the 
siphoning process. Nevertheless, these losses are accounted for in the 
measurement process and 210Po activity is still accurately determined.

3.2.2. Intercomparison of Fe2+ and Fe3+ co-precipitation methods
210Po activity underestimation.
Fig. 3 plots 210Po activity concentrations determined in all replicate 

samples processed using the Fe3+ (x-axis) and Fe2+ (y-axis) co- 
precipitation methods. These results include groundwater and coastal 
seawater samples (Fig. S1) and the open-ocean water samples collected 
during the two campaigns conducted around the PAP site (Fig. 1). The 
complete dataset results can be found in Table 1 and S1, respectively. 
Additionally, Figs. S4 and S5 include boxplots summarizing the statistics 
results obtained for replicates processed using co-precipitation with 
Fe2+ and Fe3+.

The smallest differences between the two methods were observed in 
the groundwater samples, where the results cluster close to the 1:1 line 
(Fig. 3). Within uncertainties, individual aliquots yielded the same ac
tivity in eight of the nine replicates and the average 210Po activities and 
quartile values were consistent within methods (Fig. S4).

Differences were more pronounced in coastal surface and open- 
ocean samples. Indeed, most of the results for these matrices lie above 
the 1:1 line in Fig. 3. In coastal samples, although average 210Po values 
overlap within uncertainties, the boxplot (Fig. S4) clearly shows a sys
tematic shift toward higher activities for Fe2+ co-precipitation in rela
tion to Fe3+. This is evidenced by consistently larger quartile values (Q1, 
median, and Q3), indicating that the difference is not driven by a few 
high values but reflects an overall higher activity across the entire 
dataset.

The most notable differences were observed in the open-ocean 

Fig. 2. (Top) 210Po (Blue filled circle) and 210Pb (Red filled diamond) activity concentration (Bq ⋅ m− 3) depth profiles measured with Fe2+ (straight line) and Fe3+

(dashed line) methods. (Bottom) 200 m - zoom.

Á. López-Rodríguez et al.                                                                                                                                                                                                                      Talanta 308 (2026) 129812 

5 



samples from PAP cruises (Fig. S5). In the EZ, average 210Po activity 
with the Fe2+ method was 38 ± 11% higher relative to the Fe3+ method. 
In the TZ, these differences were even more pronounced, with average 
210Po activities 53 ± 12% higher. In both cases, the shift was not limited 
to mean values: all determined quartiles were consistently higher with 
the Fe2+ method, similarly to coastal waters.

The underestimation when the co-precipitation is performed using 
Fe3+ takes place in 23 out of 42 replicates across all water matrices 
analyzed in this study. In 18 replicates both methods yield the same 
activity (mostly groundwater), and only in one replicate does the Fe2+

method underestimate 210Po activity. In coastal and open-ocean water 
samples, the Fe3+ method underestimates 210Po activity by an average of 
46 ± 8% [21]. also reported an underestimation of 35% for the com
parison between replicates processed with Fe3+ and Co-APDC methods.

The systematic higher concentrations found when performing co- 
precipitation with Fe2+ from the open-ocean samples is depth- 
independent within each region, as shown in the zoomed view of 
Fig. 3. Although the underestimation is higher in the TZ relative to the 
EZ, there is no relationship with depth in either region. This consistency 
indicates that the observed underestimation is not due to replicate bias 
or depth-dependent biological or biogeochemical processes within the 
water column but rather reflects a methodological bias inherent to the 
Fe3+ approach.

210Po – 210Pb secular equilibrium in the water column.
Fig. 2 also includes in dashed lines the 210Pb – 210Pb depth profiles 

obtained by applying the Fe3+ method in the replicates collected from 
both NOC and APERO cruises (See data in Table S1). This 
Figure graphically shows that within uncertainties, the Fe3+ method 
clearly underestimates 210Po activity in most of the samples, as previ
ously discussed.

210Po deficits in the EZ are due to its preferential scavenging relative 
to 210Pb onto sinking organic matter [13]. Although these deficits are 
observed using both methods, 210Po underestimation with the Fe3+

method led to 210Po/210Pb ratios in the EZ that were underestimated by 
15 – 47% (averaging 19 ± 11 %) relative to Fe2+ (Fig. S3).

This bias becomes even more evident in the TZ. In this region export 
events no longer take place and both radioisotopes are expected to reach 
secular equilibrium [6]. Using the Fe2+ method 210Po and 210Pb indeed 

reach a consistent equilibrium, with 210Po/210Pb ratios averaging 0.97 
± 0.07 (Q2 = 1.0 and Q3 = 1.1 in Fig. S5). In contrast, the Fe3+ method 
yielded a pronounced disequilibrium, 210Po/210Pb ratios obtained with 
the Fe3+ method were on average 32 ± 9% lower than those obtained 
with Fe2+, with 75% of the results falling below secular equilibrium (Q3 
= 1.0 in Fig. S5) and average ratios of 0.79 ± 0.08. As a result, the Fe3+

approach biases the 210Pb – 210Po disequilibrium at depths where the 
Fe2+ method indicates that secular equilibrium has already been 
established.

In detail, at station SS1-1 both radioisotopes consistently reach 
secular equilibrium throughout the TZ when using the Fe2+ method, 
whereas this equilibrium is disrupted by large 210Po deficits within the 
TZ at 150 and 400 m when using Fe3+. A similar pattern is observed at 
most stations sampled during APERO cruises: at stations SS3 and SS5, 
secular equilibrium along the TZ is observed only with the Fe2+ method 
and is not achieved with Fe3+ due to 210Po deficits. Station SS4 is the 
only where the two methods yielded a consistent and similar secular 
equilibrium.

Furthermore, 210Po excess values (210Po/210Pb > 1) determined in 
the TZ during APERO are consistent with the depths of bacterial and 
zooplankton remineralization and fragmentation processes reported in 
Ref. [38]. However, 210Po/210Pb ratios obtained with the Fe3+ method, 
showing underestimation, can lead to a misinterpretation of these pro
cesses. For example, at 150 m in SS2, the intensive POC fragmentation 
reported in Ref. [38] would be consistent with the 210Po peak deter
mined with the Fe2+ method. In contrast, the Fe3+ method indicated 
secular equilibrium between the two radioisotopes, and based on this, 
the fragmentation process would not be identifiable.

Thus, 210Po and 210Pb underestimation when Fe2+ is employed for 
polonium co-precipitation leads to a more consistent secular equilibrium 
below the export zone between the two radioisotopes, while it is dis
rupted in the TZ with Fe3+. In the literature, 210Po deficits, and thus 
210Po - 210Pb disequilibrium in deep waters, are typically explained from 
the unequal adsorption and desorption processes affecting sinking par
ticulate matter [69], or to 210Po being scavenged in unorthodox ways by 
deepen phytoplankton [21,23,46,70]. In this study, we find that such 
deep 210Po deficits occur more frequently when the Fe3+ method is 
employed compared to Fe2+. Similarly [21], reported more consistent 

Fig. 3. 210Po activity concentrations (Bq ⋅ m− 3) determined using the Fe3+ (x-axis) and Fe2+ (y-axis) methods. The 1:1 line (y = x, black dashed line) is also plotted. 
The zoomed figure (lower right) shows the results for open-ocean samples differentiated by depth.
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equilibrium between both radioisotopes when using the Co-APDC 
method relative to the Fe3+ method.

3.3. Unravelling the uncomplete extraction of polonium in seawater

3.3.1. Functioning of the different methods for polonium and lead co- 
precipitation

The Fe3+ co-precipitation method was already applied in the 60s 
[71], and is currently the most widely used technique for determining 
210Po in seawater [27,72]. However, there is extensive literature 
reporting analytical problems in the measurement of 210Po and its 
disequilibrium in depth with 210Pb with this method [27].

Three groups were first to report problems in the measurement of 
210Po and 210Pb in seawater samples during the GEOSECS program 
[21–23]. Specifically [21], reported 210Po deficiencies relative to 210Pb 
in the TZ, which were not observed when applying the Co-APDC 
method.

Unexpected 210Po deficits observed in even deeper waters (up to 
3000 m) were also reported in the intercalibration exercise conducted 
during the GEOTRACES program [23], as well as in numerous other 
campaigns which applied the Fe3+ method [6,24–27]. The recent study 
[27] reported that, among the 213 depth profiles analyzed, 210Po – 210Pb 
disequilibrium at depths >300 m occurred in twice as many profiles 
when using the Fe3+ method compared with Co-APDC. In addition, they 
found that the Fe3+ method systematically underestimated 210Po ac
tivity concentrations by an average of 35%. Both findings were also 
reported in Ref. [73]; a more consistent secular equilibrium was 
observed with the Co-APDC method relative to Fe(OH)3, and a210Po 
underestimation with Fe3+ ranging between 8 and 24%.

Interestingly, underestimated activities are not limited to 210Po [22]. 
also reported a systematic underestimation of 210Pb using the Fe3+

method of 30% relative to Co-APDC. However [27,73], found statisti
cally similar 210Pb activities between the two methods (Fe3+ and 
Co-APDC).

The Co-APDC method has proven highly effective and robust for 
isolating 210Po from seawater in numerous oceanographic campaigns 
[27,52,74–78]. As the only disadvantage, it requires the individual 
filtration of every sample after co-precipitation of polonium with the 
insoluble Co-APDC chelate [18], making the method labour-intensive 
and time-consuming on board.

By contrast, the Fe2+ method enables the precipitate to be easily 
recovered by siphoning, making it ideal for oceanographic cruises. Its 
simplicity and efficiency are particularly valuable when processing large 
seawater volumes at multiple stations.

3.3.2. 210Po speciation in seawater
There are different reasons that account for the observed 210Po def

icits measured using the Fe3+ method. 210Po activity is determined from 
the count-rate ratio of 210Po to 209Po, multiplied by the known activity of 
209Po [27,40] (Equation S(1) in Supp. Material). This equation assumes 
that 210Po and 209Po are chemically equivalent, and recovered in the 
same proportion (i.e., with the same chemical yield) during the polo
nium isolation step (Section 2). However, as it is suggested by Ref. [23], 
obtaining the same extraction of 210Po and 209Po strongly depends on 
the co-precipitation method applied.

The unequal extraction of 210Po and 209Po explains the underesti
mation of 210Po activity observed with the Fe3+ method in the analyzed 
replicates.

The divergences could arise due 209Po not being efficiently recovered 
during the radiochemical method, under or overestimating the amount 
209Po in the sample. In the case of a209Po underestimation, the 210Po 
results would be overestimated, therefore, the hypothesis of an incom
plete recovery of the spike 209Po is ruled out, as the results clearly show 
an underestimation of 210Po. A209Po overestimation, originated by a 
systematic contamination during the radiochemical separation, would 
produce lower 210Po, however, the blanks prepared for the different 

batches do not show any additional contribution of 209Po, and more 
importantly, the underestimation of 210Po results is found systematically 
across cruises.

Therefore, the underestimation of 210Po with Fe3+ must be due, 
conversely, to a deficient extraction of 210Po relative to 209Po. This hy
pothesis considers that the spike 209Po is correctly co-precipitated, but 
210Po is not recovered in the same proportion. This explanation was first 
proposed by Ref. [23] and later supported by the results of several 
studies [27,28,79].

The time available on the ship between the sample pre-conditioning 
and the co-precipitation method is about 8 h. During this time, the 
speciation of both radioisotopes, 210Po and 209Po, may not be homoge
neous. While 209Po is added in mineral phase (i.e in acidic solution) a 
few hours before the co-precipitation, 210Po is strongly bound to organic 
matter [15], dissolved organic matter (DOM) ligands such as humics or 
fulvics [80], or metabolized by living organism (small or larger) and for 
instance being excreted in faeces [81]. Therefore, for 210Po and 209Po to 
remain in the same chemical form and in chemical equilibrium, 210Po 
must be completely dissolved in a mineral phase, owing to the nitric acid 
added to the sample after collection. However, free natural 210Po radi
cals cannot be obtained in a short elapsed time of 8 h, on the contrary, 
this would be possible for 209Po; as a result, 210Po would still be bound to 
organic matter or other ligands, being not easily extracted and hence 
recovered in lower proportion than the 209Po tracer.

The results reported in Refs. [82] and [73] support this hypothesis. In 
Ref. [82] is obtained a consistent secular equilibrium between 210Po and 
210Pb throughout the entire TZ. The Fe3+ method was applied, with the 
distinction that the elapsed time between acidification and the 
co-precipitation step was ~50 days. This period would be enough to get 
free natural 210Po radicals, which can then be efficiently extracted along 
with the 209Po spike by the carrier. On the other hand [73], proposed 
that biologically mediated Po cycling within the food web may generate 
dissolved Po species that are less efficiently scavenged by Fe3+ and 
require longer equilibration times with the added 209Po spike, particu
larly when samples are processed shortly after collection.

Similar conclusions can be inferred from our groundwater samples 
measurements. The elapsed time between collection and co- 
precipitation was at least one year in these samples. In the meantime, 
they were stored acidified with nitric acid, which enables the acid to 
attack and break down the organic compounds and dissolve the salts 
present in the seawater [83,84], forming free 210Po radicals that can be 
more easily extracted during the co-precipitation, together with the 
tracer. Additionally, it is expected that this unequal and not easily 
traceable extraction of 210Po and 209Po would be more significant in 
seawater than in groundwater samples, as seawater are more complex 
matrices due to their higher salt and organic matter content [42,85]. 
Accordingly [32], recently showed non-significant bias between the 
Fe3+, Fe2+ and Co-APDC methods in natural water matrices. This is 
consistent with our results: both Fe3+ and Fe2+ methods yielded similar 
210Po activities in most groundwater replicates.

It is important to add that the inefficient extraction of radioisotopes 
from seawater using co-precipitation with Fe3+ is not specific to polo
nium. López-Lora et al. (2018) [86] reported average chemical yields of 
52 ± 25 % for 236U extraction using the Fe3+ method, which increased to 
93 ± 8 % when using Fe2+ [35]. And for the 237Np the chemical yield 
using Fe3+ is negligible, versus using co-precipitation with Fe2+, where 
the chemical yield increases up to 87 ± 6 % [35].

The hypothesis that 210Po bound to both organic matter and mineral 
ligands interferes with the recovery of total 210Po suggests that complete 
oxidation of organic matter and full dissolution of the inorganic phase 
could lead all three methods (Co-APDC, Fe3+, and Fe2+) to yield com
parable results, similarly to enabling the acid to release free 210Po 
radicals.

An interesting process that reduces the interference of organic matter 
in the recovery of polonium and actinides when using Fe2+ rather than 
Fe3+ is the Fenton reaction. The Fenton reaction is an oxidation process 
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in which Fe2+ catalyzes the decomposition of H2O2, generating highly 
reactive hydroxyl radicals (• OH) [87]. Under acidic conditions, these 
radicals enhance the oxidation of organic matter [88]. Because this re
action does not occur with Fe3+, the Fe2+ method may promote a higher 
release of 210Po into the dissolved phase, resulting in recovery pro
portions closer to that of 209Po spike by the carrier. This another reason 
why the use of Fe(SO4)2, Fe2+, to co-precipitate 210Po is more successful 
than the use of Fe(OH)3, Fe3+, since in that case the Feton reaction takes 
place.

In order to improve and ensure that 210Po and the 209Po spike are 
present in the same phase, a step to obtain a complete oxidation of 
organic matter and dissolution of mineral-associated ligands could be 
included. H2O2 and a reducing agent, e.g. ascorbic acid, could be added 
before the co-precipitation step, however, applying this approach on
board is operationally demanding, as it requires controlled heating for 
large amounts of water, several hours of treatment, and large amounts of 
H2O2 [89,90].

Thus, the results of our study, along with those reported by Refs. [27,
35,86] indicate that the Fe2+, Fe3+, and Co-APDC methods speciate 
actinides and 210Po differently in seawater. When 210Po is extracted 
from the seawater matrix, the spiked 209Po is not sensitive to these 
differences in speciation using the three different methods, as it is usu
ally added only before the radiochemical analysis. The Fe2+ and 
Co-APDC approaches likely produce a similar speciation of natural 210Po 
in seawater, which is extracted in the same proportion relative to 209Po 
by both methods. The alignment within methods reported by Ref. [32] 
in freshwater suggests that this effect may only concern seawater 
matrices; in freshwater, natural 210Po may be similarly speciated by the 
three methods, subsequently leading to consistent analytical results.

4. Conclusions

In this study, we set up a method for the determination of 210Po and 
210Pb in seawater. This method is based on the co-precipitation of 210Po 
and 209Po with FeSO4, based on Fe2+ formation. The method success
fully measures 210Po in groundwater samples and in coastal surface 
seawater samples and performs very well measuring on board high- 
resolution 210Po and 210Pb depth profiles in open-ocean, during two 
campaigns around the PAP-Site Observatory. Replicates were collected 
and processed using the established Fe(OH)3 co-precipitation method, 
based on Fe3+. Considerable differences in activity concentration results 
were observed when using the two methods, with our method providing 
a more accurate outcome.

The results of this study led to two main conclusions. First, the FeSO4 
method is suitable for the determination of 210Po and 210Pb in seawater, 
since determined activities align very well with those reported in pre
vious studies employing the recently validated Co-APDC method. Sec
ond, the comparison of replicate samples processed with the FeSO4 and 
Fe(OH)3 methods highlights and evidence a systematic underestimation 
of 210Po with the Fe(OH)3 method. Furthermore, 210Po and 210Pb 
consistently reach the expected secular equilibrium in deep waters with 
Fe2+ co-precipitation. Whereas a systematic disequilibrium between 
both radioisotopes is found below the Euphotic Zone when using the 
Fe3+ method, which proves the better performance of the method based 
on Fe2+ co-precipitation.

The 210Pb – 210Po disequilibrium is a widely used approach to esti
mate downward POC fluxes [7], and any bias in the measurement of 
these radioisotopes activities directly affects the accuracy of the esti
mated sinking POC [23]. POC and 210Po fluxes determined from the 
210Po – 210Pb disequilibrium using the Fe2+ method showed excellent 
agreement with those measured by sediment traps during the APERO 
campaign [61], whereas the use of results obtained with the Fe3+

method overestimated POC fluxes in relation to those from the sediment 
traps.
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Á. López-Rodríguez et al.                                                                                                                                                                                                                      Talanta 308 (2026) 129812 

8 

https://doi.org/10.17600/1800066
https://doi.org/10.17600/1800066
https://doi.org/10.1016/j.talanta.2026.129812
https://doi.org/10.1016/j.talanta.2026.129812
https://doi.org/10.1016/j.pocean.2014.05.005
https://doi.org/10.1016/j.pocean.2014.05.005
https://doi.org/10.1002/essoar.10507873/v3
https://doi.org/10.1002/essoar.10507873/v3


carbon pump, Earth Syst. Sci. Data 12 (2020) 1267–1285, https://doi.org/ 
10.5194/essd-12-1267-2020.

[4] R. Sanders, S.A. Henson, M. Koski, C.L. De La Rocha, S.C. Painter, A.J. Poulton, 
J. Riley, B. Salihoglu, A. Visser, A. Yool, R. Bellerby, A.P. Martin, The biological 
carbon pump in the North Atlantic, Prog. Oceanogr. 129 (2014) 200–218, https:// 
doi.org/10.1016/j.pocean.2014.05.005.

[5] F.A.C. Le Moigne, Pathways of organic carbon downward transport by the Oceanic 
biological carbon pump, Front. Mar. Sci. 6 (2019), https://doi.org/10.3389/ 
fmars.2019.00634.

[6] E. Ceballos-Romero, F.A.C. Le Moigne, S. Henson, C.M. Marsay, R.J. Sanders, 
R. García-Tenorio, M. Villa-Alfageme, Influence of bloom dynamics on Particle 
Export Efficiency in the North Atlantic: a comparative study of radioanalytical 
techniques and sediment traps, Mar. Chem. 186 (2016) 198–210, https://doi.org/ 
10.1016/j.marchem.2016.10.001.

[7] F.A.C. Le Moigne, M. Villa-Alfageme, R.J. Sanders, C. Marsay, S. Henson, R. García- 
Tenorio, Export of organic carbon and biominerals derived from 234Th and 210Po 
at the Porcupine Abyssal Plain, Deep. Sea, Res. 1. Oceanogr. Res. Pap. 72 (2013) 
88–101, https://doi.org/10.1016/j.dsr.2012.10.010.
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