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Abstract 

231
Pa, 

230
Th and 

232
Th were analyzed in unfiltered seawater samples (n = 66) and 

suspended particles (n = 19) collected in the Mediterranean Sea during the MedSeA-

GA04-S cruise along the GEOTRACES section GA04S and used to investigate 

mechanisms controlling the distribution and fractionation of Pa and Th in an ocean 

margin environment. 
231

Pa and 
230

Th are particle reactive radionuclides and are often 

used as tracers of processes such as boundary scavenging, particle transport and ocean 

circulation. The depth profiles of total 
231

Pa and 
230

Th concentrations in the 

Mediterranean Sea displayed non-linear shapes. Higher total 
232

Th concentrations were 

observed at the straits and in deep waters pointing at lithogenic sources. Fractionation 

factors FTh/Pa ranged from 1.4 to 9. Application of a box-model illustrated that 94 % of the 

231
Pa and almost all of the 

230
Th (99.9 %) produced in the Mediterranean Sea is removed 

to the sediment by scavenging. The negligible export of 
230

Th to the Atlantic Ocean, 

leads to a reevaluation of the mean settling speed of the filtered particles, which is now 

estimated to 500-1000 m/y. The low FTh/Pa fractionation factors are attributed to the 

efficient scavenging and lack of transport of 
231

Pa to the Atlantic Ocean.  
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1. Introduction 

Particle dynamics in oceanic systems impact global biogeochemical cycles (e.g. 

Buesseler et al., 2007; Martin et al., 1987; Miquel et al., 1994). Marine particles are 

important regulators of ocean chemistry as they determine the residence time of many 

bioavailable dissolved elements (e.g. Fe, Mn, Mg) in seawater (Jeandel et al., 2015). In 

particular, the vertical and horizontal distribution of many trace elements is influenced by 

particle formation, remineralization and transport (e.g. Jeandel et al., 2015; Lal, 1977).  

Protactinium and thorium are important tracers for marine particles and deep 

water circulation (Bacon, 2005; Roy-Barman et al., 2009; Rutgers van der Loeff and 

Berger, 1993). 
231

Pa (t1/2 = 32 760 y) and 
230

Th (t1/2 = 75 690 y) are natural radionuclides 

produced by the radioactive decay of 
235

U and 
234

U, respectively. 
232

Th is a primordial 

long-lived isotope and can be used as a fingerprint of recent lithogenic supply. In the 

open ocean, 
232

Th is likely to be dominantly supplied by the dissolution of dust (Hsieh et 

al., 2011). Pa and Th are particle reactive and are removed from the water column by 

scavenging onto settling particles. In the absence of lateral transport by currents, the 

vertical distribution of 
231

Pa and 
230

Th in the water column is expected to increase linearly 

with depth, in which case, the particulate 
230

Th distribution can be used to determine the 

average settling speed of the particulate matter (Bacon and Anderson, 1982). Deviations 

from a linear depth profile indicate that oceanic currents transport 
231

Pa and 
230

Th away 

from the location where they were produced (Rutgers van der Loeff and Berger, 1993). 

This is the case during deep water formation (Roy-Barman et al., 2002) or when 

insoluble elements are advected towards and scavenged at ocean margins (Roy-

Barman, 2009). The removal at ocean margins (also called boundary scavenging) is 

important for many insoluble elements with long ocean residence times (>100 y). It is 

therefore valuable to separate the relative contribution of circulation and particle 

transport on the Pa and Th profiles. Th is more particle reactive compared to Pa 

(Anderson et al., 1983a; Anderson et al., 1983b). As a result, sediments are often 

depleted in 
231

Pa relative to 
230

Th compared to their production ratio derived from the 

decay of uranium (e.g. Yu et al., 1996). Th is removed from the open ocean by 

adsorption onto settling particles and Pa primarily by lateral transport by currents to other 

environments such as ocean margins and opal-rich areas where sediments are enriched 

in 
231

Pa relative to 
230

Th (Anderson et al., 1983a; Anderson et al., 1983b). Along the 

shelves and slopes, boundary scavenging plays a key role in the burial of 
231

Pa, because 

particle fluxes in the open basins are small. 
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There is an ongoing discussion regarding the use of 
231

Pa/
230

Th ratios as a 

tracer of the past meridional overturning circulation (e.g. Deng et al., 2014; Lippold et al., 

2012; Walter et al., 1997). Much of the debate concerns the processes controlling 

231
Pa/

230
Th ratios in marine sediments, such as the intensity of thermohaline circulation, 

particle composition and particle fluxes (Hayes et al., 2015b; Siddall et al., 2005).  

In this study, particulate and total 
231

Pa, 
230

Th and 
232

Th concentrations in depth 

profiles from the Mediterranean Sea are presented. The objective was to: (1) study the 

relative influence of scavenging and deep water ventilation on the vertical distribution of 

231
Pa and 

230
Th; (2) determine the relative affinity of Pa and Th for particles a closed sea 

environment and (3) to reevaluate the settling velocity of the particles in the 

Mediterranean Sea, with a particular care for possible bias linked to lateral transport.  

Hydrographic settings 

The Mediterranean Sea is composed of two main basins, the Western and the Eastern 

Basin separated by the Sicily strait (Fig. 1). The surface layer (~0 - 200 m) in the 

Western Mediterranean Sea is dominated by Atlantic Water (AW), which becomes 

Modified Atlantic Water (MAW, S~35.9) along its path towards the Eastern Basin. In the 

Levantine Sea, the MAW sinks through surface heat loss and evaporation and 

transforms into Levantine Intermediate Water (LIW, S~39, depth range ~200 - 600 m) on 

its return to the Atlantic (Fig. 2).  

Deep dense water formation is frequent over the shelf areas and in the open 

ocean regions, both in the Western and Eastern Mediterranean Basins (e.g. Castellari, 

2000; Robinson et al., 1992). The Western Basin is characterized by a relatively short 

water residence time (τw= ~15 y, Béthoux and Gentili, 1999) due to the almost annual 

occurrence of deep water formation near the Gulf of Lions and in the Ligurian Sea 

(Houpert et al., 2016; Millot, 1999). The Eastern Basin is characterized by longer water 

residence times (τw= ~60 y, (Béthoux and Gentili, 1999). The deep waters within the 

Eastern Mediterranean Sea (EMDW) are formed in the southern Adriatic Sea (EMDWAdr) 

and Aegean Sea (EMDWAg), which fills the Ionian and Levantine Seas (El-Geziry and 

Bryden, 2010) (Fig. 2). There is a biological productivity gradient between the Western 

Basin, which is generally oligotrophic with mesotrophic conditions in spring in the 

Northern Algero-Balearic Basin, and the ultra-oligotrophic Eastern Basin (Boldrin et al., 

2002; Pujo-Pay et al., 2011). 
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2. Methods 

Sampling 

Samples were collected during the Mediterranean Sea Acidification in a Changing 

Climate cruise (MedSeA-GA04-S) onboard B/O Ángeles Alvariño between May and June 

2013. Unfiltered seawater samples were collected at 10 stations distributed in the main 

basins along the GEOTRACES section GA04S (Fig. 1). Unfiltered seawater samples 

were collected in 12 L Niskin® bottles mounted on a General Oceanic® rosette equipped 

with a Sea-Bird Electronics CTD system (SBE 911plus). The CTD system was equipped 

with sensors allowing measurements of salinity, temperature, oxygen, turbidity and 

density. For the analysis of Pa and Th, 5 L of seawater was subsampled from the 12 L 

Niskin bottles followed by acidification with ultrapure HCl to prevent Th and Pa sorption 

on the container walls.  

Marine particles (from 6 stations) were collected by filtration onto nylon screens 

(Nitex, SEFAR, diameter 142 mm (pore size 1 µm) using in-situ pumps (Challenger type) 

(Fig. 1). An aliquot of the filter was cut out and used for trace metal analysis while the 

remaining fraction was resuspended and divided into 3 equal parts which were re-filtered 

onto Nucleopore® filters and stored until analysis. One of these fractions was dedicated 

for the analysis of Pa-Th isotopes. 

Chemical preparation of Pa and Th in seawater and particulate samples 

The seawater samples were spiked with 
233

Pa and 
229

Th followed by the addition of 20 

mg of Fe from a FeCl3 solution. The 
233

Pa spike was calibrated using an “in-house” 
231

Pa 

standard solution measured over several years and calibrated against Harwell Uraninite 

(HU-1) which is used as a U standard at secular equilibrium. After 1 day, the pH of the 

water was increased to pH~8-9 by an addition of NH3 to produce Fe(OH)3. The iron 

precipitate was allowed to settle for 24 h and recovered by siphoning the overlying water 

followed by centrifugation. After centrifugation, the precipitate was dissolved in 

concentrated HNO3. As Pa has a strong affinity for amorphous silica precipitated from 

silicic acid, this must be removed during sample preparation. Amorphous silica was 

separated by centrifugation: the supernatant was removed and the residual silica gel was 

dissolved in a mixture of concentrated HNO3 and HF. This solution was dried and 

redissolved in 8N HNO3 saturated with H3BO3, to prevent co-precipitation of Th with 

CaF2, followed by evaporation and redissolution in 8N HNO3. The resulting solution and 

the supernatant were mixed and passed through anionic ion exchange columns filled 

with Bio-Rad AG1-X8 anion exchange resin (i.e. 200-400 mesh) to obtain pure fractions 
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of Pa and Th. The anionic column exchange procedure using a single column was 

adapted from Jeandel et al. (2011) to process smaller samples (Gdaniec et al. 2017, in 

preparation). 

Particles collected with in-situ pumps were leached in 4N HCl solution at 50°C 

for 72 h. The leachate was evaporated and dissolved in concentrated HNO3 followed by 

the Si dissolution procedure described above. After the Si-dissolution procedure, the two 

solutions were mixed, spiked with 
233

Pa and 
229

Th and purified by letting the sample go 

through anionic ion exchange columns using the same procedure as for the seawater.  

Mass spectrometry 

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
TM

 Neptune Plus
TM

 instrument equipped 

with an Aridus II
TM 

desolvator and a Jet interface following the protocols derived from 

Burckel et al. (2015). For the Th analysis, 
230

Th and 
229

Th were measured sequentially on 

the axial electron multiplier. Simultaneously, 
232

Th was measured on off-axis faraday 

cups. A RPQ system was used to reduce the abundance sensitivity and half masses 

were measured around 
230

Th for an accurate correction of the baseline. An U standard 

solution was used to measure for the mass fractionation and the detector yield.  A Th 

standard solution was used to measure the hydride contribution and abundance 

sensitivity. During the Th-analysis, standard solutions (IRMM-035, IRMM-036 and an “in-

house” standard) were measured to monitor the reproducibility of the Th measurements. 

For the Pa analysis, 
231

Pa and 
233

Pa were measured simultaneously on the non-axial 

electron multipliers. Simultaneously, 
232

Th and 
235

U and 
238

U were measured on off-axis 

faraday cups to monitor abundance sensitivity and hydride contributions. An U standard 

solution was used to measure for the mass fractionation and the detector yield. The 

tuning of the MC-ICP-MS was done by using an “in-house” mixed 
231

Pa-
233

U solution. 

This solution was also analyzed every fifth sample to bracket the samples and check the 

instrument’s short and long-term drift and variability. 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. Moreover, all measured 
231

Pa and
 

230
Th concentrations were corrected for the in-growth of 

231
Pa

 
and

 230
Th by uranium 

decay during the time period between sample collection (2013) and the U-Th/Pa 

separation (2014-2015). Uranium concentrations in the samples were estimated using 

the bottle salinity measured from the CTD and the U-Salinity relationship in seawater (U 
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= (0.100 * S - 0.326), Owens et al., 2011). All uncertainties are expressed as 2 standard 

errors including the propagated contribution from sample weighting, spike calibration, 

impurities in spikes, blank corrections and mass spectrometric measurements.  

The 
231

Pa, 
230

Th and 
232

Th concentrations in particles and seawater were 

corrected for blank contributions. Procedural blanks were determined by performing a 

complete chemical procedure on 250 ml of Milli-Q® water with each batch of samples. 

Total procedural blanks for seawater samples ranged between 1.3 pg and 14.8 pg for 

232
Th (average = 10 ± 2.3 pg), 0.06 and 4 fg for 

230
Th (average = 2.4 ± 0.7 fg) and 0.03 

and 2.7 fg for 
231

Pa (average = 1.2 ± 0.2 fg). Total procedural blanks for particulate 

samples ranged between 4.6 pg and 12 pg for 
232

Th (average = 6.4 ± 3.2 pg), 0.02 fg 

and 0.05 fg for 
230

Th (average = 0.05 ± 0.03 fg) and 0.07 fg and 0.23 fg for 
231

Pa 

(average = 0.17 ± 0.08 fg). These blanks were equivalent to 0.05-4 % of the measured 

232
Th, 0.6-20 % of the measured 

230
Th and 4-40 % of the measured 

231
Pa. The Th 

isotope analysis at LSCE was validated by the GEOTRACES intercalibration exercise 

(Anderson et al., 2012). 

Lithogenic corrections 

In order to determine the 
231

Pa
 
and

 230
Th concentrations derived exclusively from the in-

situ decay of U-isotopes in seawater, the measured 
231

Pa and 
230

Th concentrations were 

corrected for contributions from lithogenic material. The excess 
231

Paxs and 
230

Thxs were 

calculated using the following equations: 

 

𝑇ℎ𝑥𝑠 =  𝑇ℎ𝑚
230 −  𝑇ℎ𝑚

232 × (
𝑇ℎ230

𝑇ℎ232 )230
𝐿𝑖𝑡ℎ𝑜                                      (1) 

 

𝑃𝑎𝑥𝑠 =  𝑃𝑎𝑚
231 − 𝑇ℎ𝑚

232  × (
𝑇ℎ23𝑜

𝑇ℎ232 )231   ×  (
𝑀231

𝑀230
) × (

𝜆230×𝜆235

𝜆238×𝜆231
)𝐿𝑖𝑡ℎ𝑜 × (

𝑈235

𝑈238 )   𝑛𝑎𝑡         (2)     

 

Where 
231

Paxs and 
230

Thxs are the 
231

Pa and 
230

Th produced solely from the in situ decay 

of 
235

U and 
234

U in seawater. The subscript m refers to the measured 
231

Pa, 
230

Th and 

232
Th concentrations in seawater and particles. The λ230, λ231, λ235 and λ238 are the decay 

constants for 
230

Th (λ230 = 9.16 x 10
-6 

y
-1

, Cheng et al., 1998), 
231

Pa (λ231 = 2.11 x 10
-5

 y
-1

, 

Cheng et al., 1998), 
235

U (λ235 = 9.85 x 10
-10

 y
-1

, Condon et al., 2010) and 
238

U (λ238 = 1.55 

x 10
-10

 y
-1

, Condon et al., 2010), respectively. The (
230

Th/
232

Th)Litho = 4.0 x 10
-6

 mol/mol 

(close to average crust 
230

Th/
232

Th = 4.3 x 10
-6

 mol/mol) was based on sediment trap 
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data from Roy-Barman et al. (2009), and the (
235

U/
238

Unat = 1/137.88 mol/mol) (Condon et 

al., 2010). 

Fractionation factor calculations 

The particle composition, the supply or removal by advection or scavenging affects the 

230
Thxs/

231
Paxs ratios in seawater and particles. The differential scavenging of Pa and Th 

is estimated with the fractionation factor FPa/Th defined as (Anderson et al., 1983): 

 

𝐹𝑇ℎ/𝑃𝑎 =
( 𝑇ℎ𝑥𝑠/ 𝑃𝑎𝑥𝑠)  𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠231230

( 𝑇ℎ𝑥𝑠/ 𝑃𝑎𝑥𝑠)231230   𝑠𝑒𝑎𝑤𝑎𝑡𝑒𝑟
                (3)   

 

Box-model calculations 

In order to estimate the amount of the in-situ produced Pa and Th scavenged within the 

Mediterranean Sea or transported to the Atlantic, a box-model was used to constrain 

231
Paxs and 

230
Thxs budgets. Net-fluxes at the straits were derived from the 

231
Paxs and 

230
Thxs concentration profiles from this study along with water fluxes from Béthoux and 

Gentili, (1999). These fluxes for the two basins were compared to the in-situ production 

of 
231

Paxs
 
and

 230
Thxs for the two basins. The concentration of 

231
Paxs

 
and

 230
Thxs  used as 

inflowing and outflowing waters at the straits of Gibraltar and Sicily were determined 

using current velocity depth profiles at both straits (Beranger et al., 2004; Tsimplis, 2000) 

(Tab. 1). Net-fluxes and in-situ production rates of 
231

Paxs
 
and

 230
Thxs were estimated 

using the equations summarized in Table S1. 

For the Eastern Basin, the water fluxes in and out from Adriatic Sea and the 

Aegean Sea were not considered. Instead, the Eastern Basin box-model included the 

Aegean and Adriatic water masses. Therefore, the water fluxes considered were those in 

and out of the Eastern Basin through the Strait of Sicily. The fluxes in and out of the 

Black Sea are neglected (Bethoux and Gentilli, 1996). 

3. Results 

231
Pa, 

230
Th and 

232
Th in unfiltered seawater 

The total 
232

Th concentrations in the water column ranged between 69 pg/kg and 876 

pg/kg and generally decrease with depth. Higher total 
232

Th concentrations were 

observed in near surface waters of Sicily Strait and in the Alboran Sea. Higher 

St
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concentrations of 
232

Th were also found throughout the water column at the Strait of 

Gibraltar and at 2500 m depth in the Northern Algero-Balear (NABB) (Tab. S2, Fig. 3C).  

Generally, higher concentrations of total 
230

Th (1.7-9.8 fg/kg) and 
231

Pa (0.09-

1.06 fg/kg) were observed in the Eastern Basin, compared to concentrations of
 230

Th 

(2.8-6.2 fg/kg) and 
231

Pa (0.16-0.9 fg/kg) in the Western Basin (Tab. S2).  

In the Eastern Basin, 
231

Paxs concentrations ranged between 0.05 fg/kg and 1.04 

fg/kg (Fig. 3A), while 
230

Thxs concentrations ranged between 0.6 fg/kg and 9.4 fg/kg (Fig. 

3B). In the Western Basin, the 
231

Paxs concentrations ranged between 0.14 fg/kg to 0.89 

fg/kg (Fig. 3A) and
 230

Thxs concentrations ranged between 2.7 fg/kg and 10.2 fg/kg, (Fig. 

3B).  

The shapes of the 
230

Thxs and 
231

Paxs deep profiles in the Eastern Basin are 

concave, with a linear increase from the surface down to 1000 m for 
231

Paxs and to 1500 

m for 
230

Thxs, with a maximum at 1500 m for 
231

Paxs and 2500 m for 
230

Thxs (Fig. 4G and 

H). Below these maxima, both the 
231

Paxs and 
230

Thxs concentrations decrease towards 

the seafloor. However, the relative decrease of 
230

Thxs was smaller compared to the 

relative decrease of 
231

Paxs (Fig. 4G and H).  

Similar 
231

Paxs and 
230

Thxs profile shapes were observed in the North and Central 

Algero-Balearic Basin, with concentration increasing linearly from the surface down to 

500-1000 m for 
231

Paxs (Fig. 4A, B, D and E). However, the linear concentration gradients 

extend to different depths across the basin. The 
230

Thxs concentrations display a linear 

increase down to 500 m depth in the Northern Algero-Balearic Basin (NABB), down to 

1000 m depth in the Central Algero-Balearic Basin (CABB) and the linear shape of the 

230
Thxs profile in the Southern Algero-Balearic Basin (SABB) extends down to 1500 m. 

Both the CABB and SABB 
230

Thxs depth profiles display a decrease in concentration 

towards the seafloor, below 1500 m depth (Fig. 4D). In the NABB at 2500 m, the 
230

Thxs 

concentration (7.6 ± 0.4 fg/kg) was distinctly higher compared to the overlying water 

column, while the 
231

Paxs concentration (0.76 ± 0.05 fg/kg) was similar to overlying water 

(Fig. 4D and E). 

Intermediate and deep waters (<500 m) from the Alboran Sea had significantly 

lower 
230

Thxs concentrations (2.7-3.6 fg/kg) compared to 
230

Thxs concentrations (2.7-5.6 

fg/kg) in waters from the same depth in the Algero-Provencal Basin (NABB, CABB and 

SABB) (Fig. 4A and D).  

Surface water (above 200 m depth) 
230

Thxs concentrations at the Gibraltar strait 

(1.1-3.2 fg/kg) and in the Alboran Sea (2.4-2.7 fg/kg) were higher compared to surface 

230
Thxs concentrations (1.3-1.7 fg/kg) in the Algero-Balearic Basin (CABB and SABB), 
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while the 
231

Paxs concentrations in the Alboran Sea (0.14-0.54 fg/kg) did not exceed the 

concentrations found in the Algero-Provencal (0.25-0.89 fg/kg) (Fig. 4A, B, D, E).  

 

231
Pa and Th-isotopes in suspended particles and the fractionation factor FTh/Pa  

The 
232

Th concentrations in the particulate fraction ranged between 3 pg/kg and 106 

pg/kg and generally decrease with depth. Higher 
232

Th concentrations were found in the 

Western Basin (6.4-106 pg/kg) compared to the Eastern Basin (3-11 pg/kg). The 

maximum particulate 
232

Th concentration was found in the Alboran Sea at 100 m depth 

(Fig. 5, Tab. S3).  

Particulate 
231

Paxs concentrations ranged between 0.00036 fg/kg and 0.015 

fg/kg. The particulate 
231

Paxs concentrations increase with depth and higher 

concentrations were found in the Alboran Sea (
231

Paxs at 100 m = 0.005 fg/kg) and at 

CABB (
231

Paxs at 1000 m = 0.015 fg/kg) (Fig. 5, Tab. S3). 

230
Thxs concentrations ranged between 0.003 fg/kg and 0.136 fg/kg and the 

concentrations displayed relatively constant concentrations throughout depth, with lower 

concentrations in surface waters compared to underlying deep water (Fig. 5, Tab. S3).  

The particulate 
230

Thxs/
231

Paxs ratios indicate a mid-depth maximum at 1000 m 

depth (Tab. S3). The FTh/Pa-values ranged from 1.4 to 9.0 and generally decrease with 

depth. No major differences in the calculated FTh/Pa were observed between the Western 

and Eastern Basin (Fig. 6).  

Box-model results 

Comparing the net fluxes of 
231

Paxs and 
230

Thxs at the straits with the total in-situ 

production gives the balance of the transport and scavenging of 
231

Paxs and 
230

Thxs in the 

Mediterranean Sea. Any disequilibrium between the in-situ production of 
231

Paxs and
 

230
Thxs and the net flux through the straits has to be balanced by removal of 

231
Paxs

 
and 

230
Thxs from the water column by settling particles. An amount equivalent to 6 % of the 

231
Paxs produced in the Mediterranean Sea and an insignificant fraction (0.1 %) of the 

230
Thxs produced in the Mediterranean Sea are exported to the Atlantic Ocean by the 

Mediterranean outflow water (MOW) at the Gibraltar Strait. Thus, the remaining 94 % of 

the in-situ produced 
231

Paxs and essentially all (99.9 %) the in-situ produced 
230

Thxs are 

scavenged and deposited annually within the Mediterranean Sea. 

Almost all of the in-situ produced 
230

Thxs (99.9 %) and a major fraction of the 

231
Paxs (97 %) in the Western Basin is also deposited within the Western Basin. 

Additionally, an amount equivalent to 5 % of the 
230

Thxs and 14 % of the 
231

Paxs produced 
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in-situ in the Eastern Basin is exported to the Western Basin. This represents an extra 

input of 8 % 
230

Thxs and 23 % of the 
231

Paxs produced in the Western Basin (Tab. 1). 

Thus, the Eastern Basin experiences a net loss of 
231

Paxs and 
230

Thxs by export to the 

Western Basin through the Strait of Sicily. The results demonstrate that 86 % and 95 % 

of the Eastern Basin in-situ
 
produced

 231
Paxs and 

230
Thxs are trapped in Eastern Basin 

sediments, respectively (Tab 1).  

4. Discussion 

Distribution of Th and Pa in the water column 

230
Th and 

232
Th have previously been studied in the Mediterranean Sea (Roy-Barman et 

al., 2002). There is a good agreement between the 
230

Thxs and 
232

Th concentrations 

presented in this study and those reported from the DYFAMED site (
230

Thxs = 2.4 - 5.9 

fg/kg, 
232

Th = 171 - 377 pg/kg). The DYFAMED site (Dynamics of Atmospheric Fluxes in 

the Mediterranean Sea) is located ~110 km north off the NABB station (e.g. Roy-Barman 

et al., 2002). Conversely, the 
230

Thxs concentrations from the Alboran Sea were lower 

compared to concentrations from previous studies (Roy-Barman et al., 2002). These 

samples were collected 17 years before MedSeA and the residence time of the water in 

the Western Basin is about 15 y (see below), so differences in the water column 

distribution of 
230

Thxs are not surprising.   

In the Mediterranean Sea, the 
231

Paxs
 
and 

230
Thxs depth profiles do not increase 

linearly with depth (Fig. 4) and thus deviate from the linear behavior predicted by the 

reversible scavenging model (Bacon and Anderson, 1982; Roy-Barman et al., 1996). 

This model does not consider lateral transport and thus the removal of Th and Pa from 

the water column is only a function of the vertical particle flux. The 
231

Paxs and 
230

Thxs 

concentrations in deep waters are lower compared to the concentrations predicted by the 

reversible scavenging model. This  suggests that the 
231

Pa and 
230

Th transport by the 

water movement is faster compared to particulate transport (e.g. Hayes et al., 2015a; 

Roy-Barman et al., 2009; Rutgers van der Loeff and Berger, 1993). This has also been 

demonstrated for the 
230

Thxs distribution in the Western Mediterranean Sea (Roy-Barman 

et al., 2002).  

As 
231

Pa has a longer scavenging residence time compared to 
230

Th (about 200-

400 y for Pa and 20-40 y for Th), the non-linearity of the depth profiles is more 

pronounced for 
231

Pa. This difference is noticeable in the depth profiles from the Ionian 

and Levantine Sea (Fig. 4G, H). Furthermore, higher concentrations of 
231

Paxs and
 230

Thxs 

were observed in the waters of the Eastern Basin compared to the Western Basin (Fig. 
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4D, E, G, H). As the water residence time in the Eastern Basin (τw= 61 y) is longer 

compared to the Western Basin (τw= 15 y), there is more time in the Eastern Basin for 

the concentrations to build up (Béthoux and Gentili, 1996).  

The horizontal concentration gradient
 
of

 231
Paxs and 

230
Thxs in intermediate and 

deep water between the Alboran Sea, Gibraltar and the Algero-Balearic Sea (Fig. 4A, B, 

D, and E) may be explained by the removal of 
231

Paxs and 
230

Thxs on settling particles. 

This probably occurs somewhere in the Western Basin on the nearby continental slopes 

or during transport to, or in the Alboran Sea. The Alboran Sea is considered to be one of 

the most productive areas in the Mediterranean Sea (Masqué et al., 2003), which 

suggests that the abundance of suspended particulate matter is higher compared to 

other sub-basins in the area. Higher particle fluxes would induce higher scavenging rates 

of 
231

Pa and 
230

Th. 

The influence of deep water convection in the Western Mediterranean Basin 

In the North-western Mediterranean Sea, open sea convection and deep water shelf 

cascading can occur on an annual basis due to winter heat losses and evaporation 

(Houpert et al., 2016; Puig et al., 2013). Cascades of dense shelf waters can take place 

during several weeks and the associated strong currents can induce erosion and 

resuspension of surface sediments in the outer shelf/upper slope and generate nepheloid 

layers (Durrieu De Madron et al., 2013). During five consecutive winters (2009-2013), 

deep open ocean convection occurred, with a full depth water column mixing (Bethoux et 

al., 2002; Durrieu De Madron et al., 2013; Houpert et al., 2016; Marty and Chiavérini, 

2010).  

During the winter 2012-2013, the NABB station was within the convection area, 

which had its center at 42.06°N 4.64°E (Estournel et al., 2016). Winter cooling of surface 

water and deep convective mixing is expected to produce constant 
231

Paxs
 
and 

230
Thxs 

concentration profiles, with high concentrations in the shallow water due to 

homogenization with deeper and more concentrated waters (Moran et al., 2002). The 

231
Paxs and 

230
Thxs depth profiles at the NABB station show higher surface and 

intermediate concentrations and thus seem to be more affected by the mixing of WMDW, 

LIW and MAW compared to the SABB and CABB profiles (Fig. 4D, E). A linear increase 

of the 
230

Thxs concentrations was observed down to 500 m depth for the NABB profile, 

down to 1000 m depth for the CABB profile, while the linear shape of 
230

Thxs profile in the 

SABB extended down to 1500 m (Fig. 4D). This indicates a gradual increase of the 

relative influence of reversible scavenging versus convection on the shapes of the 
230

Thxs 
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profiles along a north-south transect from NABB to SABB. Away from the deep water 

formation zone, the shapes of the 
231

Paxs
 
and

 230
Thxs profiles become less influenced by 

convective mixing and the profile’s shape is closer to linear equilibrium. Below the linear 

part of the profile, the depletion of both 
231

Paxs and 
230

Thxs with depth for the CABB and 

SABB profiles is consistent with ventilation through convective mixing (Fig. 7A) as 

suggested by the apparent oxygen utilization (AOU), which decreases from 500 m depth 

to the bottom indicating the arrival of newly ventilated water (Fig. 8). Nevertheless, 

although turbidity measurements (Fig. 7A) gave no hint of bottom nepheloid layers (BNL) 

at SABB and CABB during the MedSeA cruise, the effect of bottom scavenging cannot 

be excluded, because the spreading of dense cold water along the whole Algero-Balearic 

Basin leads up to a maximum of particulate matter at depths below 2000 m  (Zúñiga et 

al., 2009).  

In the NABB, turbidity measurements (Fig. 7A) showed a maximum between 

2000 m and 2500 m, accompanied by an enrichment of 
230

Thxs and 
232

Th (Fig. 4D, F). 

This is probably due to the presence of a BNL as a result of particle resuspension 

created by deep water cascading along the slope of the Gulf of Lions continental shelf. 

The concentration of 
231

Paxs in seawater at the NABB station (2500 m depth) does not 

show the same deep water enrichment as for the 
230

Thxs and 
232

Th. This suggests that 

the resuspended particulate matter in the nepheloid layer might be enriched in Th 

relative to Pa. However, no particle samples were obtained at this station. The 

decoupling between 
231

Paxs, 
230

Thxs and
 232

Th at 2500 m in NABB might reflect their 

sources. To confirm this, it would be necessary to obtain data for particle 
231

Paxs, 
230

Thxs 

and
 232

Th within the BNL. Higher concentrations of 
232

Th and 
230

Thxs in seawater as well 

as depletions in the concentration of 
231

Paxs relative to 
230

Thxs associated with nepheloid 

layers have been reported from the North Atlantic and explained as an enrichment of 

lithogenic material (Hayes et al., 2015a).   

As noted above, deep water formation in the area around the Gulf of Lions 

occasionally contributes to formation of BNLs in the North-western Mediterranean Basin. 

These nepheloid layers can persist for several years (Puig et al., 2013) and probably 

have a significant influence on the bottom water particle chemistry and biogeochemical 

cycling. Similarly, higher turbidity values were identified at 1000 m depth in the Alboran 

Sea which suggests the presence of a BNL (Fig. 7A). The occurrence of BNL in the 

Alboran Sea has been shown before (Masqué et al., 2003) and is suggested to have a 

significant influence on the transport and deposition of particulate material in deep waters 

of the Alboran Sea.  
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The influence of deep water ventilation in the Eastern Mediterranean Basin 

In the Ionian and the Levantine Sea, a maximum 
231

Paxs concentration (1.04 fg/kg) was 

observed between 1000 and 2500 m depth and a maximum 
230

Thxs concentration (9.8 

fg/kg) between 2000 and 2500 m depth (Fig. 4G, H). Below these depths, lower 

concentrations of both 
231

Paxs
 
and

 230
Thxs were observed in bottom waters (Fig. 4G, H). 

This could be due to surface water transported at depth by convection. Alternatively, this 

could be caused by bottom scavenging. However, the low turbidity and decreasing AOU 

measured in the deep part of the Levantine and Ionian basins argue against deep 

scavenging by nepheloid layers (Fig. 7B and 8B).  

In the 1990s, major convection events were observed in the Eastern Basin, 

usually referred to as the Eastern Mediterranean Transient, or EMT. During the EMT, the 

deep water formation area shifted from the Adriatic Sea to the Aegean Sea. Since then, 

the outflow of Aegean water still cause the uplift of EMDW and overlying water masses 

(MAW and LIW) (Roether et al., 1996; Schneider et al., 2014; Theocharis et al., 2002). 

The waters formed in the Aegean Sea have higher density compared to water that 

originates in the Adriatic Sea. Hence, the water can reach the deep layers of the Eastern 

Basin and thus will not penetrate the intermediate water depth range between 500 and 

1000 m (Hassoun et al., 2015). The shape of the 
230

Thxs profile is closer to the linear 

equilibrium profile compared to the 
231

Paxs profile. This reflects a shorter scavenging 

residence time of 
230

Th compared to 
231

Pa which allows a faster (although not yet 

complete) return of 
230

Th to equilibrium since the EMT event.  

Particulate 
230

Th, 
231

Pa and 
232

Th in the Mediterranean Sea 

The particulate 
232

Th concentrations are in the same range as previously reported for the 

Mediterranean Sea (Roy-Barman et al., 2002). In contrast to the 
232

Th concentrations, 

the particulate 
230

Thxs values measured during MedSeA are lower than those previously 

reported for the Western Mediterranean Sea. For example, at the DYFAMED station 

(Roy-Barman et al., 2002), particulate 
230

Thxs concentrations (> 0.2 m fraction) ranged 

from 0.7 fg/kg and 1.8 fg/kg, which is more than one order of magnitude higher than the 

values obtained in the Algero Balearic Basin during MedSeA. The MedSeA particulate 

231
Paxs and 

230
Thxs concentrations are also lower compared to concentrations observed in 

the North-western Atlantic Ocean (e.g. particulate 
231

Paxs= 0.0014-0.07 fg/kg, particulate 

230
Thxs= 0.13 - 3.1 fg/kg, Hayes et al., 2015a). Low particulate Ba concentrations were 

also obtained during the MedSeA cruise (Roy-Barman et al., in prep.).  
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These low concentrations could be caused by sampling artefacts or represent 

particular biogeochemical conditions. While the particulate 
230

Thxs values measured in the  

MedSeA samples in the CABB and SABB are much lower than those previously reported 

at the DYFAMED station in the > 0.2 m fraction (Roy-Barman et al., 2002), it appears 

that the particulate 
232

Th and 
230

Th concentrations obtained during the MedSeA in the 

CABB and SABB are similar to the large particles (>60 m fraction) collected at 

DYFAMED (Roy-Barman et al., 2002). This suggests that during the MedSeA cruise, the 

large particles were recovered and the small fraction might have been under-sampled or 

partly lost. Therefore, in the following discussion, the MedSeA particulate concentrations 

will mainly be used to determine the particulate 
230

Thxs/
231

Paxs ratio which is likely to be 

less sensitive to particle loss compared to the absolute concentrations. When absolute 

concentration data will be needed, e.g. for particle settling velocity determination, the 

particulate 
230

Thxs data (> 0.2 m) measured at the DYFAMED station (Roy-Barman et 

al., 2002) will be used, because we consider that it is more reliable and representative of 

ocean values.  

Most of the 
232

Th is introduced by lithogenic particles. The amount of 
232

Th in 

rivers draining into Mediterranean Sea is not well characterized. However, assuming that 

particles in the rivers as well as in atmospheric dust, Saharan dust, have a composition 

close to that of average crust material (
232

Th = 10 - 11 ppm) an estimate of the amount of 

232
Th delivered to the Mediterranean through atmospheric dust and rivers can be made. 

Very different fluxes are reported for the suspended sediment load delivered by rivers to 

the Mediterranean Sea. According to Poulos and Collins (2002), the riverine sediment 

load is 379 × 10
6
 t/y for the Western Basin and 279 × 10

6
 t/y for the Eastern Basin. For 

the Western Basin, Martin et al. (2002) estimated a lower riverine particle flux of 57 × 10
6
 

t/y and considered that only 6 × 10
6
 t/y (~ 10% of the riverine load) reaches the open 

Western Basin because most of the river particulate load is stored in deltas and on the 

continental shelves. Dust fluxes reported for the Western Basin (2 - 4 x 10
6
 t/y) and for 

the Eastern Basin (8 - 16 x 10
6
 t/y) respectively (Jickells et al., 2002). So, if ~ 90% of the 

river particulate load is stored in deltas and on the continental shelves and never reach 

the open Mediterranean Sea (Martin et al., 2002), the particulate material provided by 

rivers is at least as large as (and maybe significantly larger than) the Saharan dust flux.  

The higher particulate 
232

Th concentrations in the Western Basin (6.4 - 106 

pg/kg) compared to the Eastern Basin (4.3 - 10.7 pg/kg) mainly illustrate higher loads of 

terrigenous material received from rivers and resuspension of sediments (Ludwig et al., 

2009; Masqué et al., 2003). Essentially the entire Alboran Basin is covered with 
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hemipelagic muds which contain up to 80 % lithogenic material. The sedimentary 

conditions e.g. very fine grained sediments favors the occurrence of turbiditic flows that 

might supply “old material” rich in 
232

Th and other elements of lithogenic origin (Masqué 

et al., 2003). This could explain the high 
232

Th measured in particles (and seawater) 

samples at the strait of Gibraltar and in the Alboran Sea (Fig. 4C, Fig. 7, Tab. S3). 

Particulate 
230

Thxs concentrations showed a mid-depth maximum (~1000 m), 

while the particulate 
231

Paxs concentrations seem to decrease with depth, resulting in 

particulate 
230

Thxs/
231

Paxs ratios decreasing with depth (Tab. S3). This may be related to 

changes in the chemical composition of the particles which scavenge 
231

Pa and 
230

Th as 

they settle through the water column (e.g. Moran et al., 2002). 

In the open ocean, where particulate matter is dominated by calcium carbonate 

and/or clay, Th is scavenged preferentially to Pa, which results in FTh/Pa ≈ 10 - 20 (Chase 

et al., 2002; Luo and Ku, 1999; Moran et al., 2001, Hayes et al., 2015a). If 
231

Paxs
 
and

 

230
Thxs were equally removed onto particles, the ratio in the dissolved phase and the 

particulate phase would be identical, yielding a fractionation factor FTh/Pa ~1. In general, 

the F is low (FTh/Pa ~1) if the particulate material is dominated by BSi (e.g. Chase et al., 

2002; Venchiarutti et al., 2011) or when Mn-oxides are present (Anderson et al., 1983a). 

Laboratory experiments indicate that the FTh/Pa is low (F~1 - 2) for Fe2O3, BSi and MnO2 

and generally higher for Al2O3 (F~9 - 12) (Geibert and Usbeck, 2004; Guo, 2002).  

The FTh/Pa values in the Mediterranean Sea are distinctly lower compared to 

values determined in the nearby subtropical Atlantic Ocean (Hayes et al., 2015a; Moran 

et al., 2002). The chemical composition of particles near margins may be different from 

that of the open ocean, so that adsorption no longer favors 
230

Th over 
231

Pa, resulting in 

lower FTh/Pa values. As mentioned above, the two particulate phases known to have a 

significant affinity for Pa are biogenic silica and iron/manganese oxides. Due to the 

oligotrophic conditions prevailing in the Mediterranean Sea, the biogenic silica content of 

Mediterranean particles is low (Roy-Barman et al., 2009)  and expected to yield a low 

scavenging rate of Pa (Hayes et al., 2015a). Fe- and Mn oxides are also efficient Pa (as 

well as Th) scavengers. Mn-oxides have been suggested to account for low FTh/Pa values 

estimated for ocean margins before (Anderson et al., 1983). Mn-oxides have been 

proposed as a major Th carrier in the Mediterranean Sea (Roy-Barman et al., 2009). 

However, there is not a clear correlation between the FTh/Pa and the particulate Mn 

content or Mn enrichment of the MedSeA particles (not shown). The particulate 

authigenic Mn content from the MedSeA particles is generally lower (Mn= 0.3 - 9 ng/kg) 

compared to the Atlantic Ocean (e.g Mn= ~5 - 50 ng/kg, Twining et al., 2015), but as 
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discussed previously, it may correspond to a sampling bias of the Mediterranean  

particles.  

Scavenging of 
231

Pa and 
230

Th in the Mediterranean Sea 

Evaluating the influence of particle composition and enhanced particulate flux on the low 

FTh/Pa at ocean margins is complicated due to the poorly constrained exchange of water 

between ocean margins and the open ocean (Nittrouer and Wright, 1994; Roy-Barman et 

al., 2009). However, the well constrained thermohaline circulation in the Mediterranean 

Sea can be used to establish budgets for 
231

Paxs and 
230

Thxs scavenging. Overall, all of 

the (99.9 %) in-situ produced 
230

Thxs and 94 % of the in-situ produced 
231

Paxs are 

removed by settling particles within the Mediterranean Sea. Only a minor fraction, 0.1 % 

of the 
230

Thxs and 6 % of the 
231

Paxs of what is produced in-situ in the Mediterranean Sea 

is exported by Mediterranean deep water to the Atlantic Ocean. Higher amounts of 

exported 
231

Paxs, relative to exported 
230

Thxs reflect lower affinity of 
231

Pa for marine 

particles. However, despite these differences, most 
231

Paxs
 
and

 230
Thxs are removed into 

the Mediterranean Sea sediments. From these fractions, the mean 
230

Thxs/
231

Paxs ratio in 

Mediterranean surface sediments was estimated:  

 

( 𝑇ℎ𝑥𝑠
230 𝑃𝑎𝑥𝑠

231⁄ )
𝑀𝑒𝑑𝑆𝑒𝑑

=
𝑃230𝑇ℎ × 99.9 %

𝑃231𝑃𝑎 × 94 %
= 27 𝑓𝑔 𝑓𝑔⁄ = 11.6 𝑑𝑝𝑚 𝑑𝑝𝑚⁄    

 

This is in gross agreement with the observed range of values of particulate data 

(Tab. S3), although the particulate data were not used to calculate this estimate. The 

efficient scavenging of 
231

Pa in the Mediterranean Sea produces a relatively low FTh/Pa 

(Fig. 6). In terms of inter basin fluxes, 5 % of the 
230

Thxs and 14 % of the 
231

Paxs 

produced in-situ in the Eastern Basin is exported to the Western Basin. It represents an 

extra input of 8 % of the 
230

Thxs and 23 % of the 
231

Paxs produced in the Western Basin. 

This contributes to the relatively high 
231

Paxs concentrations in the Western Basin despite 

the short water residence time.  

The 
230

Thxs budget indicates that there is no significant export to the Atlantic 

Ocean, so the removal must occur within the Mediterranean Sea in places of high 

sedimentation rates, probably by boundary scavenging along the continental slopes. The 

lack of 
230

Th export to the Atlantic Ocean has significant implications for the 

determination of particle settling velocities derived from 
230

Th distributions. Previously, 

low particle settling velocities (250 m/y) were determined in the Western Mediterranean 

Sea using an advection-scavenging model (Roy-Barman et al., 2002). This low particle 
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settling velocity arose from the concave shaped 
230

Th profile suggesting that 
230

Th 

removal in the deep water occurred by advection of newly formed deep water rather than 

by settling particles. This implied that 
230

Th must be advected and scavenged elsewhere. 

Roy-Barman et al. (2002) implicitly assumed that it was exported to the Atlantic Ocean 

through the Gibraltar Strait. The 
230

Thxs budget established in the present work 

demonstrates that this assumption is not valid as 
230

Thxs is scavenged quantitatively in 

the Mediterranean basin. Therefore, we use a simple box model approach to determine 

the average particle setting speed in the Western Basin. The production of 
230

Thxs in the 

Western Basin must be balanced by the settling of particulate 
230

Thxs:  

 

𝑆𝑠𝑚𝑎𝑙𝑙 =
𝑃230𝑇ℎ×ℎ

𝑇ℎ𝑥𝑠_𝑝𝑎𝑟𝑡𝑖𝑐𝑢𝑙𝑎𝑡𝑒
230                             (4) 

 

where Ssmall is the average settling velocity of small particles, P230Th is the in-situ 

production rate of 
230

Thxs, h is the water column depth and 
230

Thxs_particulate is the 

concentration of 
230

Thxs in the particulate fraction of the deep waters. Using equation 4, 

an average depth of 1500 m for the Western Basin and the DYFAMED data (particulate 

230
Thxs= 0.9 - 1.8 fg/kg at 1000 m and 2000 m, obtained by subtracting the dissolved 

230
Thxs from the total 

230
Thxs in Roy-Barman et al. 2002), we estimate that Ssmall is in the 

order of 500 - 1000 m/y. This value is rather high compared to the open ocean values but 

consistent with settling velocities expected at ocean margins (Roy-Barman, 2009).  

Note that if the advection-scavenging model is applied to the present MedSeA 

particulate 
230

Thxs data a settling velocity of about 60 times higher compared to Roy-

Barman et al. (2002) is obtained. This mainly reflects the low (and probably biased) 

particulate 
230

Th contents measured during the MedSeA cruise, which is ~60 times less 

compared to values reported in Roy-Barman et al. (2002) 
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5. Conclusions 

The Mediterranean Sea 
232

Th distributions mainly reflect the input of lithogenic material 

from rivers and sediment resuspension. When 
231

Paxs
 
and

 230
Thxs are only transported by 

reversible scavenging on settling particles, linear depth profiles are expected. In the 

Mediterranean Sea, the non-linear shape of the 
231

Paxs
 
and

 230
Thxs depth profiles 

indicates that the profiles are overprinted by deep water circulation. Total 
231

Paxs
 
and

 

230
Thxs distributions in seawater from the Western Basin of the Mediterranean Sea show 

a clear impact of convective mixing with relatively high concentrations in the shallow 

water, followed by lower concentrations in the deep water due to recent homogenization 

by convection. In contrast to the homogeneity of the 
231

Paxs
 
and

 230
Thxs profile shapes in 

the Western Basin, the distribution of 
231

Paxs
 
and

 230
Thxs in the Eastern Basin of the 

Mediterranean Sea indicates the presence of younger but denser Aegean deep water, 

while elevated concentrations indicate the presence of older uplifted Adriatic water. 

Essentially all the in-situ produced 
230

Thxs (99.9 %) is scavenged and deposited within 

the Mediterranean Sea. It leads to a reevaluation the mean particle settling speed 

estimated with the 
230

Thxs method that must allow boundary scavenging and not only 

scavenging and convection like in Roy-Barman et al. (2002). Despite lower affinity of 

231
Pa for marine particles (relative to 

230
Th), most of the Mediterranean in-situ produced 

231
Pa (94 %) is also deposited in Mediterranean sediments. The efficient scavenging of 

231
Pa in the Mediterranean Sea produces a relatively low FTh/Pa. It would be interesting to 

analyze 
231

Pa in sediment traps moored in the Mediterranean Sea to be able to clearly 

identify the cause for the efficient scavenging of 
231

Pa and thus gain insight on 

scavenging at ocean margins. 
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Figure and table captions: 

 

Figure 1. Map of Pa-Th sampling sites during the 2013 MedSeA-GA04-S cruise. Black 

points represent sampling sites (n = 10) for seawater and triangles represent sampling sites 

(n = 6) for suspended particulate matter. Arrows show the exchange of water between the 

Western Basin and the Atlantic Ocean (Strait of Gibraltar) and between the Western and 

Eastern Basin (Strait of Sicily). SABB: Southern Algero-Balearic Basin, CABB: Central 

Algero-Balearic Basin and NABB: Northern Algero-Balearic Basin.  

 

Figure 2. Section plot of salinity for the Mediterranean transect with the Atlantic Water (AW), 

the Modified Atlantic Water (MAW), the Western Mediterranean Deep Water (WMDW), the 

Levantine Intermediate Water (LIW) and Eastern Mediterranean Deep Water (EMDW) of 

Adriatic origin (EMDWAdr) and Aegean origin (EMDWAg) marked in black. 

 

Figure 3. Section plots for the Mediterranean Sea transect showing concentrations of (A) 

231Paxs, (B) 230Thxs, and (C) 232Th measured in unfiltered seawater. The 231Paxs and 230Thxs 

concentrations are given in fg/kg and 232Th concentrations are given in pg/kg. Data points are 
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shown as black dots. Note the large section distances between the stations in the Alboran 

Sea and SABB, thus the interpolations are not well determined. 

Figure 4. Depth profiles of total 231Paxs, 
230Thxs and 232Th in the Mediterranean Sea. 

 

Figure 5. Depth profiles of particulate 231Paxs, 
230Thxs and 232Th in the Mediterranean Sea. 

The concentration of particulate 231Paxs and 230Thxs at CABB, 1000 m depth was not included 

due to the large errors (Tab. S3).  

 

Figure 6. FTh/Pa calculated between seawater and suspended particles in the water column 

 

Figure 7. Turbidity (Nephelometric Turbidity Units, NTU) profiles for (A) the Western Basin 

and (B) the Eastern Basin. No specific calibration was done to determine the absolute 

particle concentrations, so only relative variations are considered.  

 

Figure 8. Apparent oxygen utilization (AOU) profiles for (A) the Western Basin and (B) the 

Eastern Basin. 

 

Table 1. Concentrations and fluxes of 231Paxs and 230Thxs. Water fluxes used and box model 

calculations were derived from Bethoux and Gentili (1996). Net fluxes and in-situ production 

rates of 231Paxs and 230Thxs for the Western and Eastern Basin were calculated using the 

equations in table S1.  

 

Supplementary information: 

 

Table S1. Parameters and equations used for box model calculations. 

 

Table S2. Seawater concentrations of total 231Pa, 230Th, 232Th, in-situ produced 231Paxs 
230Thxs 

and 230Thxs/
231Paxs activity ratios. 

 

Table S2. Continued 

 

Table S3. Concentrations of 231Paxs 
230Thxs, 

232Th and 230Thxs/
231Paxs activity ratios for 

suspended particles. 
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Fig. 6 
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Fig. 7 
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Fig. 8 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



Western basin
 
(Box 1) Eastern basin

 
(Box 2) 

Inflowing 
water 

Strait of Gibraltar Strait of Sicily 

Inflowing 
water 

Strait of Sicily 

231
Paxs  

230
Thxs  Water flux  

231
Paxs  

230
Thxs  Water flux  

231
Paxs  

230
Thxs  

Water 
flux  

(fg/kg) (fg/kg) (kg/y) (fg/kg) (fg/kg) (kg/y) (fg/kg) (fg/kg) (kg/y) 

0.19 ± 0.04 2.5 ± 0.20 5.4 x 10
16

 0.40 ± 0.03 2.6 ± 0.17 3.9 x 10
16

 0.19 ± 0.02 0.8 ± 0.14 
4.0 x 
10

16
 

Outflowing 
water 

Strait of Gibraltar Strait of Sicily 

Outflowing 
water 

Strait of Sicily 

231
Paxs  

230
Thxs  Water flux  

231
Paxs  

230
Thxs  Water flux  

231
Paxs  

230
Thxs  

Water 
flux  

(fg/kg) (fg/kg) (kg/y) (fg/kg) (fg/kg) (kg/y) (fg/kg) (fg/kg) (kg/y) 

0.39 ± 0.07 2.7 ± 0.18 5.2 x 10
16

 0.19 ± 0.02 0.84 ± 0.14 4.0 x 10
16

 0.40 ± 0.02 2.6 ± 0.17 
3.9 x 
10

16
 

                                                          

Western basin 
231

Paxs and 
230

Thxs fluxes Eastern basin 
231

Paxs and 
230

Thxs fluxes 

  Strait of Sicily Strait of Gibraltar net flux  In situ production net flux In situ production 
231

Paxs 
(fg/y) 

7.9 x 10
15

 -1.0 x 10
15

 -2.2 x 10
15

 3.5 x 10
16

 -7.9 x 10
15

 5.8 x 10
16

 

230
Thxs 

(fg/y) 
6.9 x 10

16
 -3.3 x 10

15
 6.6 x 10

16
 8.7 x 10

17
 -6.9 x 10

16
 1.5 x 10

18
 

Volume Box 1 = 1.4 x 10
18

 L                                                 

Volume Box 2 = 2.3 x 10
18

 L                                                 

 

Tab. 1 


