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Abstract 

The naturally occurring isotopes 
231

Pa and 
230

Th are used as tracers of marine 

biogeochemical processes. They are both produced from the radioactive decay of their 

uniformly distributed uranium parents (
235

U and 
234

U) in seawater. After production, 
231

Pa 

and 
230

Th are removed by adsorption onto settling particles (scavenging) and 

subsequently buried in marine sediments. 
230

Th is more particle reactive compared to 

231
Pa. Consequently, 

230
Th will be removed from the open ocean by adsorption onto 

settling particles, while 
231

Pa tend to be laterally transported by currents and removed by 

scavenging in areas of high particle flux (e.g. ocean margins). The primordial 
232

Th 

indicates lithogenic supply via rivers and resuspension of sediments, which provides 

additional information about processes involved in the cycling of particle reactive 

elements in the ocean. The preferential deposition of particle reactive elements at ocean 

margins (boundary scavenging) has important implications for our understanding of the 

distribution and dispersion of micronutrients (e.g. iron) and pollutants in the ocean. It is 

therefore valuable to understand the nature of boundary scavenging processes in order 

to evaluate the relative contribution of circulation and scavenging behaviors.  

The major characteristics of thermohaline circulation in the Mediterranean are 

well known and have been studied for decades. This sea is an almost land-locked area, 

where limited water-exchange with the Atlantic Ocean only occurs through the Strait of 

Gibraltar. Therefore, this marginal sea is often referred to as a “miniature ocean” suitable 

as a “laboratory” for marine environmental research. In this licentiate thesis, distributions 

of 
231

Pa, 
230

Th and 
232

Th in seawater and marine particles collected during the 

GEOTRACES MedSeA-GA04-S cruise in 2013 are presented. Observed nuclide 

distributions indicate the impact of deep water formation processes, where observed 

differences can be linked to the type of deep water formation process that occurs in 

respective basin. Essentially all in-situ produced 
230

Th is buried in Mediterranean Sea 

sediments. Despite lower affinity of 
231

Pa for marine particles, most 
231

Pa is also 

scavenged and deposited in Mediterranean Sea sediments. The efficient scavenging of 

231
Pa produces a relatively low fractionation between 

231
Pa and 

230Th
 in terms of the 

fractionation factor FTh/Pa. This licentiate thesis presents a summary of the methods used 

for the analysis of 
231

Pa and Th-isotopes with details on the exchange chromatography 

method and the treatment of mass spectrometric data. The study of 
231

Pa, 
230

Th and 

232
Th in the Mediterranean Sea has important implications for our understanding of 

processes that control their water column distributions and how their behavior can be 

utilized to trace chemical flux in modern and past ocean environments.   
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Sammanfattning 

De naturligt förekommande isotoperna 
231

Pa och 
230

Th används för att studera marina 

biogeokemiska processer. Båda isotoperna bildas från radioaktivt sönderfall av lösligt 

uran i havsvatten (
235

U och 
234

U). Till skillnad från U är Pa och Th partikel-reaktiva, vilket 

betyder att de avlägsnas från vattenkolumnen genom adsorption på partiklar och blir 

därefter deponerade i marina sediment (så kallad ’scavenging’). 
230

Th är mer partikel-

reaktiv i jämförelse med 
231

Pa, vilket resulterar i att 
230

Th tenderar att sedimentera där 

den bildas, t.ex. i centrala delar av oceanen, medan 
231

Pa i större utsträckning 

transporteras med havsströmmar och sedimenterar i områden med höga 

partikelkoncentrationer (t.ex. vid kontinentalbranter). Den långlivade isotopen 
232

Th kan 

användas för att studera tillförseln av litogeniskt material som ger ytterligare information 

om processer som har inflytande på partikeltransport. Den företrädesvisa depositionen 

av partikel-reaktiva element vid kontinentalbranter (så kallad ’boundary scavenging’) har 

stor betydelse för vår förståelse av fördelningen av mikronäringsämnen (t.ex. järn) och 

föroreningar i haven. Därför är det värdefullt att öka vår förståelse rörande ’boundary 

scavenging’-processer för att kunna utvärdera den relativa betydelsen av havscirkulation 

och partikeltransport. Den termohalina cirkulationen i Medelhavet är väl känd och har 

studerats i decennier. Området är nästan helt omringat av land, där endast ett begränsat 

vattenutbyte med Atlanten sker via Gibraltarsundet. Därför kallas ofta Medelhavet för ett 

”miniatyrhav” och anses vara väl lämpad som ”laboratorium” för marin miljöforskning.  

I denna licentiatavhandling presenteras fördelingen av 
231

Pa, 
230

Th och 
232

Th i 

havsvatten och marina partiklar provtagna under GEOTRACES Medsea-GA04-S år 

2013. Den observerade fördelningen av 
231

Pa, 
230

Th och 
232

Th indikerar en betydande 

inverkan av processer relaterade till djuphavsvattenbildning, där skillnaderna kan 

kopplas till den typ av process som sker i östra respektive västra medelhavsbassängen. 

Med hjälp av en enkel box-modell uppskattas det att nästintill allt 
231

Pa och 
230

Th som 

bildas i medelhavet även sedimenteras i medelhavet. Dessa observationer kopplas till 

låga fraktioneringskvoter (FTh/Pa), som tyder på betydande transport och deponering av 

231
Pa jämfört med 

230
Th. Vidare presenteras en översikt över de metoder som utvecklats 

för analyserna av 
231

Pa och Th-isotoper med fokus på jonbyteskromatografi och hur MC-

ICP-MS-data utvärderats. Forskning om 
231

Pa, 
230

Th och 
232

Th i Medelhavet är viktig för 

vår förståelse av de processer som kontrollerar deras fördelning i vattenkolumnen, vad 

som kontrollerar 
231

Pa/
230

Th-kvoten i sediment och hur detta kan användas för att spåra 

biogeokemiska processer i moderna och tidigare havsmiljöer. 
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1. Introduction 

Some trace elements (e.g. Fe, Co, Zn) serve as essential micronutrients in marine 

ecosystems and have the potential to control plankton species composition and 

productivity (e.g. Elderfield, 2006; Morel et al., 2004). In turn, the distribution and 

bioavailability of micronutrients such as Fe, may affect ocean productivity and marine 

geochemical cycling on a global scale (Scor Working Group, 2007). Once introduced into 

the oceans, many trace elements are removed from seawater by sorption to particles 

that are subsequently buried in marine sediments (e.g. Elderfield, 2006; Rutgers van der 

Loeff and Geibert, 2008). This process is usually referred to as scavenging and is a key 

component of the biogeochemical cycles in the ocean. Understanding the 

biogeochemical cycling of trace elements requires knowledge about mechanisms that 

control their distribution in the ocean.  

The long lived radioactive decay systems have a considerable importance in 

understanding the evolution of Earth on a geological timescale. Some of the naturally 

occurring U- and Th-series radionuclides have been proven to be useful for estimating 

processes associated with biogeochemical cycling in the oceans (e.g. Moore and 

Sackett, 1964). Two of these isotopes are 
231

Pa and 
230

Th, which are produced in 

seawater by the uniformly distributed radioactive decay of their dissolved uranium 

parents (
235

U and 
234

U, respectively) (e.g. Anderson et al., 1983). The use of these 

isotopes as marine tracers involves comparing their seawater activities (
231

Pa and 
230

Th) 

to the seawater activities of their parents (
235

U and 
234

U). Unlike U, Pa and Th are particle 

reactive elements which make the production, transport and cycling of Pa and Th a key 

factor for understanding the abundance and dispersion of particle reactive elements in 

the ocean. In contrast to 
230

Th, 
231

Pa has a longer residence time in the ocean (e.g. 

Anderson, 1980). Therefore, 
231

Pa tends to be redistributed laterally from regions of low 

particle flux to high particle flux, where it is preferentially removed by scavenging 

(Anderson et al., 1983a; Anderson et al., 1983b). Thus, the distribution of 
231

Pa and 
230

Th 

in the water column and the 
231

Pa/
230

Th ratio in sediments can be used as a proxy for 

scavenging processes, biological production and past ocean circulation (e.g. Chase et 

al., 2002; Hayes et al., 2015a; McManus et al., 2004).  

232
Th is a long lived isotope with a half-life of 14.05 billion years. In contrast to 

231
Pa and 

230
Th, 

232
Th is supplied to the oceans via terrigenous particles delivered by 

rivers and dust, which means that 
232

Th can be used as a fingerprint of recent lithogenic 

supply (Hayes, 2013; Hsieh et al., 2011).  
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Improved understanding of the large scale distributions of 
231

Pa and Th-isotopes 

will also improve the understanding of many areas of environmental research, such as 

climate science and planning for future global change. The fractionation behavior of 

231
Pa and 

230
Th can provide additional information regarding the application of 

231
Pa/

230
Th ratios in sediment for the reconstruction of past environments.  

Previously, measurements of 
231

Pa and Th isotopes in seawater samples required 

hundreds of liters of seawater (e.g. Bacon and Anderson, 1982). Water volumes this 

large were required to collect sufficient activity to determine nuclide concentrations by 

alpha decay counting techniques (Moore and Sackett, 1964). This problem was 

addressed with the development of mass spectrometric methods, which lowered sample 

volume requirements by two orders of magnitude or more depending on the nuclide (e.g. 

Chen et al., 1986). Today, many laboratories are able to measure 
231

Pa and 
230

Th using 

sample volumes of 2-5 L seawater, which revolutionized the field of applied 

environmental research utilizing the principles of U and Th series disequilibrium 

(Anderson et al., 2012).  

1.1 Scientific aims 

This licentiate thesis includes one manuscript that presents the water and particulate 

distribution of 
231

Pa, 
230

Th and 
232

Th in the Mediterranean Sea, which has the 

overarching goal to get a better understanding of the distribution and fractionation of 

these nuclides in the ocean. The first objective of this thesis was to improve the chemical 

recovery of Th and Pa (through anion exchange chromatography) from small seawater 

samples (~5 L) and particulate samples using a single anion exchange column. The 

second objective was to advance the understanding of processes controlling the water 

column distribution of 
231

Pa, 
230

Th and 
232

Th in the Mediterranean Sea.  

2. Background 

2.1 Introduction to U-series disequilibrium 

There are three naturally occurring radioactive decay chains. Each series consists of 

sequential transformations that begin with a long-lived parent isotope, i.e. 
238

U, 
235

U or 

232
Th (Fig. 1). As these isotopes decay, they produce a set of intermediate radioactive 

daughters by the emission of alpha- and beta-particles until they reach a stable isotope 

of lead, i.e. 
206

Pb, 
207

Pb and 
208

Pb (Fig. 1) (e.g. Geibert, 2008).  
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Figure 1. Schematic illustration of the U- and Th decay series, modified after Geibert 

(2008). 
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The varied half-lives of these intermediate daughters allows investigation of 

processes occurring on time scales ranging from days to hundreds of thousands of years 

(Fig. 1) (e.g. Bourdon et al., 2003). The intermediate isotopes exist only because they 

are continuously produced by the decay of U and Th. The abundance of such isotopes 

depends on the balance between its own radioactive decay and the rate at which it is 

produced by its parent. The rate of change (ΔN/Δt) in the abundance of the daughter 

isotope is equal to the rate of production from the parent isotope less the rate of its own 

decay: 

 

∆𝑁𝑑

∆𝑡
= 𝜆𝑝𝑁𝑝 −  𝜆𝑑𝑁𝑑          (2.1) 

 

Where the subscripts p and d refer to parent and daughter respectively, N is the 

number of atoms present and λ is the decay constant related to the half-life by λ=ln2/t1/2. 

The decay constant denotes the probability of a nuclide decaying per unit of time and is 

specific for each nuclide. Radioactive elements are often described in activity, A, rather 

than atomic abundances. By definition, the activity is the number of disintegrations per 

unit of time (ΔN/Δt) and can be stated as: 

                 

   
𝛥𝑁

∆𝑡
= −𝜆𝑁   or    𝐴 =  𝜆𝑁             (2.2) 

 

When the half-life of a parent nuclide is infinitely larger than that of the daughter 

nuclide, the activity of all daughter isotopes is equal to the activity of the parent isotope:  

 

𝜆1𝑁1 = 𝜆2𝑁2 = 𝜆3𝑁3 …= 𝜆𝑛𝑁𝑛                                                                                (2.3) 

 

This is often referred to as secular equilibrium (or radioactive equilibrium). 

However, the varied geochemical properties of parents and daughters within the same 

decay chain cause nuclides to be fractionated within different geological environments. 

Parent and daughter nuclides become fractionated during natural processes such as 

phase change, crystallization, dissolution, adsorption, oxidation/reduction or 

complexation (e.g. Bourdon et al., 2003). This contributes to radioactive disequilibrium, 

which is the key to the utility of the U- and Th-series in environmental research. Studies 

of U-series parent-daughter disequilibrium provide information about natural processes 

that disrupt the state of equilibrium.  
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All dissolved uranium isotopes (
234

U, 
235

U and 
238

U) are added to the oceans by 

river and submarine ground water discharge (e.g. Rutgers van der Loeff and Geibert, 

2008). Due to its chemical behavior, uranium can reside in the ocean for ~400 ky before 

being removed into the sediments (e.g. Henderson and Anderson, 2003). With such a 

long residence time, concentrations in seawater are nearly uniform and proportional to 

salinity (Owens et al., 2011), which results in a relatively constant distribution throughout 

the water column (Fig. 2A).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Because of the uniform distribution of uranium in the ocean, the production rate of 

231
Pa and 

230
Th in seawater (expressed in activity) can be derived from the radioactive 

decay of 
235

U and 
238

U:  

 

𝑼𝟐𝟑𝟓
     𝛼      
→    𝑇ℎ231

     𝛽−      
→     𝑷𝒂𝟐𝟑𝟏

     𝛽−      
→     𝐴𝑐

           
→  227 … 𝑃𝑏207                                           (2.4) 

 

𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 𝑜𝑓 𝑃𝑎231 = 𝜆231 ×  𝐴 𝑈235               (2.5) 

 

𝑼𝟐𝟑𝟖
     𝛼      
→    𝑇ℎ234

     𝛽−      
→     𝑃𝑎234

     𝛽−      
→     𝑈

     𝛼      
→    234 𝑻𝒉𝟐𝟑𝟎

     𝛼      
→    𝑅𝑎226  

           
→  … 𝑃𝑏206          (2.6) 

 

𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 𝑜𝑓 𝑇ℎ230 = 𝜆230 ×  𝐴 𝑈234            (2.7) 

 

where λ231 and λ230 are the decay constants of 
231

Pa (λ231= 4.02 x 10
-11

 min
-1

) and 
230

Th 

(λ230 = 1.74 x 10
-11

 min
-1

) and the A
235

U refers to the activity of 
235

U in seawater (110 

dpm/m
3
, at a salinity of S=35) (e.g. Condon et al., 2010) and A

234
U refers to the activity 

Figure 2. Schematic diagram of the water column distributions of (A) natural uranium 

isotopes, (B) 231Pa and (C) 230Th in seawater (Rutgers van der Loeff and Geibert, 2008).  

A C B 
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of 
234

U in seawater (2762 dpm/m
3
, at a salinity of S=35) (Owens et al., 2011). Hence, 

everywhere in the ocean, 
231

Pa and 
230

Th are produced at a constant production ratio of 

0.092: 

 

𝑃𝑎231 𝑇ℎ230⁄ 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑖𝑜 =
𝜆231× 𝐴 𝑈235

𝜆230× 𝐴 𝑈234 ≅ 0.092        (2.8) 

 

After production, 
231

Pa and 
230

Th are removed by adsorption onto settling particles 

and buried in the underlying sediment. In absence of removal by scavenging or any other 

processes besides radioactive decay, the activity of the daughters (
231

Pa and 
230

Th) in 

seawater would be equal to the activity of the parents (
234

U and 
235

U). However, the 

activities of 
231

Pa and 
230

Th in seawater are ~1000 times lower of what is expected from 

radioactive decay, indicating removal by a process other than radioactive decay (Fig. 2B 

and C). The extent and dispersion of this disequilibrium provides valuable information 

about processes associated with the removal of 
231

Pa and 
230

Th from the water column.  

In contrast to 
231

Pa and 
230

Th, the primordial isotope 
232

Th is mainly supplied to 

the oceans through lithogenic material via rivers and dust (Hsieh et al., 2011; Roy-

Barman et al., 1996). The distribution of 
232

Th in the open ocean, often exhibits a 

decreasing trend with depth (e.g. Roy-Barman et al., 2002, 1996). However, in regions 

where lithogenic inputs are high (e.g. ocean margins), lateral 
232

Th input due to influence 

of re-suspended sediments and detrital material is higher (e.g. Hayes et al., 2013; Hsieh 

et al., 2011; Roy-Barman et al., 2009). 
232

Th is often used together with 
230

Th to trace 

addition of recent lithogenic supply (e.g. Hsieh et al., 2011).  

2.2 Factors controlling the distribution of 
231

Pa and Th-isotopes in the ocean 

2.2.1 The role of boundary scavenging 

Suspended particulate matter is continuously sinking through the water column, 

consequently removing the associated elements to the sediment. This removal process 

of particle reactive elements from the water column is known as scavenging, which is a 

key component of all biogeochemical cycles in the ocean (Rutgers van der Loeff and 

Geibert, 2008). Much of the current understanding of scavenging and particle dynamics 

in the sea arises from the distribution of thorium isotopes in soluble and particulate 

fractions of seawater. The first vertical profiles of particulate and total 
230

Th measured in 

the water column clearly indicated a gradual increase in concentration with depth (e.g. 

Lal, 1977; Rutgers van der Loeff and Geibert, 2008). These results indicated that 
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scavenging must occur as a result of reversible exchanges between settling particles and 

the dissolved pool of 
230

Th in the water column (e.g. Bacon and Anderson, 1982; Nozaki 

et al., 1987). This statement provides a satisfying description of the behavior of particle 

reactive elements in regions where the effects of water movements are insignificant. 

However, a rapidly expanding database indicates that linear 
230

Th and profiles are the 

exception rather than the rule. Most 
230

Th in seawater profiles measured to date display 

large deviations from linearity with depth (e.g. Hayes et al., 2015; Moran et al., 2001; 

Venchiarutti et al., 2011). In the case of 
231

Pa, most profiles observed up to date are not 

linear (e.g. Hayes et al., 2015; Moran et al., 2001; Venchiarutti et al., 2011). 

Boundary scavenging is the enhanced removal of adsorption-prone elements 

from the ocean in areas of high particle flux. For some elements, boundary exchange 

processes involving sedimentary deposits on the continental margins may have 

substantial or even greater fluxes to the ocean than rivers (e.g. Charette et al., 2016). 

Continental margins receive large continental inputs and are areas of high biological 

production (e.g. Roy-Barman and Jeandel, 2016). The particle fluxes are therefore much 

more intense here compared to the rest of the ocean (Nittrouer and Wright, 1994).  

In the open ocean, 
230

Th is largely removed by vertical transport due to adsorption 

on settling particles while most of the 
231

Pa is removed by lateral transport to other 

environments and deposited in areas governed by high particle flux (Fig 3). Nuclides of 

highly reactive elements have scavenging residence times that are too short (~ 30 years 

for 
230

Th) to allow significant transport toward the margins. However, for nuclides with 

longer scavenging residence times (~ 200 years for 
231

Pa), the process is more efficient. 

Therefore, boundary scavenging not only transfers particle-reactive nuclides from the 

interior ocean to the ocean margins; it also fractionates the nuclides according to their 

reactivity on a basin-wide scale (Anderson et al., 1983; Bacon et al., 1988). As a result, 

the 
231

Pa/
230

Th ratio in open ocean sediments is lower compared to the 
231

Pa/
230

Th 

production ratio, while the 
231

Pa/
230

Th ratio in sediments in areas high particle flux often 

exceeds the production ratio of 0.092 (Fig. 3) (e.g. Anderson et al., 1983; Luo et al., 

2010).  

The concept of boundary scavenging has become essential in the interpretation of 

oceanic distributions of 
231

Pa and 
230

Th in the water column (Jeandel et al., 2015). 

Quantifying processes occurring within this key interface is essential for our 

understanding of the biogeochemistry of trace elements. Furthermore, the supply and 

removal of elements in coastal oceans have direct influence on the structure of ocean 

ecosystems and their productivity (Charette et al., 2016).   
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2.2.2 The role of particle composition 

The oceans continuously receive inputs of virtually all chemical elements from a number 

of sources such as rivers, atmospheric deposition, hydrothermal vents, submarine 

groundwater discharge and resuspension of marine sediments (e.g. Rutgers van der 

Loeff and Geibert, 2008). Some elements have been accumulating over time, while some 

are found only in trace amounts. The vertical and horizontal distribution of many trace 

elements in the ocean is influenced by particle formation, remineralization and transport, 

which determines the residence times of many important elements (Jeandel et al., 2015; 

Lal, 1977; Miquel et al., 1994).  

Chemical scavenging of trace elements from seawater is influenced by particle 

fluxes and particle composition (e.g. Chase et al., 2002). The role of particle composition 

in scavenging can be illustrated by a comparison of the behavior of 
230

Th and 
231

Pa. Due 

to the uniform production of 
231

Pa and 
230

Th in seawater, the two nuclides are produced 

at a constant rate with a 
231

Pa/
230

Th ratio of 0.092. If both elements have an identical 

scavenging behavior, the 
231

Pa/
230

Th ratio in any particle would be predictable (e.g. 

231
Pa 

231
Pa 

230
Th 

Ocean margin 
 

High productivity 

231

Pa/
230

Thsediment > 0.092 
231

Pa/
230

Thsediment > 0.092 

231

Pa/
230

Thsediment < 0.092 

Open Ocean 
 

Low productivity 

Ocean margin 
 

High productivity 

Figure 3. Schematic illustration of the boundary scavenging concept. In the open ocean, 

suspended particulate matter preferentially adsorbs 230Th relative to 231Pa which creates 

sediment 231Pa/230Th ratios that are lower than 0.092. Ocean margins are high productivity 

areas where 231Pa and 230Th are effectively scavenged. Here, the 231Pa/230Th ratios in 

sediments often exceed the value of 0.092 due to the addition of 231Pa by lateral transport 

from the open ocean. 
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Rutgers van der Loeff and Geibert, 2008). However, due to differences in the chemical 

behavior of Pa and Th, the 
231

Pa/
230

Th ratio change during scavenging, i.e. fractionation. 

The role of particle composition in scavenging can be estimated by the fractionation 

factor (FTh/Pa):  

 

𝐹𝑇ℎ/𝑃𝑎 =
( 𝑇ℎ/ 𝑃𝑎)  𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠231230

( 𝑇ℎ/ 𝑃𝑎231230 ) 𝑠𝑒𝑎𝑤𝑎𝑡𝑒𝑟
                           (2.9)

    

If 
230

Thxs and 
231

Paxs were equally removed onto particles, their ratio in the 

dissolved phase and their ratio in the particulate phase would be identical, implying a 

fractionation factor FTh/Pa~1. The assumption of identical scavenging behavior of 
231

Pa 

and 
230

Th was challenged by Anderson et al. (1983a, 1983b) who showed that 
231

Pa and 

230
Th were indeed behaving differently. They identified elevated 

231
Pa/

230
Th ratios in 

sediments located in areas of high particle flux. Further, they identified manganese 

dioxide as a potential particulate phase with scavenging properties that would differ from 

open-ocean suspended particulate matter. Later, Walter et al. (1997) presented evidence 

that 
231

Pa/
230

Th ratios in sediments containing high contents of biogenic opal were 

exceptionally high. Since then, numerous of studies (both experimental and 

environmental findings) have illustrated the importance of particle composition during 

scavenging of Pa and Th (Chase et al., 2002; Geibert and Usbeck, 2004; Hayes et al., 

2015a). These findings illustrate that the chemical composition of particles is an 

important variable influencing the fractionation of Pa and Th. Understanding the effect of 

particle composition on scavenging behavior is an important topic in paleoceanography, 

because there is a need to discriminate the effects of particle type and particle flux on the 

231
Pa/

230
Th ratio in the sedimentary record or suspended particulate matter in the water 

column (e.g. Hayes et al., 2015; Lippold et al., 2012; Rutgers van der Loeff and Geibert, 

2008).  

Benthic nepheloid layers (BNL) are zones of increased particle concentration 

caused by the resuspension of sediments (McCave, 1986). The distribution of 
231

Pa, 

230
Th and 

232
Th can be perturbed by changes in particle concentration or particle 

composition associated with BNLs. For example, 
230

Th and 
231

Pa depletions in deep 

waters have been explained by bottom scavenging related to nepheloid layers in the 

Pacific Ocean (Hayes et al., 2014). Moreover, higher 
230

Th and 
232

Th concentrations as 

well as depletions of 
231

Pa in seawater have been observed in Atlantic nepheloid layers 

(Hayes et al., 2015a).  
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2.3 Why study the distribution of 
231

Pa and Th-isotopes in Mediterranean Sea? 

Ocean margins play an important role in processes that transfer material between land 

and the deep oceans (Bacon et al., 1976; Jordi et al., 2006). The supply and removal of 

elements in coastal oceans have a direct influence on the structure of ocean ecosystems 

and their productivity (Charette et al., 2016).  

The Mediterranean Sea is a landlocked sea, where limited water-exchange with 

the Atlantic Ocean only occurs through the strait of Gibraltar (e.g. Bethoux and Gentili, 

1996). This marginal sea consists of two major basins (the western and the eastern 

basin), where evaporation exceeds precipitation (Millot, 1999). The major characteristics 

of thermohaline circulation are well constrained and have been described by several 

authors (e.g. Béthoux and Gentili, 1999; Hassoun et al., 2015; Millot, 1999). Deep water 

formation occurs both in the eastern and western basin (e.g. Schneider et al., 2014; 

Theocharis et al., 2002), which makes the Mediterranean Sea an interesting site for the 

study of the impact of deep water ventilation/formation on the distribution of 
231

Pa and 

230
Th.  Due to its limited exchange with other world oceans, it is also well suitable for 

constraining 
231

Pa and 
230

Th budgets.  

Studying the distribution of 
231

Pa, 
230

Th and 
232

Th in the Mediterranean Sea will 

increase the knowledge of processes that control their water column distribution and the 

fractionation between 
231

Pa and 
230

Th. Moreover, it will be useful for the application of the 

231
Pa/

230
Th ratio in sediments as a proxy for chemical flux and past meridional 

overturning circulation.  
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3. Methods 

This section gives a broad summary of the methods used for the analysis of 
231

Pa, 
230

Th 

and 
232

Th in marine particles and seawater, aiming at providing details for the anion 

exchange chemistry and the treatment of the ICP-MS data. For more details regarding 

the chemical preparation of seawater and particulate samples, the reader is referred to 

the manuscript.  

3.1 Sampling 

Water and marine particles were collected during the Mediterranean Sea Acidification in 

a Changing Climate cruise (MedSeA-GA04-S) in 2013. Unfiltered seawater samples and 

marine particles were collected at 10 stations distributed in the main basins along the 

GEOTRACES section GA04S (manuscript, Fig. 1).  

Seawater samples were collected in Niskin bottles mounted on a General 

Oceanic rosette equipped with a Sea-Bird Electronics CTD system. 5 L of seawater was 

subsampled for the analysis of Pa and Th, followed by acidification to prevent Th and Pa 

sorption on the container walls. To be able to estimate 
231

Pa and 
230

Th concentrations in 

marine particles, large amounts (up to 500 L) of seawater was pumped and filtered (1 µm 

pore size) using in-situ pumps (Fig. 4A), were the particles trapped on the filter were 

used as the sample (Fig. 4B) (Bishop et al., 2012).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Example of (A) a Mc-Lane in situ pump ready to be deployed into the water and 

(B) suspended particles collected on a filter. 
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3.2 Analysis of 
231

Pa and Th-isotopes in seawater and marine particles 

To determine concentrations of 
231

Pa (fg/kg), 
230

Th (fg/kg) and 
232

Th (pg/kg) in seawater 

and particulate samples, the samples have to be pre-concentrated and separated from 

the matrix. For details regarding the procedures used during the pre-concentration of 

seawater samples and the leaching of filter material for the analysis of marine particles, 

the reader is referred to the manuscript.  

The preparation and analysis of 
231

Pa, 
230

Th and 
232

Th in dissolved and 

particulate samples was mainly done at Laboratoire des Sciences du Climat et de 

l'Environnement (LSCE) in Gif-Sur-Yvette, France. The main reason for this was the 

difficulties in producing a 
233

Pa spike from 
237

Np at the Swedish Museum of Natural 

History (SMNH). The leaching of the filter-samples was performed at SMNH due to the 

production of significantly lower 
232

Th blanks (Anderson et al., 2012), followed by spiking 

and analysis at LSCE. 

3.2.1 
233

Pa and 
229

Th spikes 

The concentration of Pa and Th was determined through isotope dilution (Vogl and 

Pritzkow, 2010). The method of isotope dilution involves the addition (spiking) of a known 

amount of a different isotope of the element that one wants to measure. The 

concentration is determined by measuring the ratio between the known quantity and the 

unknown composition in the sample, using Multi Collector Inductively Coupled Plasma 

Mass Spectrometry (MC-ICP-MS). 

Measuring protactinium by isotope dilution is complicated because of the 

nonexistence of a long‐lived protactinium isotope. 
233

Pa is the only non‐natural isotope 

with a half‐life long enough (26.9 days) (Audi et al., 2003) to be useful as a spike. The 

233
Pa spike was produced by milking of a 

237
Np solution using a combined protocol 

derived from Burckel (2015) and Böhm (2014). The concentration of the 
233

Pa spike was 

calibrated by analyzing 
233

Pa standard mixed with a known amount of 
231

Pa. The 
233

Pa 

spike alone was also analyzed to check for 
231

Pa during the milking.  

233
U and 

233
Pa may have different ionization efficiencies (Regelous et al., 2004), 

which require that Pa measurements must be done before a significant amount of 
233

Pa 

decayed into 
233

U. This problem was circumvented by the simultaneous processing of 

samples and standards developed by Lippold et al. (2009). 

Similarly, the 
230

Th and 
232

Th concentration in seawater and particulate samples 

was determined through addition of a 
229

Th spike. As 
229

Th is an artificial thorium isotope 
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(t1/2= 7340 yr) it is not present in the natural environment, which makes it suitable for 

isotopic determination of naturally occurring thorium isotopes.   

3.2.2 Anion exchange chromatography 

The separation of Pa and Th was preformed through anion exchange chromatography, 

were the net surface charge of Pa and Th is taken into advantage. The anionic exchange 

chromatography is performed using a chromatographic column filled with an anionic 

exchange resin. Depending on the chemical behavior of the element, different 

concentrations of H
+
-ions (pH) can be used to either bind elements to the resin, or to 

elute and collect the elements desired (e.g. Tremillon, 1965).  

Pa and Th are highly refractory elements that easily adsorbs onto any surface, 

thus, HF is often required to ensure maximum recoveries (Jeandel et al., 2011). In most 

cases, Th and U fractions could be measured without further purification, while further 

purification steps are often used and required to completely extract Pa from the matrix.  

Peak tailings from the presence of natural U and 
232

Th and Th-hydrides caused 

by 
232

Th present in Pa-fractions, may interfere with both 
231

Pa and 
233

Pa peaks during 

MC-ICP-MS measurements (see section 3.3). The precence of U in Pa-fractions  is 

problematic due to (1) the short half-life of 
233

Pa, and the decay of 
233

Pa into 
233

U 

between the milking and the sample chemistry and (2) the possible peak tailing by 

natural U. The first column separation is in most cases efficient enough to remove any 

significant 
233

U. However, concentrations of natural U are high in seawater, which can 

contribute to a slight peak tailing problem for samples.  This problem can be solved by 

performing a second elution, where the Pa fraction is further purified from any remaining 

Th and U.  

In the present study, an effort was made to extract Pa and Th from seawater and 

particles using one single column (Jeandel et al., 2011). To obtain maximum recoveries 

of Pa and Th, several tests were made before deciding on an elution protocol for the 

actual Mediterranean samples. In 2014, two elution methods were tested, with the aim of 

maximum recoveries for Pa. The columns used for these experiments were constructed 

from 0.5 ml pipettes (Bio-Rad) by cutting of the top and the bottom of the pipettes. The 

columns were filled with anion exchange resin (i.e. Bio-Rad AG1-X8 chloride form, 200-

400 mesh). A filter (frit) was placed in the bottom of the column to prevent the resin to 

escape the column during elution. To be able to estimate the recovery of Pa, Th and U 

during anion exchange chemistry, a mixed standard solution was made containing 

known amounts of 
232

Th, 
238

U and 
231

Pa standards. This solution was eluted and the 
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amount of Th, Pa and U in the collected fractions was compared to the total amount 

added to the sample.  

The first test was performed using a modified protocol of Knight et al. (2014). 

Here, only 7 N HNO3 was used to elute Th, U and Pa from the column (Fig. 5A). In the 

second test, Pa was eluted with 9 N HCl + 0.01 N HF, Th was eluted with 6 N HCl, and U 

was eluted with 0.1 N HNO3 following a modified protocol of (Jeandel et al., 2011). The 

second elution procedure had a promising recovery of 80 % for Pa (Fig. 5B).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Recovery of Th = 9 % 

Recovery of U = 1 % 

Recovery of Pa = 2 % 

Recovery of Th = 44 % 

Recovery of U = 100 % 

Recovery of Pa = 80 % 

7 N 
HNO3 

6 N 
HCl 

0.1 N 
HNO3 

9 N HCl + 
0.01 N HF 

Figure 5. Elution profiles for the column exchange chemistry and chemical recoveries of Pa, 

Th and U, for (A) elution test with 7N HNO3 only and (B) the test using different acids. 
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However, separating Pa and Th from natural samples is usually more 

problematic compared to the separation of Pa and Th from a mixed standard solution or 

spiked MQ-water. Consequently, the single column separation procedure has been 

modified over the years (2014-2016). Numerous of columns (with varying volumes, 

lengths and diameters), resins, acid concentrations and volumes have been tested (data 

not shown) to obtain the most suitable elution protocol for the extraction of Pa and Th 

from natural samples.  

The final elution procedure used for the extraction of Pa and Th from 

Mediterranean samples is summarized in Table 1. Among other things, column and resin 

volumes and acid concentrations were increased. Finally, undesirable elements (e.g. Fe, 

Ba, Ra and REEs) were eluted with 8 N HNO3, Th was eluted with 9.5 N HCl and Pa was 

eluted with 9.5 N HCl + 0.26 N HF using 2 ml Bio-Rad columns (Tab. 1).  

 

 

 

Elution Steps Reactants 

Resin and column cleaning 

2.5 ml HNO3 8 N 

2.5 ml HCl 9.5 N 

2.5 ml HCl 9.5 N + HF 0.26 N 

Resin conditioning 2.5 ml HNO3 8 N 

Ba, Ra, Fe, Mn, REE, Nd elution 2.5 ml HNO3 8 N 

Th elution 2 ml HCl 9.5 N 

Pa elution 2 ml HCl 9.5 N + HF 0.26 N 

U elution 2 ml HNO3 0.1 N 

 

3.3 Data analysis 

Before using the isotopic ratios of interest to calculate concentrations of 
231

Pa, 
230

Th and 

232
Th in the samples, several corrections have to be applied on the raw isotopic ratios. 

These corrections account for instrumental mass bias, 
232

Th peak tailing, Th-hydride 

formation, dark noise and instrumental mass fractionation. In the following section, these 

corrections are briefly described.  

The transfer of ions from the ion source in a plasma ionization mass 

spectrometer is dependent on the mass of the ions. As the lighter ions are moved out of 

the central ion beam the resulting beam transferred into the mass spectrometer is biased 

towards heavier ions. Therefore, isotopic ratios of Th and Pa were corrected for mass 

bias using the natural 
238

U/
235

U ratio of 137.88 (Condon et al., 2010). 

Table 1. Elution procedure for the separation of U, Pa and Th using 
a single 2 ml Bio-Rad column  
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Pa isotopes were measured using ion counters which have different yields. This 

difference is corrected by concurrent measurements of 
231

Pa in a standard solution using 

the two ion counters.  

The abundance sensitivity (AS) is a measure of the contribution of peak tailings 

from major isotopes to neighboring isotopes or masses (Murray et al., 2013). Because 

the abundance of 
232

Th is considerably larger than that of neighboring isotopes of 

interest (i.e. 
229

Th, 
230

Th, 
231

Pa and 
233

Pa), the signals were corrected for 
232

Th tailing 

(Fig. 6). Sample introduction, uptake rates and nebulizer types are known to affect 

hydride formations in the plasma. Thorium hydrides (Th + H
+
) (Murray et al., 2013) can 

significantly affect isotopic signals that are one mass above abundant isotopes (i.e. 

233
Pa) (Fig. 6). Hydrides were corrected with the m233/

232
Th ratio in a 

233
U free standard 

solution. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Furthermore, the corrected spectrometric ratios used to calculate concentrations 

of 
231

Pa, 
230

Th and 
232

Th (
233

Pa/
231

Pa, 
231

Pa/
233

Pa, 
229

Th/
232

Th and 
230

Th/
229

Th) were 

corrected for the ingrowth of 
230

Th and 
231

Pa by uranium decay during the time period 

between sample collection and the chemical separation. Hence, the reported 
230

Th and 

231
Pa concentrations have been corrected to represent their concentrations at the time of 

sampling. U concentrations in the samples were estimated using the bottle salinity 

measured from the CTD and the U-Salinity relationship in seawater (U = (0.100*S – 

0.326), Owens et al., 2011).  

Figure 6. Schematic illustration of the contribution of 232Th onto low abundance Pa-isotopes. 

Arrows indicate the contribution of 232Th peak tailing onto 231Pa and the contribution of 232Th-

hydride on 233Pa.  
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Seawater activity ratios of 
234

U/
238

U = 1.146 (Andersen et al., 2010), and 

235
U/

238
U = 0.046 (Condon et al., 2010), were used to calculate concentration of 

234
U and 

235
U. Concentrations of 

231
Pa, 

230
Th and 

232
Th were also corrected for blank contributions 

by performing a complete chemical procedure on 250 ml of Milli-Q® water with each 

batch of samples.  
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4. Summary of Manuscript 

The manuscript included in this licentiate thesis investigates the water column 

distributions of 
231

Pa, 
230

Th and 
232

Th in the Mediterranean Sea. The overarching goal 

was to improve our understanding of the controls on the distribution and fractionation of 

these nuclides in the ocean. Particularly, the relative influence of deep water circulation 

and suspended particulate matter on the distribution of 
231

Pa, 
230

Th and 
232

Th was 

investigated.  

The distribution and cycling of 
230

Th and 
231

Pa in the Mediterranean Sea is 

complex. Deviations from the expected linear behavior by reversible scavenging were 

observed across the main basins in the Mediterranean Sea. The observed nuclide 

distributions indicate the significant impact of deep water formation processes, where 

observed differences between the basins can be linked to the type of deep water 

formation process that occurs in respective basin. Observed 
232

Th concentrations in 

particles and seawater mainly reflect the input of lithogenic particles supplied via rivers 

and the occurrence of sediment resuspension.  

Essentially all Mediterranean Sea in situ produced 
230

Th (99.9 %) is scavenged 

and deposited within the Mediterranean Sea. Despite differences in affinity of Pa and Th 

for marine particles, most Mediterranean Sea in situ produced 
231

Pa (90 %) also gets 

bound to Mediterranean Sea sediments. The efficient scavenging of 
231

Pa was related to 

the relatively low fractionation between 
230

Th and 
231

Pa in terms of the fractionation factor 

FTh/Pa. These results indicate substantial scavenging of 
231

Pa (relative to 
230

Th), which will 

decrease the FTh/Pa. The particulate 
231

Paxs and 
230

Thxs concentrations were lower than 

previously reported in the Mediterranean Sea. It is not clear if these low concentrations 

were caused by sampling problems or represent particular biogeochemical conditions. 

To really be able to clarify the reason for the low particulate 
231

Pa and 
230

Th 

concentrations and the low FTh/Pa, it would be necessary to obtain more information about 

the particle phases for the sampled particles. This would possibly clarify the relative 

contribution of boundary scavenging and/or the existence of a particulate phase that has 

an increased affinity for 
231

Pa relative to 
230

Th.   
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5. Conclusions 

The steady improvement in the understanding of marine biogeochemical cycles for many 

elements is closely linked to the cycling of particle-reactive radionuclides in the oceans. 

Much of the current knowledge on particle formation, particle dissolution and the physical 

and chemical exchange between different particulate and dissolved pools in the ocean 

relies on the study of parent-daughter disequilibrium in natural marine environments.  

The distribution of 
231

Pa and Th-isotopes in the Mediterranean Sea yields new 

insights to the application of these isotopes as tracers of particle transport and ocean 

circulation. Particularly, the relatively low fractionation observed between 
231

Pa and 
230

Th 

shows that we don’t have a complete understanding of the processes that control the 

water column distribution of 
231

Pa and 
230

Th in environments such as the Mediterranean 

Sea. These findings are important for further development of 
231

Pa and 
230

Th as tracers 

of chemical flux and the use of sedimentary 
231

Pa/
230

Th ratios as a proxy for the 

reconstruction of past marine environments. Only with a better understanding of the 

relative influence of particles and ocean circulation we will be able to evaluate the 

mechanisms that control 
231

Pa and 
230

Th distributions in the oceans.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

25 

 

6. Ongoing and future work 

The next goal of this PhD-project aims to provide new information on the water column 

distribution of 
231

Pa, 
230

Th and 
232

Th in the Arctic Ocean. Specifically, the boundary 

exchange from the continental shelfs into the central Arctic basins will be investigated 

using 
231

Pa and Th-isotopes measured in both dissolved and particulate pools. 

Furthermore, 
231

Pa, 
230

Th and 
232

Th distributions in the central Arctic will be used to trace 

inter-basin interactions and possible changes in circulation patterns. This will be 

achieved through an investigation of the distribution and fractionation of 
231

Pa and Th-

isotopes in seawater and particles sampled during the Arctic GEOTRACES PS94 cruise 

in 2015 (Fig. 7).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Map of Pa-Th sampling locations during the Arctic GEOTRACES PS94 cruise.  
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Abstract 

231
Pa and 

230
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. The 

231
Pa and 

230
Th are used as tracers of the preferential removal of insoluble elements at 

ocean margins (boundary scavenging), particle transport and ocean circulation. Both 

231
Pa and 

230
Th are produced uniformly in seawater from the decay of dissolved U. 

Because both 
231

Pa and 
230

Th are particle reactive, this allows the process of boundary 

scavenging to be understood by a detailed knowledge of their water column distributions. 

The distribution of 
232

Th (in seawater and particles) indicates the influence of lithogenic 

supply via rivers and the resuspension of sediments. The vertical distribution of 
231

Pa 

and 
230

Th in the Mediterranean Sea appears to be primarily controlled by deep water 

formation/ventilation rather than by reversible scavenging of settling particles. Total 

230
Thxs and 

231
Paxs distributions in seawater from the western basin 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 homogenization. In contrast to the 

homogeneity of the 
230

Th and 
231

Pa profile shapes in the western basin, the distribution of 

230
Th and 

231
Pa in the eastern basin indicates the presence of younger but denser 

Aegean deep water, while elevated mid-depth concentrations indicate the presence of 

older uplifted Adriatic water. A 0-dimensional box-model demonstrated that a dominating 

fraction of the 
231

Pa (90 %) and almost all of the 
230

Th (99.9 %) produced in the 

Mediterranean Sea is removed to the sediment by scavenging. The efficient scavenging 

of 
231

Pa produces low fractionation factors with FTh/Pa ranging from 1.4 to 12. The 

distribution of 
231

Pa and Th-isotopes in the Mediterranean Sea gives new insights into 

processes that control the dispersion and distribution of particle reactive elements at 

ocean margins which has implications for the use of the 
231

Pa/
230

Th ratio as a tracer of 

circulation and chemical flux in modern and past oceans.  
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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 (Pa) and Thorium (Th) are important tracers for marine particles 

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

Loeff and Berger, 1993). Both 
231

Pa (t1/2=32760 yrs) and 
230

Th (t1/2=75690 yrs) are 

natural radionuclides produced by the radioactive decay of 
235

U and 
234

U, respectively.  

In seawater, the excess activity (xs) 
231

Paxs and 
230

Thxs supplied from 
235

U and 
234

U can 

be quantified (Bacon and Anderson, 1982). Both Pa and Th are particle reactive and 

removed from the water column by scavenging onto settling particles. Thorium has 

shown to be 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 uniform production ratio derived from the decay of uranium (e.g. Yu et al., 1996). 

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. Deviations from a linear 

depth profile indicate that oceanic currents transport 
231

Pa and 
230

Th away from the 

location where they were produced (Bacon and Anderson, 1982; Roy-Barman et al., 

2009; Rutgers van der Loeff and Berger, 1993). The preferential deposition of insoluble 

elements at ocean margins (i.e. boundary scavenging) has important implications for the 

understanding of the removal of many insoluble elements with long ocean residence 

times (>100 yrs). It is therefore valuable to understand the nature of boundary 

scavenging processes, to separate the relative contribution of circulation and the role of 

the particles. Th and Pa demonstrate the potential difference in the behavior of particle 

reactive elements in the ocean, with Th being 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 (Anderson et al., 1983; 

Anderson et al., 1983). 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., 
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2005). The debate originates from the difficulty to attribute the Pa and Th depletion in the 

deep Atlantic Ocean to the thermohaline circulation or to deep boundary scavenging 

(Deng et al., 2014; Hayes et al., 2015a).  

In the present study, combined particulate and total 
231

Paxs, 
230

Thxs and 
232

Th 

depth profiles in the Mediterranean Sea are presented for the first time. Water column 

distribution of 
231

Paxs and 
230

Thxs will be discussed in terms of the relative influence of 

scavenging and deep water ventilation. The different affinity of Pa and Th for particles 

will be discussed in terms of the fractionation factor FTh/Pa. Finally, a zero-dimensional 

230
Thxs and 

231
Paxs budget is presented to explain the observed nuclide distributions in 

the Mediterranean Sea. The fractionation and distribution of 
231

Pa and 
230

Th in the 

Mediterranean Sea has important implications for the understanding of boundary 

scavenging processes in order to clarify the relative contribution of circulation and 

particle dynamics on global biogeochemical scale.  

1.1 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 yrs, 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 yrs, (Béthoux and Gentili, 1999). The deep waters within the 

eastern Mediterranean Sea (EMDW) are formed in the southern Adriatic Sea and 

Aegean Sea, which fills the Ionian and Levantine Seas (El-Geziry and Bryden, 2010). 

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 

2.1 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 53 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. 

2.3 Mass spectrometry 

Pa and Th were analyzed by Multi 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 

desolvatator and a Jet interface following the protocols derived from 

Burckel et al. (2015). Prior to the Pa-Th measurements, the instrument was tuned using 

a standard solution of natural U (SCP Science, Plasma Cal, 1000 µg/ml) calculated 

based on the natural 
238

U/
235

U ratio of 137.88 (Condon et al., 2010) and peak shapes 

were improved, for both Faraday cups and secondary electron multiplier (SEM).  

During the Th-analysis, 2 standard solutions (IRMM-035 and IRMM-036) were 

measured to check the reproducibility of the Th measurements. The calibration of the 

233
Pa spike and the tuning of the MC-ICP-MS were done by using an “in-house” 

231
Pa 

standard solution measured over several years (78.9 ± 0.14 fg/kg). These solutions were 

also analyzed every fifth sample to bracket the samples and check the instrument’s short 

and long-term drift and variability, the tailing of 
232

Th into the minor Pa and Th isotopes, 
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mass bias and mass fractionation during analysis. Overall uncertainty was determined by 

applying corrections on the raw isotope ratios for the contribution of the mass bias, yield, 

abundance sensitivity and Th-hydride. Moreover, all measured 
230

Th and 
231

Pa 

concentrations were corrected for the in-growth of 
230

Th and 
231

Pa 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. 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 (average = 0.17 

± 0.08 fg). The Th isotope analysis at LSCE was validated by the GEOTRACES 

intercalibration exercise (Anderson et al., 2012). 

2.4 Lithogenic corrections 

In order to determine the 
230

Th and 
231

Pa 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 was 

calculated using the following equations: 

 

𝑇ℎ𝑥𝑠 = 𝑇ℎ𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑
230 − 𝑇ℎ𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑

232 × (
𝑇ℎ230

𝑇ℎ232 )230
𝐿𝑖𝑡ℎ𝑜𝑔𝑒𝑛𝑖𝑐                                   (1) 

 

𝑃𝑎𝑥𝑠 = 𝑃𝑎𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑
231 − 𝑇ℎ𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑

232  × (
𝑇ℎ23𝑜

𝑇ℎ232 )231    × (
𝑈235

𝑈238 )   𝑛𝑎𝑡𝑢𝑟𝑎𝑙𝐿𝑖𝑡ℎ𝑜𝑔𝑒𝑛𝑖𝑐           (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, respectively, the (
230

Th/
232

Th)Lithogenic = 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

Unatural = 1/137.88 mol/mol) (Condon 

et al., 2010). 

2.5 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. To show the impact of particle 

composition and supply and removal and the extent to which these parameters influence 

differential scavenging of Pa and Th a fractionation factor is calculated (Anderson et al., 

1983). The fractionation factor is defined as: 

 

𝐹𝑇ℎ/𝑃𝑎 =
( 𝑇ℎ𝑥𝑠/ 𝑃𝑎𝑥𝑠)  𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠

231230

( 𝑇ℎ𝑥𝑠/ 𝑃𝑎𝑥𝑠)
231230   𝑠𝑒𝑎𝑤𝑎𝑡𝑒𝑟

                (3)   

 

2.6 Box-model calculations 

To improve the understanding of transport and scavenging of 
231

Paxs and 
230

Thxs in the 

Mediterranean Sea, a zero-dimensional box-model was used to build 
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 
230

Thxs and 
231

Paxs 

for the two basins. The concentration of 
230

Thxs and 
231

Paxs used as inflowing and 

outflowing water at the strait of Gibraltar and Sicily was determined using current velocity 

depth profiles at the straits (Beranger et al., 2004; Tsimplis, 2000) (Tab. 1). Net-fluxes 

and in-situ production rates of 
230

Thxs and 
231

Paxs 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 flux 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. 

2.2 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 FeCl3. 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 

syphoning the overlying water followed by centrifugation. After centrifugation, the 
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precipitate was dissolved in concentrated HNO3. As Protactinium has a strong affinity for 

biogenic opal (SiO2), which must be removed during sample preparation. The SiO2 (BSi) 

was removed through centrifugation where the supernatant was removed and the 

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

dried and redissolved in HNO3 saturated with H3BO3, to prevent co-precipitation of Th 

with CaF2, followed by evaporation and redissolution in concentrated HNO3. The 

supernatant and the solution resulting from dissolving Si were mixed together 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 of Pa and Th. The anionic 

column exchange procedure using a single column was adopted from Jeandel et al. 

(2011). 

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.  

3. Results 

3.1 
231

Pa, 
230

Th and 
232

Th in unfiltered seawater 

Generally, higher concentrations of total 
230

Th (1.7-9.7 fg/kg) and 
231

Pa (0.08-1.06 fg/kg) 

were observed in the eastern basin, compared to concentrations of
 230

Th (2.7-7.2 fg/kg) 

and 
231

Pa (0.16-0.9 fg/kg) in the wester basin (Tab. S2). The 
232

Th concentrations in the 

water column range between 69 pg/kg and 855 pg/kg and generally decrease with depth. 

Higher 
232

Th concentrations were observed in near surface waters of the Straits of 

Gibraltar and Sicily, the Alboran Sea and at 2500 m depth in the Northern Algero-Balear 

(Tab. S2, Fig. 3C).  

In the Mediterranean Sea, 
230

Thxs and 
231

Paxs do not increase linearly with depth 

(Fig. 3A and B). Although, the lithogenic correction (Eq. 1 and 2) contributes to lower 

231
Paxs and 

230
Thxs concentrations, their depth profiles display the same curved shapes. 

In the eastern basin, 
231

Paxs concentrations range between 0.08 fg/kg and 1.06 fg/kg 

(Fig. 3A), while 
230

Thxs concentrations range between 0.6 fg/kg and 9.4 fg/kg (Fig. 3B). In 

the western basin, the 
231

Paxs concentrations range between 0.16 fg/kg and 0.9 fg/kg 

(Fig. 3A) and
 230

Thxs concentrations range between 1.1 fg/kg and 7.6 fg/kg, (Fig. 3B).  
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The shapes of the 
230

Thxs and 
231

Paxs 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).  

A similar profile shape was observed in the western basin, where the 
230

Thxs and 

231
Paxs concentration profiles increase linearly from the surface down to 500-1000 m for 

231
Paxs (Fig. 4B and E) and to 1500 m for 

230
Thxs (Fig. 4A and D). The maximum 

231
Paxs 

concentration was observed at ~1500 m compared to ~2000 m for 
230

Thxs, followed by a 

slight decrease toward the seafloor (Fig. 4D and E).  

In the surface and intermediate waters of the Algero Balearic Sea, distinct 

vertical concentration gradients of 
230

Thxs and 
231

Paxs were observed between the north 

and the south of the basin (Fig. 4D and E). 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 towards the seafloor, 

below 1500 m depth (Fig. 4D).  

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, while the 

231
Paxs 

concentrations in the Alboran Sea (0.16-0.56 fg/kg) did not exceed the concentrations 

found in the Algero-Provencal (0.28-0.9 fg/kg) (Fig. 4A, B, D, E). In the NABB at 2500 m, 

the 
230

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

column, while the 
231

Paxs concentration (0.82 fg/kg) was similar to overlying water (Fig. 

4D and E). 
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3.2 
231

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

estimates 

Particulate 
231

Paxs concentrations range between 0.00008 fg/kg and 0.016 fg/kg and 

230
Thxs concentrations ranged between 0.003 fg/kg and 0.136 fg/kg (Tab. S3). In the 

Alboran Sea, the SABB, the CABB and the Ionian Sea, particulate 
231

Paxs concentrations 

decrease with depth, whereas the particulate 
231

Paxs concentrations increase with depth 

in the Levantine and Tyrrhenian Sea. Particulate 
230

Thxs concentrations generally 

increase with depth and indicate a maximum at 1000 m depth (Tab. S3). Higher 

particulate 
231

Paxs concentrations were found at 100 m depth in the Alboran Sea and at 

1000 m depth in the CABB. Similarly, the maximum particulate 
230

Thxs concentration was 

observed at 1000 m in the CABB (Tab. S3). The 
232

Th concentrations in the particulate 

fraction range between 3 pg/kg and 106 pg/kg. Higher 
232

Th concentrations were found 

in the western basin (6.4-106 pg/kg) compared to the eastern basin (3-10.7 pg/kg) (Tab. 

S3). 

The particulate 
230

Thxs/
231

Paxs ratios indicate a mid-depth maximum at 1000 m 

depth (Tab. S3). The FTh/Pa-values range from 1.4 to 12 and generally decrease with 

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

and eastern basin (Fig. 7).  

3.3 Box-model results 

Comparing the net fluxes of 
231

Paxs and 
230

Thxs with the total in situ production gives 

further insights to the transport and scavenging of 
231

Paxs and 
230

Thxs in the 

Mediterranean Sea. Any disequilibrium between the in situ production of 
230

Thxs and 

231
Paxs and the net-flux has to be balanced by removal of 

230
Thxs and 

231
Paxs from the 

water column by settling particles.  

The Mediterranean Sea experiences a net loss of 
231

Paxs and 
230

Thxs through the 

outflow of Mediterranean outflow water (MOW) at the strait of Gibraltar. However, an 

amount equivalent to 90 % of the in situ produced 
231

Paxs and essentially all (99.9 %) of 

the in situ produced 
230

Thxs are scavenged and deposited annually within the 

Mediterranean Sea. The remaining 10 % of the 
231

Paxs and an insignificant fraction (0.1 

%) of the 
230

Thxs is exported to the Atlantic Ocean (Tab. 1).  

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 

in situ in the eastern basin is exported to the western basin. This represents an extra 
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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 % of the 

eastern basin in situ
 
produced

 231
Paxs and 95 % of the eastern basin in situ

 
produced 

230
Thxs is trapped in eastern basin sediments (Tab 1).  

4. Discussion 

4.1 Distribution of Th and Pa in the water column 

230
Th and 

232
Th have been studied in the Mediterranean Sea before (Roy-Barman et al., 

2002). There was generally a good agreement between the 
230

Thxs concentrations 

(
230

Thxs=2.4-5.9 fg/kg) and 
232

Th concentrations (171-377 pg/kg) presented here and 

those reported from the DYFAMED site (DYFAMED: Dynamics of Atmospheric Fluxes in 

the Mediterranean Sea) which is located ~110 km north off the NABB station (Roy-

Barman et al., 2002). Conversely, the 
230

Thxs concentrations reported here (Alboran sea 

230
Thxs=2.7-3.9 fg/kg) were lower than concentrations (up to 15.8 fg/kg at 1000 m depth 

in unfiltered samples) in the Alboran Sea obtained by (Roy-Barman et al., 2002). These 

samples were collected 17 years apart (which is about the residence time of the western 

basin), so differences in the water column distribution of 
230

Thxs were expected.   

In the Mediterranean Sea, the 
230

Thxs and 
231

Paxs depth profiles do not increase 

linearly with depth and thus deviates from the linear behavior predicted by the reversible 

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

neglects 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 than the concentrations predicted by reversible scavenging model. The 

shape of the 
231

Paxs and 
230

Thxs depth profiles therefore suggests that water transports 

231
Pa and 

230
Th faster than particles do (Hayes et al., 2015a; Roy-Barman et al., 2009; 

Rutgers van der Loeff and Berger, 1993). This has been highlighted for western 

Mediterranean Sea 
230

Thxs distributions previously (Roy-Barman et al., 2002).  

As 
230

Th and 
231

Pa have different scavenging residence times (in general 20-40 

y for Th and 200-400 y for Pa), the non-linearity of the profiles becomes more 

pronounced for 
231

Pa. This difference is noticeable looking at the shapes of the depth 

profiles from the Ionian and Levantine Sea (Fig. 4G, H). Because 
231

Pa is more soluble 

than 
230

Th, reversible scavenging has a much weaker effect on 
231

Pa and there is little or 

no return towards the reversible equilibrium. Furthermore, higher concentrations of 
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230
Thxs and 

231
Paxs were observed in the waters of the eastern basin compared to the 

western basin (Fig. 4D, E, G, H). As the water residence time in the eastern basin (τw=61 

yr) is longer compared to the western basin (τw= 15 yr, Béthoux and Gentili, 1999), there 

is more time in the eastern basin for the concentrations to build up.  

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, 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 nearby continental slopes or on the 

way 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. 

4.2 The influence of deep water convection in the western basin 

In the northwestern 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, were the water experienced a full depth water 

column mixing (Bethoux et al., 2002; Durrieu De Madron et al., 2013; Houpert et al., 

2016; Marty and Chiavérini, 2010).  

The NABB station (41.0°N 5,6°E) was within the convection area in the winter 

2012-2013, 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 

230
Thxs and 

231
Paxs concentration profiles, with relatively high concentrations in the 

shallow water due to homogenization with deeper and more concentrated waters (Moran 

et al., 2002). With their higher surface and intermediate concentrations, the 
231

Paxs and 

230
Thxs depth profiles obtained from the NABB station are clearly more affected by deep 

water convection 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 
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alteration in the relative influence of convection versus scavenging on the shapes of the 

230
Thxs profiles along a north-south transect between NABB, CABB and SABB. The 

further south we move from the deep water formation zone, the shapes of the 
230

Thxs and 

231
Paxs profiles become less influenced by the convective mixing, and more influenced by 

scavenging. The depletion of both 
231

Paxs and 
230

Thxs with depth for the CABB and SABB 

profiles could also be altered by bottom scavenging, but apparent oxygen utilization 

(AOU) decrease from 500 m depth to the bottom (Fig. 6). Moreover, there were no 

observations of bottom nepheloid layers (BNL) at SABB and CABB, so ventilation 

through convective mixing is a more plausible explanation (Fig. 5A).  

Higher concentrations of 
230

Thxs and 
232

Th observed in one sample from the 

NABB station at 2500 m depth (Fig. 4D, F) is a result of particle resuspension created by 

deep water cascading along the slope of the Gulf of Lions continental shelf. This was 

supported by turbidity measurements (Fig. 5A), where a maximum was observed around 

2500 m. The concentration of 
231

Paxs in seawater at the NABB station (2500 m depth) 

does not show the same deep water enrichment as for 
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 
230

Thxs, 
232

Th and 
231

Paxs at 2500 m in NABB might reflect their 

sources. To confirm this, it would be necessary to take a closer look at the particle 

dynamics 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 BNL in the northwestern 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 of important elements. Similarly, higher turbidity values were identified at 1000 m 

depth in the Alboran Sea which suggests the presence of a BNL (Fig. 5A). 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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4.3 The influence of deep water ventilation in the eastern basin 

In the Ionian and the Levantine Sea, a maximum 
231

Paxs concentration (0.93 fg/kg) was 

observed between 1000 and 2500 m depth and a maximum 
230

Thxs concentration (9.1 

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

concentrations of both 
230

Thxs and 
231

Paxs were observed (Fig. 4G, H). These lower 

concentrations of both 
231

Paxs and 
230

Thxs in bottom water in the Levantine Sea and 

Ionian Sea could be derived from surface water transported at depth through convection. 

Alternatively, this could be caused by bottom scavenging. However, the low turbidity and 

AOU measured along the Levantine and Ionian depth profiles argue against deep 

scavenging by nepheloid layers (Fig. 5B and 6B).  

Major convection events (the Eastern Mediterranean Transient (EMT)), have 

been observed in the eastern basin. During the EMT (1990s), 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 (Roether et al., 1996; 

Schneider et al., 2014; Theocharis et al., 2002). The waters formed in the Aegean have 

higher density than water that originates in the Adriatic. Hence, the water can reach the 

deep layers of the eastern basin and will not penetrate the intermediate water range 

depth (500-1000 m) (Hassoun et al., 2015). The shape of the 
230

Thxs profile is closer to 

the linear equilibrium profile than the 231Paxs profile. It reflects the shorter scavenging 

residence time of 
230

Th compared to 
231

Pa which allows a faster (although not yet 

complete) return to equilibrium.  

4.4. Particulate 
230

Th, 
231

Pa and 
232

Th in the Mediterranean Sea 

The particulate 
232

Th concentrations (3-106 pg/kg) were in good agreement with data 

previously reported from the Mediterranean Sea (particulate 
232

Th= 2-140 pg/kg, Roy-

Barman et al., 2002). Most 
232

Th is introduced by lithogenic particles. Higher particulate 

232
Th concentrations in the western basin (6-106 pg/kg) compared to the eastern basin 

(4-11 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 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, Tab. S3). 
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The particulate 
231

Paxs and 
230

Thxs were lower than previously reported in the 

Mediterranean Sea (particulate 
230

Thxs = 0.7-1.8 fg/kg at the DYFAMED station, Roy-

Barman et al., 2002) or elsewhere in the ocean (e.g. particulate 
231

Paxs = 0.0014-0.07 

fg/kg, particulate 
230

Thxs = 0.13-3.1 fg/kg, station GT-10-01, Hayes et al., 2015a). The low 

particulate 
231

Paxs and 
230

Thxs concentrations were in line with low Ba concentrations 

obtained during the MedSeA cruise (Roy-Barman et al., in prep). It is not clear if these 

low concentrations were caused by sampling problems or represent particular 

biogeochemical conditions. Therefore, the following discussion will consider both the 

MedSeA and the DYFAMED particulate data when particulate fluxes/concentrations are 

concerned. 

Particulate 
230

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

while the particulate 
231

Paxs concentrations seem to decrease with depth, at least for 

SABB, CABB, Ionian and Alboran Sea, 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 such as changes related to particle geochemistry or depth variations in 

particle remineralization (e.g. Moran et al., 2002). In the open ocean, Th is scavenged 

preferentially to Pa, which results in FTh/Pa=~10. If 
230

Thxs and 
231

Paxs were equally 

removed onto particles, their ratio in the dissolved phase and their ratio in the particulate 

phase would be identical, yielding a fractionation factor F~1. In general, the F is low 

(F~1) if the particulate material is dominated by biogenic opal (e.g. Chase et al., 2002; 

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

particulate matter dominated by calcium carbonate and/or clay the F is generally much 

larger (F~10-20, e.g. (Chase et al., 2002; Luo and Ku, 1999; Moran et al., 2001). 

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 than 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., 2002) and expected to yield a low 

scavenging rate of Pa (Hayes et al., 2015a). Fe- and Mn oxides are also efficient Pa (as 
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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). There is not a clear 

correlation between FTh/Pa and particulate Mn content of the MedSeA particles (not 

shown) and the particulate autigenic Mn content during MedSeA (remembering that there 

might be a bias in the particulate data) was generally lower (Mn=0.3-9 ng/kg) compared 

to the Atlantic Ocean (e.g Mn=~5-50 ng/kg, Twining et al., 2015). Mn-oxides have been 

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

4.5 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. Due to the 

zero-dimensional approach of the box-model, it is not possible to estimate precisely 

where scavenging of Pa and Th occurs but it provides additional information about 

general cycling at basin scale.   

In total, all of the (99.9 %) in situ produced 
230

Thxs and 90 % 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 10% of the 
231

Paxs of what is produced in situ in 

the Mediterranean Sea is exported 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 
230

Thxs and 
231

Paxs bound to Mediterranean 

Sea sediments. From these fractions, the mean 
230

Thxs/
231

Paxs ratio in the Mediterranean 

surface sediments was estimated:  

 

( 𝑇ℎ𝑥𝑠
230 𝑃𝑎𝑥𝑠

231⁄ )
𝑀𝑒𝑑𝑖𝑡𝑒𝑟𝑟𝑎𝑛𝑒𝑎𝑛  𝑆𝑒𝑑𝑖𝑚𝑒𝑛𝑡𝑠

=
𝑃230𝑇ℎ × 99.9 %

𝑃231𝑃𝑎 × 90 %
= 28𝑓𝑔 𝑓𝑔⁄ = 15.2 𝑑𝑝𝑚 𝑑𝑝𝑚⁄    

 

This is in gross agreement with the observed values (Tab. S3), although the 

particulate data were not used to build this budget. The efficient scavenging of 
231

Pa in 

the Mediterranean Sea produces a relatively low FTh/Pa (Fig. 7). In terms of inter basin 

fluxes, 4.7 % 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 could possibly contribute to the 
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relatively high 
231

Paxs concentrations in the western basin despite the short water 

residence time.  

The lack of 
230

Th export to the Atlantic Ocean has important implications for the 

determination of particle settling speeds derived from 
230

Th distributions. Previously, very 

low particle settling speeds (250 m/y) were determined in the western Mediterranean 

Sea using an advection-scavenging model (Roy-Barman et al., 2002). This low particle 

settling speed arises from a concave shaped profile that indicated that 
230

Th is removed 

by advection of newly formed deep water rather than by settling particles. If we apply the 

same advection-scavenging model to the present MedSeA dataset, we obtain settling 

speeds about 10 times higher compared to Roy-Barman et al. (2002). This mainly 

reflects the unusually low particulate 
230

Th contents measured during the MedSeA cruise 

(~10 times less than as reported in Roy-Barman et al. (2002) that must be balanced by a 

~10 times larger settling speed to produce the same particulate 
230

Thxs flux. Whatever 

the particle settling speed is, it remains that most 
230

Thxs must be removed by advection 

and scavenged somewhere else. The 
230

Th 0D-box model budget presented previously 

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. 

As we were not able to specify where 
230

Th is scavenged within the basin, we 

continue the zero-dimensional model approach to evaluate the average settling speed of 

small particles. Considering that the production of 
230

Thxs in the western basin must be 

balanced by the settling of particulate 
230

Thxs, we obtain:  

 

𝑆𝑠𝑚𝑎𝑙𝑙 =
𝑃230𝑇ℎ×ℎ

𝑇ℎ𝑥𝑠_𝑠𝑚𝑎𝑙𝑙_𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠
230                             (4) 

 

Where Ssmall is the average settling speed of small particles, P230Th is the in situ 

production rate of 
230

Thxs, h is the water column depth and 
230

Thxs_small_particles is the 

concentration of 
230

Thxs measured in the particulate fraction. Using equation 4 and the 

DYFAMED data (
230

Thxs=0.015-0.113 fg/kg, Roy-Barman et al., 2002), we estimate that 

Ssmall is in the order of 5500 m/y. This value is high but consistent with a high scavenging 

rate for a marginal area. Using equation 4 together with the present MedSeA particulate 

data (
230

Thxs=0.003-0.136 fg/kg), we obtain Ssmall=30000-40000 m/y (or ~100 m/d). This 

very high speed is typical for large and rapidly sinking particles (e.g. Roy-Barman et al., 

2002) and is a consequence of the low particulate 
230

Thxs concentrations obtained during 

MedSeA. 
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7. Conclusions 

The distribution of 
230

Thxs and 
231

Paxs in the Mediterranean Sea deep waters appears to 

be controlled by deep water formation/ventilation rather than by reversible scavenging on 

settling particles. Mediterranean Sea 
232

Th distributions mainly reflect the input of 

lithogenic material from rivers and resuspension of sediments. Total 
230

Thxs and 
231

Paxs 

distributions in seawater from the western basin 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 homogenization. In contrast to the homogeneity 

of the 
230

Thxs and 
231

Paxs profile shapes in the western basin, the distribution of 
230

Thxs 

and 
231

Paxs in the eastern basin indicates the presence younger but denser Aegean deep 

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

water.  

The zero-dimensional box-model demonstrated that essentially all the in situ 

produced 
230

Thxs (99.9 %) is scavenged and deposited within the Mediterranean Sea. 

Despite lower affinity of 
231

Pa for marine particles (relative to 
230

Th), most of the 

Mediterranean in situ produced 
231

Pa (90 %) is also deposited in Mediterranean 

sediments. The efficient scavenging of 
231

Pa in the Mediterranean Sea was related to the 

relatively low FTh/Pa. Particulate 
232

Th concentrations were in agreement with previous 

studies in the Mediterranean Sea. The particulate concentrations of 
231

Pa and 
230

Th were 

however very low. If these observations reflect particular geochemical conditions it might 

have important implications for our understanding of processes that control the 

distribution and transport of particle reactive nuclides in the ocean. It would be interesting 

to acquire more information regarding the particulate phases prevailing in Mediterranean 

waters to be able to clarify these observations and to clearly identify the cause for the 

efficient scavenging of 
231

Pa in this marginal sea. Increasing our understanding of 
230

Th 

and 
231

Pa distributions in the Mediterranean Sea is important for the application of 

sedimentary 
231

Pa/
230

Th ratios as a proxy for the reconstruction of past ocean circulation.  
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Figures and tables 

 
 

 

 

 

 

 

 

 

 

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

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). Acronyms include: 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 Western 

Mediterranean Deep Water (WMDW), the Eastern Mediterranean Deep Water (EMDW), the 

Levantine Intermediate Water (LIW) and the Modified Atlantic Water (MAW) marked in black.  

 

 

 

Strait of Gibraltar 

Alboran Sea 

CABB 

NABB 

SABB 
Tyrrhenian Sea 

Ionian Sea 

Levantine Sea 

Strait of  

Antiktyhera Strait of  

Sicily 

Surface flow 

Deep flow 

MAW 

WMDW 

EMDW 

LIW 

St
ra

it
 o

f 
G

ib
ra

lt
ar

 

Sa
rd

in
ia

 

Si
ci

ly
 

C
re

te
 

Aegean  

Sea 



 

62 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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 

shown as black dots. Note the sometimes large section distences between the stations. 
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Figure 4. Depth profiles of total 231Paxs, 
230Thxs and 232Th in the Mediterranean Sea. Acronyms 

include: SABB: Southern Algero-Balearic Basin, CABB: Central Algero-Balearic Basin and 

NABB: Northern Algero-Balearic Basin. 

 

 

 

 

A B 

G 

F E D 

C 

I H 



 

64 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Turbidity (Nephelometric Turbidity Unit, NTU) profiles for (A) the western basin and 

(B) the eastern basin. Acronyms include: SABB: Southern Algero-Balearic Basin, CABB: 

Central Algero-Balearic Basin and NABB: Northern Algero-Balearic Basin.  
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Figure 6. Apparent oxygen utilization (AOU) profiles for (A) the western basin and (B) the 

eastern basin. Acronyms include: SABB: Southern Algero-Balearic Basin, CABB: Central 

Algero-Balearic Basin and NABB: Northern Algero-Balearic Basin.  
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Figure 7. FTh/Pa calculated between seawater and suspended particles in the water column 

(CABB: Central Algero-Balearic basin). 

 



Table 1. Concentrations and fluxes of 231Paxs and 230Thxs. Water fluxes used for box model calculations were derived from 

Bethoux et al. (1999). 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.  

231Paxs (fg/y)

230Thxs (fg/y)

In situ  productionnet flux

2Volume = 2.3 x 1018 kg

-6.9 x 1016

5.8 x 1016

1.5 x 1018

-8.1 x 1015

1Volume = 1.4 x 1018 kg

Western basin 231Paxs and 230Thxs fluxes

-1.0 x 1015

6.6 x 1016

3.5 x 1016

8.7 x 1017

-8.1 x 1015 -9.1 x 1015

6.9 x 1016 -3.3 x 1015

Eastern basin 231Paxs and 230Thxs fluxes

Strait of Sicily Strait of Gibraltar net flux In situ  production

Outflowing 

water

Western basin1

Inflowing 

water

Outflowing 

water

231Paxs 
230Thxs Water flux 231Paxs 

230Thxs Water flux 

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

Inflowing 

water

Eastern basin1

Strait of Sicily

Strait of Sicily

0.2 ± 0.02 0.8 ± 0.1 4.0 x 1016

231Paxs 
230Thxs Water flux 

231Paxs 
230Thxs Water flux 

0.02 0.8 ± 0.1 4.0 x 1016

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

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

0.4 ± 0 2.6 ± 0.2 3.9 x 10160.4 ± 0.07 2.7 ± 0.2 5.2 x 1016

0.4 ±

0.2 ±

0.04 2.5 ± 0.2 5.4 x 1016

Strait of Gibraltar Strait of Sicily

0.03 2.6 ± 0.2 3.9 x 1016

231Paxs 
230Thxs Water flux 

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

Strait of Gibraltar Strait of Sicily
231Paxs 

230Thxs Water flux 

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

0.2 ±



Supplementary information 

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

Fnet
230Thxs Sicily  

Fnet
231Paxs Sicily

Total production of 230Thxs and 231Paxs in the 

western basin

Total production of 230Thxs and 231Paxs in the 

eastern basin

P230Thxs western 

P231Paxs werstern

P230Thxs eastern 

P231Paxs eastern

in situ production of 231Paxs

P230Thxs

P231Paxs 

234U/ 238U Seawater = 6.26 x 10-5 (mol/mol)  (Andersen et al., 2010) and 235U/ 238U Natural= 1/137.88 (mol/mol) (Condon et al., 2010). 

Flux of 230Thxs and 
231Paxs

Net flux of 230Thxs and 231Paxs for the Western 

basin

Net flux of 230Thxs and 231Paxs at the Strait of 

Gibraltar

Net flux of 230Thxs and 231Paxs for the Eastern 

basin

Net flux of 230Thxs and 231Paxs at the Strait of 

Sicily

in situ production of 230Thxs

F230Thxs and 

F231Paxs

Fnet
230Thxs western 

Fnet
231Paxs western

Fnet
230Thxs eastern  

Fnet
231Paxs eastern

Fnet
230Thxs Gibraltar 

Fnet
231Paxs Gibraltar

Calculations usedParameter

𝐹𝑤𝑎𝑡𝑒𝑟     𝑇ℎ𝑥𝑠
230 and 𝐹𝑤𝑎𝑡𝑒𝑟     𝑃𝑎𝑥𝑠

231

𝐹𝑛𝑒𝑡 𝑇ℎ𝑥𝑠  𝑒𝑠𝑡𝑒𝑟𝑛
230 = (𝐹 𝑇ℎ𝑥𝑠  𝑖 𝑟𝑎𝑙𝑡𝑎𝑟 𝑖𝑛

230  𝐹 𝑇ℎ𝑥𝑠 𝑆𝑖𝑐𝑖𝑙  𝑖𝑛
230 ) - (𝐹 𝑇ℎ𝑥𝑠  𝑖 𝑟𝑎𝑙𝑡𝑎𝑟 𝑜𝑢𝑡

230  𝐹 𝑇ℎ𝑥𝑠 𝑆𝑖𝑐𝑖𝑙  𝑜𝑢𝑡
230 )

𝐹𝑛𝑒𝑡 𝑃𝑎𝑥𝑠  𝑒𝑠𝑡𝑒𝑟𝑛 = 
231 (𝐹 𝑃𝑎𝑥𝑠  𝑖 𝑟𝑎𝑙𝑡𝑎𝑟 𝑖𝑛

231  𝐹 𝑃𝑎𝑥𝑠 𝑆𝑖𝑐𝑖𝑙  𝑖𝑛
231 ) - (𝐹 𝑃𝑎𝑥𝑠  𝑖 𝑟𝑎𝑙𝑡𝑎𝑟 𝑜𝑢𝑡

231  𝐹 𝑃𝑎𝑥𝑠 𝑆𝑖𝑐𝑖𝑙  𝑜𝑢𝑡
231 )

𝐹𝑛𝑒𝑡 𝑇ℎ𝑥𝑠  𝑖 𝑟𝑎𝑙𝑡𝑎𝑟= 𝐹 𝑇ℎ𝑥𝑠  𝑖 𝑟𝑎𝑙𝑡𝑎𝑟 𝑖𝑛
230  − 𝐹 𝑇ℎ𝑥𝑠  𝑖 𝑟𝑎𝑙𝑡𝑎𝑟 𝑜𝑢𝑡

230230

𝐹𝑛𝑒𝑡 𝑃𝑎𝑥𝑠  𝑖 𝑟𝑎𝑙𝑡𝑎𝑟 = 𝐹 𝑃𝑎𝑥𝑠  𝑖 𝑟𝑎𝑙𝑡𝑎𝑟 𝑖𝑛
231  − 𝐹 𝑃𝑎𝑥𝑠  𝑖 𝑟𝑎𝑙𝑡𝑎𝑟 𝑜𝑢𝑡

231231

𝐹𝑛𝑒𝑡 𝑇ℎ𝑥𝑠  𝑎𝑠𝑡𝑒𝑟𝑛
230 = (𝐹 𝑇ℎ𝑥𝑠 𝑆𝑖𝑐𝑖𝑙  𝑖𝑛

230 - 𝐹 𝑇ℎ𝑥𝑠 𝑆𝑖𝑐𝑖𝑙  𝑜𝑢𝑡
230 )

𝐹𝑛𝑒𝑡 𝑃𝑎𝑥𝑠  𝑎𝑠𝑡𝑒𝑟𝑛 = 
231 (𝐹 𝑃𝑎𝑥𝑠 𝑆𝑖𝑐𝑖𝑙  𝑖𝑛

231 - 𝑃𝑎𝑥𝑠 𝑆𝑖𝑐𝑖𝑙  𝑜𝑢𝑡
231 )

𝐹𝑛𝑒𝑡 𝑇ℎ𝑥𝑠 𝑆𝑖𝑐𝑖𝑙 
230 = (𝐹 𝑇ℎ𝑥𝑠 𝑆𝑖𝑐𝑖𝑙  𝑖𝑛

230 - 𝐹 𝑇ℎ𝑥𝑠 𝑆𝑖𝑐𝑖𝑙  𝑜𝑢𝑡
230 )

𝐹𝑛𝑒𝑡 𝑃𝑎𝑥𝑠 𝑆𝑖𝑐𝑖𝑙 = 
231 (𝐹 𝑃𝑎𝑥𝑠 𝑆𝑖𝑐𝑖𝑙  𝑖𝑛

231 - 𝑃𝑎𝑥𝑠 𝑆𝑖𝑐𝑖𝑙  𝑜𝑢𝑡
231 )

𝑃 𝑇ℎ𝑥𝑠    𝑤𝑒𝑠𝑡𝑒𝑟𝑛
230 and 𝑃 𝑃𝑎𝑥𝑠    𝑤𝑒𝑠𝑡𝑒𝑟𝑛

231

𝑃 𝑇ℎ𝑥𝑠    𝑒𝑎𝑠𝑡𝑒𝑟𝑛
230 and 𝑃 𝑃𝑎𝑥𝑠    𝑒𝑎𝑠𝑡𝑒𝑟𝑛

231

𝑈    234   
𝑈234

𝑈23 
𝑆𝑒𝑎𝑤𝑎𝑡𝑒𝑟

23 

𝑈    235   
𝑈235

𝑈23 
𝑁𝑎𝑡𝑢𝑟𝑎𝑙

23 
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Table S2. Seawater concentrations of total 231Pa, 230Th, 232Th, in situ produced 231Paxs 
230Thxs 

and 230Thxs/
231Paxs activity ratios.  

 

 

 

 

 

Strait of Gibraltar  5 2.8 ± 0.1 2.6 ± 0.1 69 ± 1

35.9°N 5.5°W 25 4.5 ± 0.2 3.2 ± 0.2 318 ± 5

75 5.3 ± 0.2 2.4 ± 0.2 724 ± 11

200 3.3 ± 0.2 1.1 ± 0.2 529 ± 8

500 5.6 ± 0.2 2.2 ± 0.2 855 ± 13

650 4.8 ± 0.2 1.8 ± 0.2 738 ± 11

Alboran Sea 25 0.16 ± 0.04 0.16 ± 0.04 3.4 ± 0.2 2.4 ± 0.2 262 ± 3 6.4 ± 1.5

 36.1°N 4.1°W 100 0.31 ± 0.05 0.31 ± 0.05 6.2 ± 0.2 2.7 ± 0.2 876 ± 11 3.8 ± 0.7

400 0.38 ± 0.06 0.38 ± 0.06 3.7 ± 0.2 2.1 ± 0.2 400 ± 5 2.5 ± 0.4

600 0.46 ± 0.06 0.46 ± 0.06 4.0 ± 0.2 2.7 ± 0.2 333 ± 4 2.6 ± 0.4

900 0.56 ± 0.07 0.56 ± 0.07 4.3 ± 0.2 3.2 ± 0.2 262 ± 3 2.5 ± 0.4

1300 0.48 ± 0.06 0.48 ± 0.06 5.3 ± 0.2 3.6 ± 0.2 432 ± 5 3.3 ± 0.5

25 2.8 ± 0.2 1.3 ± 0.2 376 ± 6

100 2.7 ± 0.1 1.6 ± 0.1 265 ± 4

38.5°N 5.5°E 300 2.9 ± 0.2 1.8 ± 0.2 281 ± 4

500 4.1 ± 0.2 3.2 ± 0.2 230 ± 4

1000 5.4 ± 0.2 4.7 ± 0.2 190 ± 3

1500 6.2 ± 0.2 5.6 ± 0.2 140 ± 2

2000 5.3 ± 0.2 4.8 ± 0.2 140 ± 2

2800 4.5 ± 0.2 3.8 ± 0.2 180 ± 3

10 0.28 ± 0.02 0.28 ± 0.02 3.1 ± 0.1 1.7 ± 0.1 348 ± 4 2.7 ± 0.3

100 0.31 ± 0.01 0.31 ± 0.01 2.7 ± 0.1 1.7 ± 0.1 248 ± 3 2.4 ± 0.2

40.0°N 5.9°E 250 0.29 ± 0.01 0.29 ± 0.01 2.8 ± 0.1 1.8 ± 0.1 256 ± 3 2.7 ± 0.2

500 0.45 ± 0.02 0.45 ± 0.02 3.7 ± 0.1 2.7 ± 0.1 247 ± 3 2.6 ± 0.2

1000 0.79 ± 0.02 0.79 ± 0.02 5.7 ± 0.1 5.0 ± 0.1 189 ± 2 2.8 ± 0.1

1500 0.66 ± 0.02 0.66 ± 0.02 5.4 ± 0.1 4.7 ± 0.1 170 ± 2 3.1 ± 0.1

2600 0.73 ± 0.02 0.73 ± 0.02 5.6 ± 0.1 4.7 ± 0.1 227 ± 3 2.8 ± 0.1

10 0.47 ± 0.04 0.47 ± 0.04 3.4 ± 0.3 2.5 ± 0.3 221 ± 6 2.3 ± 0.4

100 0.55 ± 0.03 0.55 ± 0.03 4.0 ± 0.3 3.1 ± 0.3 221 ± 5 2.4 ± 0.3

41.3°N 5.6°E 250 0.72 ± 0.06 0.72 ± 0.06 5.0 ± 0.3 4.0 ± 0.3 248 ± 6 2.4 ± 0.3

500 0.90 ± 0.05 0.90 ± 0.05 5.9 ± 0.3 5.1 ± 0.4 189 ± 6 2.5 ± 0.2

1000 0.87 ± 0.07 0.87 ± 0.07 5.9 ± 0.4 5.3 ± 0.4 156 ± 4 2.7 ± 0.3

1500 0.86 ± 0.05 0.86 ± 0.05 5.7 ± 0.4 5.1 ± 0.3 166 ± 4 2.6 ± 0.2

2500 0.82 ± 0.05 0.82 ± 0.05 10.2 ± 0.4 7.6 ± 0.4 648 ± 20 4.1 ± 0.3

Northern Algero 

Balear (NABB)

Central Algero 

Balear (CABB)

Southern Alegro 

Balear (SABB)

Station Depth (m)
231Paxs 

(fg/kg)

230Thxs 

(fg/kg)

232Th 

(pg/kg)

231Pa 

(fg/kg)

230Th 

(fg/kg)

230Th/231Pa 

(dpm/dpm)



 

 

70 

 

Table S2. Continued 

 
 

 

 

 

 

Tyrrhenian Sea 10 0.32 ± 0.01 0.32 ± 0.01 4.5 ± 0.2 1.9 ± 0.2 656 ± 15 2.7 ± 0.3

39.8°N 12.5°E 100 0.30 ± 0.01 0.30 ± 0.01 2.7 ± 0.1 1.5 ± 0.1 279 ± 6 2.2 ± 0.2

250 0.43 ± 0.02 0.43 ± 0.02 3.1 ± 0.2 2.2 ± 0.2 240 ± 3 2.2 ± 0.2

500 0.47 ± 0.02 0.47 ± 0.02 3.6 ± 0.2 2.8 ± 0.2 199 ± 3 2.6 ± 0.2

1000 0.17 ± 0.01 0.17 ± 0.01 3.3 ± 0.1 2.1 ± 0.1 291 ± 4 5.5 ± 0.5

1500 0.83 ± 0.02 0.83 ± 0.02 6.8 ± 0.2 6.2 ± 0.2 147 ± 2 3.2 ± 0.1

2000 0.78 ± 0.02 0.78 ± 0.02 7.2 ± 0.2 6.6 ± 0.2 146 ± 2 3.7 ± 0.1

3150 0.80 ± 0.02 0.80 ± 0.02 6.2 ± 0.2 5.6 ± 0.2 136 ± 2 3.1 ± 0.1

Strait of Sicily 60 0.26 ± 0.03 0.26 ± 0.03 1.7 ± 0.1 0.6 ± 0.1 283 ± 4 1.0 ± 0.2

37.0°N 13.1°E 100 0.19 ± 0.02 0.19 ± 0.02 2.6 ± 0.2 1.1 ± 0.2 389 ± 6 2.5 ± 0.5

350 0.19 ± 0.02 0.19 ± 0.02 3.9 ± 0.2 2.6 ± 0.2 316 ± 5 6.0 ± 0.8

400 0.68 ± 0.04 0.68 ± 0.04 5.0 ± 0.2 2.9 ± 0.2 536 ± 8 1.8 ± 0.2

475 0.58 ± 0.04 0.58 ± 0.04 4.6 ± 0.2 2.8 ± 0.2 441 ± 7 2.1 ± 0.2

25 0.09 ± 0.02 0.09 ± 0.02 4.1 ± 0.2 2.2 ± 0.2 469 ± 6 10.5 ± 2.8

50 0.74 ± 0.03 0.74 ± 0.03 5.1 ± 0.1 4.4 ± 0.1 178 ± 2 2.6 ± 0.1

35.7°N 23.4°E 100 0.26 ± 0.01 0.26 ± 0.01 3.7 ± 0.1 2.4 ± 0.1 332 ± 4 4.1 ± 0.3

200 0.20 ± 0.01 0.20 ± 0.01 3.3 ± 0.1 2.1 ± 0.1 296 ± 3 4.5 ± 0.4

300 0.22 ± 0.01 0.22 ± 0.01 3.3 ± 0.1 2.1 ± 0.1 297 ± 4 4.0 ± 0.3

500 0.25 ± 0.01 0.25 ± 0.01 3.3 ± 0.1 2.4 ± 0.1 239 ± 3 4.1 ± 0.3

600 0.11 ± 0.03 0.11 ± 0.03 3.6 ± 0.2 2.6 ± 0.2 245 ± 3 10.5 ± 2.7

Ionian Sea 10 0.15 ± 0.03 0.15 ± 0.03 3.2 ± 0.2 1.9 ± 0.2 325 ± 4 7.0 ± 8.9

35.1°N 18.2°E 100 0.10 ± 0.02 0.10 ± 0.02 3.0 ± 0.2 1.9 ± 0.2 258 ± 3 12.1 ± 16.6

500 0.15 ± 0.03 0.15 ± 0.03 4.1 ± 0.2 3.1 ± 0.2 244 ± 3 10.6 ± 12.7

1000 0.95 ± 0.03 0.95 ± 0.03 6.7 ± 0.3 5.9 ± 0.3 213 ± 3 2.8 ± 2.8

1500 1.06 ± 0.08 1.06 ± 0.08 9.0 ± 0.2 8.3 ± 0.2 173 ± 2 3.5 ± 3.5

2000 0.86 ± 0.08 0.86 ± 0.08 9.0 ± 0.2 8.4 ± 0.2 160 ± 2 4.3 ± 4.4

2500 0.83 ± 0.08 0.83 ± 0.08 9.7 ± 0.2 9.1 ± 0.2 167 ± 2 4.8 ± 5.0

3000 0.58 ± 0.07 0.58 ± 0.07 8.5 ± 0.3 7.7 ± 0.3 187 ± 2 6.0 ± 6.2

3720 0.65 ± 0.07 0.65 ± 0.07 8.7 ± 0.2 8.2 ± 0.2 128 ± 2 5.7 ± 5.8

Levantine Sea 25 0.14 ± 0.03 0.14 ± 0.03 2.8 ± 0.2 1.9 ± 0.2 229 ± 3 5.7 ± 1.4

33.5°N 28.0°E 100 0.08 ± 0.02 0.08 ± 0.02 3.0 ± 0.2 2.1 ± 0.2 230 ± 3 10.9 ± 3.0

250 0.25 ± 0.05 0.25 ± 0.05 4.2 ± 0.2 3.4 ± 0.2 198 ± 2 5.9 ± 1.1

500 0.69 ± 0.07 0.69 ± 0.07 5.8 ± 0.2 5.0 ± 0.2 188 ± 2 3.2 ± 0.4

1000 1.02 ± 0.08 1.02 ± 0.08 8.0 ± 0.2 7.4 ± 0.2 147 ± 2 3.2 ± 0.3

1500 1.00 ± 0.09 1.00 ± 0.09 9.5 ± 0.2 9.0 ± 0.2 122 ± 1 4.0 ± 0.4

2000 0.89 ± 0.08 0.89 ± 0.08 9.8 ± 0.2 9.4 ± 0.2 109 ± 1 4.6 ± 0.4

2800 0.85 ± 0.08 0.85 ± 0.08 9.1 ± 0.2 8.6 ± 0.2 112 ± 1 4.4 ± 0.4

Strait of 

Antikythera  

230Thxs 

(fg/kg)
Station

230Th/231Pa 

(dpm/dpm)
Depth (m) 231Pa (fg/kg)

232Th 

(pg/kg)

231Paxs (fg/kg)
230Th 

(fg/kg)
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Table S3. Concentrations of 231Paxs 
230Thxs, 

232Th and 230Thxs/
231Paxs activity ratios for suspended particles. 

 
SABB: Southern Algero-Balearic basin, CABB: Central Algero-Balearic basin 

100 0.0134 ± 0.00138 105.8 ± 1.1

200 0.0024 ± 0.00066 0.003 ± 0.005 42.2 ± 0.4

1000 0.0033 ± 0.00028 0.028 ± 0.002 21.6 ± 0.3 3.7 ± 0.4 1.4 ± 0.2

120 0.0021 ± 0.00037 0.026 ± 0.003 22.5 ± 0.3 5.2 ± 1.1

1000 0.0018 ± 0.00027 0.039 ± 0.002 12.3 ± 0.1 9.5 ± 1.5

2000 0.0016 ± 0.00030 0.032 ± 0.002 8.8 ± 0.1 8.8 ± 1.7

150 0.006 ± 0.002 4.3 ± 0.1

250 0.005 ± 0.003 3.0 ± 0.0

1000 0.0019 ± 0.00051 0.038 ± 0.004 10.7 ± 0.1 8.6 ± 2.4 3.1 ± 1.1

2000 0.0012 ± 0.00022 0.021 ± 0.001 4.0 ± 0.0 7.5 ± 1.5 1.7 ± 0.7

160 0.0001 ± 0.00006 0.028 ± 0.002 5.9 ± 0.1 134 ± 97 12.3 ± 0.8

260 0.0002 ± 0.00014 0.008 ± 0.003 5.8 ± 0.1 14.7 ± 10 2.5 ± 0.7

1000 0.0011 ± 0.00039 0.037 ± 0.004 7.2 ± 0.1 14.3 ± 5.1 4.5 ± 0.4

2000 0.0018 ± 0.00048 0.035 ± 0.004 5.8 ± 0.1 8.6 ± 2.4 1.9 ± 0.3

200 0.0007 ± 0.00027 0.014 ± 0.003 10.2 ± 0.1 8.5 ± 3.7 3.8 ± 0.4

1000 0.0010 ± 0.00022 0.022 ± 0.002 8.1 ± 0.1 9.4 ± 2.2 1.7 ± 0.2

2000 0.0024 ± 0.00087 0.023 ± 0.008 6.4 ± 0.1 4.2 ± 2.1 1.1 ± 0.5

1000 0.0161 ± 0.00340 0.136 ± 0.165 13.9 ± 0.4 3.7 ± 4.6 1.3 ± 1.2

2000 0.0039 ± 0.00160 0.038 ± 0.017 9.1 ± 0.2 4.3 ± 2.6 1.4 ± 0.6

Station
230Th/231Pa 

(dpm/dpm)
232Th (pg/kg)

CABB

Alboran Sea

SABB

Ionian Sea

Levantine Sea

Tyrrhenian Sea

230Thxs (fg/kg)231Paxs (fg/kg)
Depth 

(m)
F(Th/Pa)
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