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Abstract 
_________________________________________________________________ 
 
The deep-sea fauna is dependent on the delivery of nutrients from the overlying waters. 

As data/observations show, benthic fauna is supported under both oligotrophic oceanic 

conditions and at the greatest (hadal) depths. This can be explained by an additional 

food source originating from sediment resuspension. However, the mechanisms of 

resuspension at these depths remain uncertain.  

Two diverse environments with intermediate scale topographical features were 

studied: seamounts in the North Atlantic and Pacific hadal trenches were observed via 

a radionuclide approach (234Th and 210Pb) in terms of assessing the control mechanism 

of carbon deposition to the seafloor. It is understood that topographical features alter 

the path of hydrological flow and these, in return, alter the sedimentary environment, 

biochemistry and consequently benthic and epibenthic fauna.  

The main observations highlight the highly dynamic environment in the whole area of 

the Ampère Seamount, where more complex hydrodynamic and sedimentary 

pathways are observed. Similarly, the Senghor Seamount displays winnowing at two 

opposite slopes, suggesting the influence of internal tides. In contrast, the Eastern 

Mediterranean seamounts, Eratosthenes and Anaximenes, did not show alternations 

in sediment accumulation to such a degree. The radionuclides in the water column 

profiles at Eratosthenes, however, show irregularities connected to the presence 

nearby of an anticyclonic eddy and/or gyre. 

The samples collected from all four Pacific hadal trenches revealed the presence of 

freshly derived particles in the lower water column and the sediment, presumably 

originating from re-suspended material. Some characteristics suggest winnowing at 

hadal depths. This strongly contrasts with the widely accepted image of quiescence in 

hadal environments. The degree of these observations varies between trenches, but 

Challenger Deep clearly shows these ‘disturbances’ at their highest. 

Lastly, a method of measurement and calculation of sedimentary 234Th excess in the 

deep-sea environment was tested in order to ascertain accurate accretion values. The 

importance of calculation method choice for a specific type of sample is shown.  
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Chapter 1  

1 Introduction 

The deep seafloor is topographically complex (Heezen and Hollister, 1971). 

Continental margins, sloping steeply down from the shallow continental shelves to the 

abyssal plain and mid-oceanic ridges, spreading as an axis of the ocean basins and 

ocean trenches reaching the greatest depth in the oceans, are the main large-scale 

features. These are all accompanied by smaller scale topographical structures. The 

continental margins of all continents are covered with deep scars of submarine 

canyons, carrying sediments down to the abyss. Mid-ocean ridges are chains of 

seamounts densely covering the abyssal seafloor, in some cases divided by rift valleys, 

all the way from the north to the south of the Atlantic Ocean basin, continuing towards 

the Indian Ocean and the Southern Pacific. A prominent feature of the Pacific Ocean 

is the ‘Ring of fire’, a semicircle of deep troughs, surrounding most of the Pacific basin, 

which contains the lowest point on earth (circa 11000m below sea level), the 

‘Challenger Deep’ in the Mariana Trench.  

In addition, there are many islands and seamounts rising from the abyssal plains, 

mounting higher from base to summit than the Himalaya. The sea floor is covered with 

numerous smaller hills producing the larger scale features of troughs and rift valleys, 

seen as deep scars in the abyssal plain. Abyssal plains themselves comprise about 

two-thirds of the ocean floor (Hannides and Smith, 2003) with depths between 3000-

6000 m and are characterised by large areas of gently sloping plains, covered by fine 

biogenic sediments (Smith et al., 2008). However, even on the abyssal plains are small 

seamounts and seamount-like features some of which are completely covered in 

sediment (Wessel et al., 2010). Hydrographically, the abyss is characterised by cold 

water with slow motion (with exception of boundary currents) (Smith et al., 2008).  

This work concentrates on two types of intermediate scale (1-10 km) topographical 

features, seamounts and trenches and their interaction with fluid dynamics affecting 

sediment deposition and thus, sediment biogeochemistry and possibly the 

interpretation of palaeorecords.  
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1.1 Motivation 

Deep sea intermediate scale topographical features (1-10 km) such as seamounts and 

trenches play an important role in influencing the local fluid dynamics and sediment 

deposition and as a consequence also impact carbon sequestration, benthic ecology, 

sediment biogeochemistry and the interpretation of data in paleoceanography. The 

resuspended material is an important source of nutrients or partially degraded organic 

matter for benthic organisms living in great depths (Nunoura et al., 2013, Wenzhöfer 

et al., 2016), which are dependent on the particle flux from the overlying water column. 

The resuspended nutrients can be brought to the upper water column by upwelling 

mechanisms and enhance the primary productivity, especially in areas with depleted 

nutrients in eutrophic layers. This work looks at topographically induced 

hydrodynamical features affecting described sedimentary conditions by using 

radionuclides as a tool. 

1.1.1 Biodiversity 

Benthic fauna on steep slopes including canyons, seamount and deep-sea trenches is 

under-sampled, hence there is a paucity of data. (Rex and Etter, 2010). 

Recognised biodiversity patterns show variability dependent on latitude for megafauna, 

meiofauna and foraminiferas, however, there is lack of knowledge about patterns of 

biodiversity on the abyssal floor in general (Rex and Etter, 2010) and even the 

latitudinal zonation is not fully explained (Rohde, 1992). Except for a change of mega, 

macro and meiofaunal distribution with depth and decreasing diversity with increasing 

depth (Rex and Etter, 2010) as well as biomass and abundance (Rex et al., 2006), 

there is not much known about distribution patterns in the deep sea due to difficulties 

of sampling and also research specialisation (Rex and Etter, 2010). The abyssal floor 

(>4000m) with limited food sources does not support mega and macrofauna as much 

as the bathyal zone, however, microbial abundance and biomass do not follow this 

trend (Rex et al., 2006). Algal pigments with planktonic origin were found in abyssal 

foraminiferan species in the Southern Ocean (Cedhagen et al., 2014), which points to 

the importance of benthic-pelagic coupling. Foraminiferans are an important food 

source for metazoan abyssal benthos (Cedhagen et al., 2014). The observed 

correlation between meiofaunal and macrofaunal abundances and organic carbon flux 

in the Atlantic Ocean (Sibuet et al., 1989), between meiofaunal density and biomass 
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and sediment chlorophyll a in south-west Pacific (Grove et al., 2006) and between 

abundance and density of meiofauna and POC in the Southern Ocean (Lins et al., 

2014) stresses the importance of the material derived from the photic zone for the 

benthos. As similar correlations could be neither confirmed nor disproved during an 

investigation in the Southern Ocean (Brandt et al., 2014) and observed differences 

between northern and southern slopes (Grove et al., 2006), a more complex 

relationship including the influence of fluid dynamics specific to the localities may be 

involved. 

Fluid dynamics are an important factor for marine biodiversity (Soltwedel et al., 2013) 

and thus mid-scale topography driving flow around these structures may have an 

unspecified impact on benthic communities. Benthic fauna can be influenced not only 

by stress due to current but also resuspended sediment or changes in temperatures 

and influence of internal waves/tides as described by (Wolanski et al., 2004). 

 

Figure 1-1. Pycnocline and nutricline coincidence (Pomar et al., 2012).  

Similarly, the upper ocean biology/biodiversity is influenced by the position of the 

pycnocline, influencing both dissolved and particulate organic carbon (DOC and POC). 

At the same time pycnoclines play an important role in generating internal waves and 

current propagation, as observed in the geological record (Pomar et al., 2012), and 

therefore potentially the depth of the nutricline (see Figure 1-1).  
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Seamounts were previously believed to be hotspots of benthic macro and megafaunal 

biodiversity (Stock, 2004). However, recent research depicts a more localised 

presence of these hotspots (Rowden et al., 2010b) and disproves the isolation of 

habitat with endemic species paradigm (Clark et al., 2012, Rowden et al., 2010a). 

Therefore, faunal distribution may not necessarily support the hypothesis that 

seamounts are biodiversity hotspots (Bongiorni et al., 2013). In addition, surveyed 

north-east Atlantic and Mediterranean Sea seamounts seem to differ geophysically 

and thus most likely their biological diversity and production will vary also (Morato et 

al., 2013). Depth seems to be an important factor for benthic meiofaunal biodiversity 

on seamounts (Chivers et al., 2013). Vertical zonation described on seamounts south 

of Tasmania and New Zealand follow a very similar pattern with both biodiversity and 

abundance peaking at depths of 1000-1300 m decreasing towards the summit and 

base (depth of 4000 m) (Thresher et al., 2014). Deeper sites (below 2400 m) display 

very limited megabenthic assemblages with local ‘oases’ of greater biodiversity and 

abundance (Thresher et al., 2014), whose existence was confirmed in all observed 

depths up to 3950 m (Thresher et al., 2014). This is in agreement with a study from the 

North Atlantic seamount Senghor, where polychaete diversity peaked on the slope at 

a depth of 800 m (Chivers et al., 2013), whereas a different location in the North Atlantic 

showed low abundance and high macrofaunal diversity on the summit (Bongiorni et 

al., 2013). The vertical zonation of meiofauna seems to be more correlated to sediment 

grain size and composition (Zeppilli et al., 2013, Chivers et al., 2013), which reflects 

the physical conditions but is most probably related to the quality of available organic 

matter (Zeppilli et al., 2013). Similarly, a study on Indian ocean seamounts showed the 

relationship between benthic macrofauna and sediment characteristics (cobbles to fine 

sediments) (Sautya et al., 2011). 

However, the role of fluid dynamics in influencing sedimentary environments and 

organic matter content on seamounts seems to be more complex, with the interaction 

of the seamount and fluid dynamics influencing the quantity and quality of organic 

matter in the sediment (Bongiorni et al., 2013). For example, the asymmetric circulation 

and anticyclonic currents around the North Atlantic Condor seamount re-suspends 

sediment especially from the upper part and southern flank, while the nutrient-rich 

current is prevented from delivering organic matter or nutrients to these sites 

(Bongiorni et al., 2013) by a quasi-permanent anticyclonic cap (Bashmachnikov et al., 
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2013). The dissimilarity of complex fluid dynamics around seamounts can be 

demonstrated in the case of two Atlantic seamounts, Sedlo and Seine, which differ in 

both structure and biomass of microbial communities but both reflect a trapping effect 

around the seamounts (Mendonc¸a et al., 2012). 

A change from a low energy environment to an environment with high current velocities 

and high turbulences brings changes in invertebrate meiobenthos (Soltwedel et al., 

2013). Firstly, the change in sedimentary conditions to low sedimentation or re-

suspension means a reduction of organic matter supply and consequently lower 

bacterial abundance (Soltwedel et al., 2013). This leads to structural changes in fauna 

and consequent reduction of bioturbation followed by further changes in the 

biochemistry of the sediment by reducing water and sediment exchange layer as well 

as reduction of O2 in deeper layers (Soltwedel et al., 2013).    

Experiments on sediment collected from Chapham Rise shows that physical 

disturbance by re-suspension of a 5 cm layer of deep-sea sediment in a short-term 

basis leads to changes in vertical distribution of benthic fauna rather than to changes 

in community function and structure (Leduc and Pilditch, 2013). However, this finding 

may suggest that the community is well adapted to disturbances due to the velocities 

of bottom current exceeding the erosion threshold and presence of fine particles on 

the surface layer (Leduc and Pilditch, 2013). Hydrothermally active seamounts add 

more complexity to the situation by supporting communities associated with the vents 

locally and thus interplay with zonality (Staudigel and Clague, 2010).  

Similar to seamount environments, hadal trenches seem to differ in macrofaunal, 

meiofaunal and also microbial abundance and biomass (Rex and Etter, 2010), 

probably due to differences in surface productivity (Rex and Etter, 2010). Also, an 

unexpectedly high microbial abundance was found in the Mariana Trench (Glud et al., 

2013). There is a parallel between trenches (the Hellenic and Pliny Trenches in 

particular) in the Eastern Mediterranean, where there is an apparent effect of primary 

production, zonation with distance from coast and depth, displaying high meiofaunal 

abundance (Tselepides and Lampadariou, 2004). Similar patterns are seen at the 

hadal  Atacama Trench (situated in the Eastern South Pacific) (Danovaro et al., 2002) 

and Ogasawara Trench in North East Pacific (Shirayama, 1984). Sediments low in 

organic carbon in the Puerto Rico Trench in the tropical Atlantic do not support benthic 
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macro or meiofauna (Richardson et al., 1995), and may be due to low pelagic primary 

productivity (Rex and Etter, 2010), turbidity flows (Richardson et al., 1995) or the 

settling parameters of sinking particulate organic matter (Turnewitsch et al., 2014). As 

the freshly delivered organic matter is more prone to re-suspension (Beaulieu, 2002), 

it can spend more time in the bottom water and be transported further before settling 

for a prolonged period (Turnewitsch et al., 2008). This can lead to focussing in 

topographical depressions such as a hadal trench-axis (Turnewitsch et al., 2014), the 

exact mechanism, however, remains unclear. With the exception of Izu-Ogasawara 

trench, where winnowing is proposed (Turnewitsch et al., 2014) other Pacific trenches 

seem to experience focussing of material on a variable scale. Hence one possible 

explanation of the differences in sedimentation in the trenches may be a result of 

different fluid dynamics especially internal waves and tides.  

1.1.2 Biogeochemistry 

Oxygen availability is important for benthic ecology and element cycling (C, N, P, S 

and metals) (Glud, 2008). O2 consumption is an important quantifier for assessing 

biological activity (Glud, 2008). Observations from the Mariana Trench (Challenger 

Deep, about 11,000 m) revealed high O2 consumption in the deepest part of the basin 

that was roughly twice that at a rim site (6,000 m of depth) (Glud et al., 2013), this 

suggesting the deep trench supports more life. Also, sediments collected around the 

Mariana Trench show the presence of fresh organic matter of photoautotrophic origin 

in the trench axis, which exceeds the abundance at the rim site (Glud et al., 2013). 

This may be explained by the sediment focussing theory, the precise mechanisms of 

which are not completely understood but likely include higher frequency fluid dynamics 

(Turnewitsch et al., 2014).  

Seamounts, volcanically active at least in some part of their geological evolution, 

influence the geochemistry of sediment and water by the magmatic eruption, lava 

intrusions, outgassing and hydrothermal vents (Staudigel and Clague, 2010). These 

deliver elements, which are not usually present or are depleted in the seawater, and 

thus support microbial life including heterotrophs, iron-, manganese- and sulphur 

reducing microorganisms (Staudigel and Clague, 2010). The chemistry of the sea-floor 

can induce formation of phosphorites and ferromanganese oxide crust rich in Mn, P, 

Co, Ni, Ti, Pt, Th, Pb (Staudigel and Clague, 2010), Cu, Mo, Zr, Li, Y (Hein et al., 2013) 
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and rare elements (Hein et al., 2013, Staudigel and Clague, 2010). This happens over 

millions of years on the sediment-free surfaces at depths between 400 and 7000 m 

with the optimal range of 800 – 2500 m deep (Hein et al., 2013). The condition for the 

growth of crust is a bare surface and thus the flow around the seamount, at least 

locally, must exceed the erosional threshold.  

The local effect of fluid dynamics is apparent from a study on the Condor seamount 

(Atlantic), where sediment composition of rare metals varied (Caetano et al., 2013). 

Their presence was explained by local erosion of volcanic rock on the seamount slopes 

(Caetano et al., 2013). Similarly, the particle size varied spatially, with the coarsest 

particle composition found on the seamount summit (Caetano et al., 2013), which 

supports the theory of higher frequency fluid dynamics affecting sediment deposition.  

High quality (fresh) suspended particulate organic matter was observed at mid slopes 

of two isolated Atlantic seamounts, Sedlo and Seine, and there was also an apparent 

enrichment at the Sedlo summit, despite the even primary productivity on the surface 

ocean (Kiriakoulakis et al., 2009). However, the study shows temporal and special 

variability in the enrichment, which may correspond with eddies occurring in the area 

and overall complex fluid dynamics (Kiriakoulakis et al., 2009), thus reflecting the 

varying topographical influence on fluid dynamics caused by differences between the 

seamounts. 

1.1.3  Palaeoceanography 

The sedimentary records show alternations in sedimentation rates and focusing due 

to changes in past climates (Marcantonio et al., 2001) including changes in ocean 

circulation and variability in deep sea currents (Suman and Bacon, 1989, Scholten et 

al., 1994). The hypothesis that seamounts (Galil and Zibrowius, 1998), as well as some 

continental shelf areas (Barash, 2008) may have been refuges in times of anoxic 

events (Galil and Zibrowius, 1998) and even mass extinctions (Barash, 2008) may 

reflect on different sedimentary (and food supply) conditions at such locations. 

Evidence suggests that topography at the kilometre scale may play an important role 

in determining the rate of deposition at the seafloor (Turnewitsch et al., 2004) and in 

the case of seamounts also be archives of changes in internal tides during the 

geological past (Peine et al., 2009). 
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1.2 The Overall Aim of the Study 

The aim of the study is to investigate the sediment dynamics via two radionuclides, 

210Pb and 234Th, from sediment and/or water column samples and compare the results 

with flow dynamics observed at the time of data collection or described in the literature. 

These radionuclides as tracers of fluid dynamics were used previously – Turnewitsch 

et al, 2004, Turnewitsch et al, 2008, Peine et al, 2009, Turnewitsch, et al 2013. 

The main aims of this thesis are: 

1. – to compare three northeast Atlantic sites using water column radionuclides 

and sediment derived inventories to assess the sedimentary conditions and the 

possible influence of topographically induced physical dynamics on the 

sediment deposition. 

2.  – to compare four Pacific hadal trenches in terms of 234Th and 210Pb sediment 

derived inventories to estimate the sediment accumulation or resuspension and 

assess the possibility of the influence of baroclinic tide on sediment deposition 

or resuspension. 

This work processed an already existing dataset taken from sediment cores collected 

from sites around four Atlantic seamounts and three Pacific hadal trenches. Data 

collected from a fourth Pacific hadal trench during the PhD was added to the dataset. 

The seamounts differ in latitude (and thus Coriolis forcing), fluid dynamics and surface 

ocean productivity regime hence the study may reveal the degree of importance of 

these factors. Similarly, the trenches differ in the productivity in overlying waters, 

latitude and distance from terrestrial sediment supply.  

The remainder of this chapter introduces the overall environmental and physical 

settings for seamounts and trenches as well as the basis of radionuclides as a tracer 

for sedimentary processes. 
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1.3 Seamounts 

Since the earliest days of scientific exploration of the sea, there have been many 

definitions of seamounts, a result of them having been studied by many scientific 

disciplines where they were defined differently. Differentiation by origin separates 

seamounts, which are thought to have a volcanic origin (Wessel et al., 2010, Hillier, 

2007) from abyssal hills generated by a combination of volcanism and/or faulting on 

mid-ocean ridges. Still, there are difficulties in distinguishing these two features 

(Wessel et al., 2010). Differentiation by height is more important for this study, 

however, there are a few definitions in the literature which vary considerably. For 

example, one definition of seamounts includes all physically secluded structures with 

the top more than 1000 m above the seafloor (Staudigel et al., 2010). Yesson provides 

a definition for hills, knolls and seamounts as being less than 500 m, 500-1000 m, 1000 

m and more respectively (Yesson et al., 2011) with their top either being constantly 

under the sea surface or temporarily emerging above but excludes structures situated 

on continental shelves (Staudigel et al., 2010). In this work, a simplified definition of 

seamount is used, defining seamounts all hill-like features higher than 100 m above 

the seafloor (Staudigel et al., 2010) and tall seamounts exceeding the height of 1000 

m measured from the base to the summit.  

Estimating the number of seamounts in the deep ocean has been attempted several 

times with varying results dependent on the technique used. Due to the ambiguity of 

gravity signals, the count of seamounts higher than 1 km ranges between 40 000 – 55 

000, excluding abyssal hills and ridges (Kim and Wessel, 2011). Similarly, the number 

of hill-like features rising from the abyssal floor is estimated to be 25 million but ranges 

between 8 and 80 million excluding volcanic arcs (Wessel et al., 2010). So far over 33 

thousand seamounts higher than 1000 m and more than 138 thousand seamounts with 

a height between 500-1000 m have been identified (Yesson et al., 2011). From this 

number, only 0.1% have been observed and sampled directly (Staudigel and Clague, 

2010), and only 250 of the Pacific seamounts has been radiometrically dated (Hillier, 

2007). Furthermore, there are approximately 24 600 seamounts located away from 

continental margins, of which some 8500 rise more than 1 km above the abyssal floor 

(Kim and Wessel, 2011), with seamount Mauna Kea as the highest mountain on the 

earth, exceeding 10,000 m from the abyssal plain (Judd and Hovland, 2007). There is 

still an immense uncertainty about the number of these features on the abyssal floor, 
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as the resolution is dependent on the ocean depth. As half of the planet surface is 

situated 3200 m below sea level it would be practically impossible to map the area 

using ship-mounted acoustic technology (multibeam and single beam) (Weatherall et 

al., 2015). The map of the sea floor is becoming more complete with the technical 

advances in satellite altimetry (Marks et al., 2013, Smith, 2015), however only 20% of 

the seafloor is mapped in high resolution and data for some areas are the results of 

interpolation Nippon Foundation-GEBCO (N.F. and GEBCO, 2017). According to NF-

GEBCO Seabed 2030 Project, the remaining area can be surveyed with a height 

resolution of 100 m using Autonomous Underwater Vehicles by 2030 (N.F. and 

GEBCO, 2017). 

These numbers suggest that a considerable proportion of the ‘abyssal plain’ is 

dominated by such features and thus deep ocean flow, biogeochemistry, 

sedimentology and benthic ecology is strongly influenced by their presence.  

It is widely recognised that seamounts are often rich in biomass and biodiversity 

(Morato et al., 2008). In some cases, primary productivity (PP) is locally enriched 

(MOURIÑO et al., 2001, Turnewitsch et al., 2017) due to nutrient upwelling. The PP is 

probably intensified locally by a significant upwelling of deep, nutrient-rich water to the 

photic zone and for it to have a sufficiently long residence time (approximately 1-2 

days), which is followed by an increase in zooplankton over the weeks following the 

upwelling (Genin, 2004).  

Currently, there is still some discussion about the ‘seamount effect’ on the biodiversity, 

biomass and the distinctive character of the biological assemblages (Rowden et al., 

2010a) as described in paragraph 1.1.1, however, different paradigms are not 

necessarily exclusive and different mechanisms may be important at different sites. 

Seamounts in productive provinces of the Pacific Ocean seem to be richer in biomass 

when compared to the continental slopes at the same depth. This may, however, not 

be paralleled in all parts of the ocean (Rowden et al., 2010b). It was also shown that 

the depth of the seamount summit plays an important role in aggregating fish species 

(Morato et al., 2008). 
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1.3.1  Fluid Dynamics and Seamounts 

Seamounts affect ocean circulation on local and global scales; however, the effect 

itself is highly dependent on the topographical features, shape and depth as well as on 

the local hydrodynamic and physical properties of the surrounding ocean (Lavelle and 

Mohn, 2010). In general, the physical processes of mixing and overall effects of large 

scale topographical features on ocean circulation are well described in the literature 

(Ledwell et al., 2000, Garrett, 2003, Ferrari and Wunsch, 2009, Nikurashin and Ferrari, 

2013, MacKinnon, 2013), Figure 1-2.  

On the other hand, the influence of mid-scale topography on sediment deposition and 

re-suspension is poorly studied even though the sediments are widely used for 

interpretation of palaeoclimates. Flows generated by these interactions may have a 

considerable impact on local sedimentation. For example, data collected from a 

seamount on the Porcupine Abyssal Plain shows that even though the residual flow 

does not reach the erosional threshold, the total current velocities enhanced by internal 

tides can cause sediment re-suspension (Turnewitsch et al., 2008). 

There are several mechanisms described for the interaction of fluid physical dynamics 

and the topographical features (Figure 1-2). Turnewitsch et al. (2013) differentiate two 

main types of flow and further divides them into groups (see Table 1-1). Still, the 

described components may have a different level of significance for the total flow 

(Turnewitsch et al., 2013) and the different physical properties and geographical 

settings result in different overall flow characteristics (Lavelle and Mohn, 2010). 

Table 1-1. Types of flow interaction with Seamounts (Turnewitsch et al., 2013). 

A. 

Fluid components not 

dependent on local 

topography 

Quasi-steady background flow / geostrophic flow 

Mesoscale flow variability 

Barotropic tide 

B. 

Fluid components derived 

from the non-dependable flow 

after interaction with 

topography 

Asymmetric flow field surrounding seamount 

Lee waves, 

Near-inertial oscillation from the eddying background; 

Tidal flow forced past/over topography on rotating planet 

Complex flow – derived from mesoscale background variability 

(such as eddies colliding with topography) 

Internal tides, internal waves – results of interaction internal 

tides and topography  

Seamount-trapped waves, 

Taylor columns 



Chapter 1: Introduction 

12 
 

 

Figure 1-2. Simplified overview of fluid dynamics generated over topographical features and their 
relevance to mixing processes.  (MacKinnon, 2013) 

Lavelle and Mohn (2010) describe five main factors defining the properties of ocean 

interaction with secluded seamounts:  

(1) Height above the seafloor (hm) relative to the local depth of the ocean (H),  

(2) ‘The Earth's rotation rate (f/2) determined by its latitude, the consequence of using 

a rotating coordinate system to express observational results 

(3) Temperature, salinity and pressure dependent density stratification (ρ), 

(4) Seamount’s morphology, 

(5) Impinging steady and oscillating currents and eddies;  

(6) and fluxes of heat and salt.  (See Figure 1-3 and Figure 1-4) 

The combination of these features will determine if the main influence of the motion at 

the seamount is the steady (background) or periodic (tidal) flow (Pitcher et al., 2007), 

while the oscillation of the periodic flow can differ from short  1 hr period through 

internal waves (with semidiurnal, M2  12.42 hrs, diurnal, K1  23.93 hrs), inertial 

oscilation to trapped oscilation of period of hundreds of days (Figure 1-4) depending 
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on the seamount latitude and/or stratification. (Lavelle et al., 2010). The main effects 

created by the interaction between a seamount and the basic flow is shown in Figure 

1-5. It can vary depending on the factors listed and can change over time (seasonal 

variability).  

 

Figure 1-3.  Properties influencing interaction of seamounts and flow include seamount characteristics 
such as its height above seafloor (hm), its diameter (L) and the steepness (α) of the slopes and the 
characteristics of the environment: stratification (ρ) defined by salinity (s), temperature (t) and pressure 
(p), Coriolis force (f), depth of the ocean (H), currents (Umean – background flow, Uvar – tidal forcing) and 
vertical heat (QT)and salt (QS) fluxes. Adopted from Lavelle and Mohn (2010).  (Lavelle and Mohn, 2010) 

 

Figure 1-4. Possible results of interaction of a seamount and residual flow. Red – periods of fluid 
oscillation in the ocean: K1 – diurnal tide (period = 23.93 h), M2 – semidiurnal tide (period = 12.42 h), 
site location dependence Tf (Inertial period) = 2π/f (f=12 hr/sin(latitude)) – in blue, TN (buoyancy period) 
= 2π/N  (thick black), where N is the buoyancy frequency dependent on local ocean stratification. 
(Lavelle et al., 2010) 
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Figure 1-5. The main effects caused by the interaction of flow (Umean and Uvar, both in black) with 
seamount are change of Umean, downwelling in the summit area and upwelling above seamount flanks 
(dotted lines), local turbulence and internal waves or tides (all in dark blue) caused by interaction of tidal 
force (Uvar) with the seamount structure. Adapted from Lavelle and Mohn (2010). 

Steepness is an important parameter as internal tides generated over steep features 

generate higher energy than those generated on a gentle slope (St. Laurent et al., 

2003). This is, however, interconnected with the height of the feature above the 

seafloor and the depth of the ocean (St. Laurent et al., 2003). Criticality of steepness 

(ε) is an important parameter describing the ability of the slope to reflect internal tides. 

Tall seamounts with critical steepness (ε≈1) can reflect internal tides with the best 

efficiency (Mathur et al., 2014). Similarly, flow criticality plays a role as it controls the 

generation of internal tide and/or waves as well as their characteristics (da Silva et al., 

2015). Stratification is another important factor for energy dissipation and wave 

propagation (Lavelle and Mohn, 2010). The effect of stratification on a simplified model 

is visualised in Figure 1-6. Additionally, in the real ocean, variations in stratification 

cause changes in the path of tidal beams. Stratification on a larger scale is responsible 

for weakening the tidal signals and changing the direction of tidal beams towards a 

more horizontal trend (van Haren et al., 2010). Additionally, the strength of the 

stratification (thermocline) influences the internal tide propagation and its distortion 

(Gerkema, 2001).  
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Figure 1-6. Velocity of the field in the uniformly stratified ocean (A, B) and non-uniformly stratified ocean 
(C, D) in the case of sub-critical (A, C) and supercritical (B, D) topographical feature (Mathur et al., 
2014). 

 

Figure 1-7. Internal tide propagation on ridges of irregular shape (Echeverri and Peacock, 2010). 

Rough topography induces turbulent mixing in a layer about 1 km above the seafloor 

and generates internal waves which also cause mixing (Nikurashin and Ferrari, 2010). 

The steepness of the features enhances the inertial oscillation above the seafloor 

(Nikurashin and Ferrari, 2010). Coriolis frequency together with the steepness of the 

topography has an effect on the energy conversion and thus on the transfer from 
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barotropic (surface) to baroclinic (internal) tides (Yi et al., 2017). Moreover, the 

frequency of the barotropic tide itself plays an important role. If the tidal frequency is 

equal to double the Coriolis frequency, the resulting waves propagate over the 

seamount summit and energy is transferred from the tidal frequency to the inertial 

frequency, which also causes also greater shear and dissipation above the summit. 

The steepness of the seamount, however, controls the influence of Coriolis frequency 

so the waves in the case of steep seamounts can propagate in the opposite direction 

than that described earlier (Yi et al., 2017) (see Figure 1-8). Possible asymmetry of the 

topographical feature is reflected in the asymmetrical characteristics of the internal tide 

as shown in the case of ridges (Echeverri and Peacock, 2010), (See Figure 1-7).  

 
Figure 1-8. A modelled response of tidal frequency M2, when interacted with a topography, is in form of 
an internal wave (dark blue), which depends on initial stratification (N2) and Coriolis frequency (f). The 
wave propagates away from a seamount summit (after Yi at all, 2017). 

The tidal motion does not necessarily generate internal tides as shown in an example 

of tidal flow interaction with a ridge (Figure 1-9 and Figure 1-10), depending on the 

characteristics of the topography, when the subcritical steepness reduces transfer from 

the barotropic to baroclinic tide (Maas, 2011). The mechanisms above resulting in 

different internal tides will influence sediment dynamics on the seamount slopes and 

in the saddles between neighbouring seamounts. The resultant flow patterns are the 

result of the complex interactions between the seamount topography and the 

barotropic flow forcing. 
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A trapped wave around Condor Seamount is an example of the complexity of the flow 

and topography interaction. The forcing flow consists of non-periodic flow, a tidal 

current (which is stronger at the seamount summit), oscillatory superinertial flow and 

upward turbulent density fluxes and results in an asymmetrical anticyclonic cap above 

the seamount (Bashmachnikov et al., 2013). Its position and intensity are further 

influenced by trapped diurnal tides and Rossby waves. The presence of the cap affects 

the accessibility of nutrient-rich waters as well as influencing the downwelling pattern 

over the summit (Bashmachnikov et al., 2013). 

 

Figure 1-9. Subcritical topographies may not support the conversion of barotropic tidal frequencies into 
baroclinic and thus the internal tide may not occur (Maas, 2011) 

 

Figure 1-10. An example of an interaction of tide and topography (a ridge – black contour) in an 
environment of a uniform stratification and tidal oscillation (in blue) (Maas and Harlander, 2011).  

Another type of flow and seamount interaction is the Taylor Column (Figure 1-11). The 

Taylor column can be created by steady inflow over a seamount and depends on the 

height of the seamount above the seafloor, Coriolis parameter and the velocity of the 

flow. In the northern hemisphere, the cyclonic swirl is swept by the background flow 

and the anticyclonic fragment of the flow remains at the seamount (Pitcher et al., 2007). 

Whether or not the flow reaches the sea surface depends on stratification and, in the 

case of a stratified ocean, a so-called Taylor Cone will be produced (Pitcher et al., 
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2007). Both can trap and retain bottom fluid particles (Goldner and Chapman, 1997) 

and thus have an influence on sediment dynamics (White and Mohn, 2004). This 

phenomenon is thought to be responsible for upwelling above the seamount by 

isopycnal doming, which transports nutrients from deeper waters to the euphotic zone 

(Genin and Boehlert, 1985) and thus enhances PP locally.  

 
Figure 1-11. Taylor Column above a seamount is characterized by an anticyclonic flow and isopycnal 
doming over the seamount summit. 

 
Figure 1-12. Examples of energy dissipation and internal wave propagation from a chain of seamounts 
with A changing Coriolis parameter (f) and B changing dimensions of the topographical features (λ – 
diameter of seamount). (Yi et al., 2017) 

Similarly, seamount-trapped waves as a result of tidal forcing, retain fluid particles in 

bottom trapped flow (Goldner and Chapman, 1997). As the current velocities can 

increase by 10 – 100 times that of the tidal forcing velocities and the particle 

displacement on the summit is vertical (Goldner and Chapman, 1997), there is a clear 

influence of trapped waves on sediment erosion. 
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Numerical models of the interaction of seamounts and residual flow are sensitive to 

bathymetry grids and for understanding sediment dynamics it is important to use 

datasets with high resolution (Mohn et al., 2013) in order to produce results that 

accurately characterise the actual flows. Equally, a generalisation of seamount 

characteristics including sediment erosion thresholds, the presumption of the existence 

of a Taylor Column and flows resulting from internal tides is inappropriate and may be 

a source of misinterpretation and errors (McClain, 2007) when attempting to explain 

local bio-diversity hotspots.  

The interaction between the topography and barotropic tides gets more complicated 

when more seamounts or seamount chains are involved (Lavelle and Mohn, 2010), as 

demonstrated by a study of internal tide propagation on ridges. The position and the 

size of the ridges and the criticality of the slope are key factors for reflection of internal 

tides (Echeverri and Peacock, 2010). In Figure 1-12 a model for a seamount chain of 

sinusoidal shape shows the possible outcomes of energy dissipation and internal tide 

propagation; it can be towards the surface or downwards, to the trough between 

seamounts, depending on Coriolis frequency (f), seamount dimensions and criticality 

of the topography (γ), which is computed as: 

Equation 1-1 

𝛾 =
|∇ℎ|𝑚𝑎𝑥

𝑠
 

 further 

Equation 1-2 

𝑠 =
𝑘

𝑚
= √

𝜔2 − 𝑓2

𝑁2 − 𝜔2
 

where ω (wave frequency) describe the internal wave characteristics: 

Equation 1-3 

𝜔 = √
𝑁2𝑘2 + 𝑓2𝑚2

𝑘2 + 𝑚2
 

and: h is the height of the seamount, s is internal wave slope (Equation 1-2), f is Coriolis 

frequency, k is horizontal topographic wave number, m is vertical wave-number and 
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N2 is the density stratification calculated from density (ρ), reference density (ρ0), 

vertical coordinate (z) and gravity acceleration (g) as: 

Equation 1-4 

𝑁2 = −
𝑔

𝜌0

𝛿𝜌

𝛿𝑧
 

(Yi et al., 2017) (Figure 1-13). Chains of seamounts or ridges in a two-layered ocean, 

which are fully submerged in the lower layer, produce a set of internal waves with 

wavelength similar to the topography in the lower layer, whereas the waves in the 

upper layer are controlled by the ‘pycnocline’ and differ in wavelength (Yu and Maas, 

2016).   

 
Figure 1-13. Modelled dissipation of tidal energy, when the environmental settings favour the internal 
wave propagation downwards rather than towards the surface. The internal tides in some cases interact 
again with the topography. This setting can have also an implication for trenches (Yi et al., 2017). 

As the propagation of internal waves depends on stratification, a two-layered ocean 

would have a discrete number of internal waves, whereas the continuous change in 

stratification results in a continuous spectrum of internal waves (Yu and Maas, 2016).  
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1.4 Trenches 

In comparison to seamounts, hadal trenches are long and narrow features 

(Turnewitsch et al., 2014), which cover only 1-2% of the seabed; however, they form 

45% of the deepest sea (Jamieson et al., 2010). These trenches are situated mainly in 

the deep Pacific Ocean, in so-called hadal zones, where no light penetrates. Trenches 

are generally long features with a ‘V’ shaped profile and slopes descending rapidly 

from the surrounding abyss by 5-15° in average (reaching up to 45° some in places) 

to the depths of between 6 – 11 km, with narrow (2-5 km wide) sediment covered 

bottoms (Jamieson et al., 2010).   

Trenches occur on convergent plate margins parallel to volcanic arcs, where an older 

and denser oceanic plate is subducted under a continental plate. This process is 

accompanied by volcanic activity, deep earthquakes and can induce tsunami (Stern, 

2002). Despite that, features usually accompanying volcanism, such as hydrothermal 

vents, haven’t been documented in hadal trenches (Jamieson, 2015).   

 
Figure 1-14. Hadal provinces (HP) distribution in the depths below 6000 m, after Watling et al., 2013. 
Kuril-Kamchatka and Japan-Izu-Ogasawara Trenches are in HD1 province, Mariana Trench is part of 
HD2 province and Tonga Trench belongs to HD5 province. 

The deep-sea faunal communities are highly dependent on food supply derived from 

the overlying ocean, which consists mainly of primary productivity and faecal pellets. 

The food supply consists mainly of particulate organic matter (POM), which is 

transported from the upper layers to the hadal depths; below 6000 m, by the biological 

pump, and so the material is altered over the time. The environments of hadal trenches 

have their own biogeographic unit (Hadal Province, HP), the main characteristics of 

which are the depth, absence of light and the supply of material to the benthic 
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community being controlled by surface productivity and hydrography (Watling et al., 

2013), Figure 1-14. 

1.4.1  Fluid Dynamics and Trenches 

Even though the processes in deep sea trenches are considered to be driven mainly 

by plate tectonics, sediment gravity flow plays a very important role (Shiguo et al., 

2005). The turbidity currents, slumps, and slides described in the Zenisu deep sea 

channel may be in general triggered by earthquakes (Shiguo et al., 2005) and makes 

the environment more dynamic than may be expected. Turbidity currents can also be 

deflected and reflected by trench walls as shown in the Nankai Trough (Western 

Pacific) (Pickering et al., 1993) or triggered by seismic activity (seismoturbidite) 

described at JFAST on slopes of the Japan Trench (Yoshikawa et al., 2016). This 

demonstrates the complexity of the fluid and sediment dynamics in such topographical 

features (Pickering et al., 1993). Photographic evidence shows the floor of the 

Mauritius Trench (4909 m) to be eroded/ swept by a current (Heezen and Hollister, 

1971). In contrast, sediments collected from South Sandwich Trench, from the depth 

of 6326 m, document a lower energy environment with the possible influence of Wedel 

Sea Bottom Water (Howe et al., 2004).  

In contrast to seamounts, most of the trenches of the Ring of Fire are aligned on the 

western side of the Pacific Ocean and influenced in some ways by the Deep Western 

Boundary Current. Antarctic bottom current accessing the Tonga and Kermadec 

Trenches leave similar erosional features on their western walls and ripples in the 

Puerto Rico Trench (7535 m) indicate western propagation of the current (Heezen and 

Hollister, 1971) (See Figure 1-15).  

The interaction of topography and fluid dynamics in the case of hadal Trenches is not 

as well described as around seamounts. There are descriptions for some trenches: 

The flow in the isolated part of Izu-Ogasawara Trench below 7000 m seems to have 

local cyclonic circulation pattern with transport of 2 Sv, while the overlying water 

column not only circulates (southwards along the western Izu-Ogasawara Ridge and 

northwards on the eastern side) but also includes a westward progressing deep current 

bringing more saline water (Fujio et al., 2000). Similar circulation may be present in 

Japan and Aleutian Trenches, however, the flow may contour only the offshore slopes 

and as these Trenches have isolated deep basins and velocity data are missing it is 



Chapter 1: Introduction 

23 
 

impossible to describe the flow pattern (Fujio et al., 2000). Current measurements in 

Challenger Deep in Mariana Trench bellow 7000 m did not demonstrate a circular 

current existence. However, the results show an existing flow in the deepest part of the 

basin, consisting of tidal currents, inertial motion and period variations (Taira et al., 

2005). Yap Trench, located south-east from Mariana Trench, shows the presence of 

Lower Circumpolar Deep Water (LCDW), which confirms its propagation northwards 

(Liu et al., 2018). In its western part, semidiurnal internal tides were recorded and high 

turbulence in the central section and at the northern slope is the most likely result of 

dissipation of internal tides at these sites (Liu et al., 2018). The presence of more 

complex bottom currents is independent of mesoscale eddies in the overlying ocean 

(Liu et al., 2018). 

 
Figure 1-15. Puerto Rico Trench, 19°51’ N and 63°56’ W at depth of 7535 m shows clear ripple 
structures (Heezen and Hollister, 1971). 

Generation of internal tides over trenches is analogous to the seamounts case. It is a 

function of trench’s depth, the depth of the ocean and it is strongly dependent on the 

width of the trench (St. Laurent et al., 2003). However, stratification in the hadal depths 

is not as strong as in the upper water column.  
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Despite the small amount of food supply arriving from the euphotic zone, there is a 

hypothesis that hadal biomass increases with depth so it is more abundant along the 

trench axis than on the trench slopes (Ichino et al., 2015). This implies the importance 

of lateral transport processes for the hadal trench communities living at the greatest 

depths (Ichino et al., 2015) and this trend is shown in results from O2 consumption in 

two pacific hadal trenches (Wenzhöfer et al., 2016). Similarly, microbial heterotrophic 

communities observed in the hadal depths of Challenger Deep (Mariana Trench, depth 

of 10257 m) had higher abundances than communities of chemolithotrophs  (Nunoura 

et al., 2015). As this is the reverse to the situation on the abyssal seafloor, it is proposed 

that the trench geomorphology supplies more organic matter to the trench and thus 

supports endogenous recycling of organic matter by heterotrophic microbiota (Nunoura 

et al., 2015). 

 

Figure 1-16. Simplified trench profiles stressing out the importance of lateral transport of POM as a 
supply to the trench axis, where it accumulates. A – The trench axis receives both vertically and laterally 
derived particles (figure taken from (Turnewitsch et al., 2014)), which accumulate on different scales 
(B); The Abyss (a) receives material derived mainly from the overlying water column, whereas the 
landward (b) and ocean-ward slopes (c) supply material to the trench axis (d) in different quantities. 
Figure B is reproduced after Jamieson (2015). 

The importance of lateral processes delivering particulate organic matter (POM) to the 

trench axis is suggested by Turnewitsch et al. (2014) and Jamieson (2015) (Figure 

1-16). This leads to material accumulation in the trench axis, however, the quality and 

age of the material delivered to the trench axis by these processes may play a role for 

the organisms depending on the food supply.  

Except for the described biological processes, the particle deposition, in other words, 

the food/particle supply, is controlled by additional processes such as hydrography, 

hydrology, tectonics; for example, abrupt depositing of material after the 1994 Sanriku-

A B 
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Oki earthquake (Itou et al., 2000). Important to some extent is also a dust supply 

(Measures et al., 2005).  

The thought that the trapped internal tides can propagate to the trenches and thus 

have implications on sediment dynamics in the hadal depths (Turnewitsch et al., 2013) 

is increasingly being investigated. By this mechanism, the aggregates of particulate 

matter are fragmented and their trajectories altered (see Figure 1-17) and the 

additional sediment accumulation by lateral processes in the trench axis (Figure 1-16) 

may be reduced. In addition, sediment resuspension may occur at sites where the 

internal tide beams interact with the sea floor. 210Pbxs evidence from Pacific trenches 

supports the idea of surplus accumulation or winnowing processes in individual 

trenches, which is most likely linked to influence of baroclinic tides progressing to the 

hadal depths (Turnewitsch et al., 2014). 

 
Figure 1-17. Internal tide propagation in hadal trench environment (Turnewitsch et al., 2014) A - Internal 
tidal beams and their interaction with supercritical topography of hadal trench in places (indicated with 
arrows and numbers), where tidal beam (2) is reflected by the seafloor. This can result in localised 
sediment resuspension. B – the schematic path of particle trajectories after interaction with tidal beams, 
where the particles are fragmented and the settling process in the trench axis altered or weakened by 
the reflecting tidal beams. 

The detailed refraction of the waves and their possible focusing is, as in the case of 

seamounts, influenced by the trench parameters, hydrological and hydrographical 

characteristics.  

As mentioned in 1.3.1, stratification of the water column is an important factor for 

internal wave/tide propagation. An example from weakly stratified deep waters in the 

troughs of Eastern Mediterranean Sea shows intermittent vertically propagating large 

internal waves and high turbulence environment induced by weak currents (velocity of 

A B 
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0.1 m s-1) (van Haren and Gostiaux, 2011). Similarly, weak stratifications in the hadal 

depths were observed in Puerto Rico Trench (van Haren, 2015) and in Mariana Trench, 

in Challenger Deep (van Haren et al., 2017) (below 5500 m and 5000 m).  

As in the cases of seamounts, the criticality of the slope and the direction of the wave 

is very important for the internal wave beams. In the case of slopes with subcritical 

sloping, the beam can continue further along the topographical feature, whereas in the 

areas with supercritical sloping the beam can be refracted back (Guo and Holmes-

Cerfon, 2015). In some special cases it is possible that a beam is not refracted to 

continue further over topography but is trapped in a loop instead (Figure 1-18) (Guo 

and Holmes-Cerfon, 2015). 

 

Figure 1-18. Examples of a propagation of a tidal beam over a random topography and its refraction 
from the slopes of topographical features: A - the beams are refracted from the subcritical slopes and 
continue over the topographical feature but when supercritical slope is involved, the beam is refracted 
back, which in some cases (B) can result in a loop or in special occasions, where both types of slopes 
are involved, can have more complicated trajectory but stays trapped in the area (C) (Guo and Holmes-
Cerfon, 2015)  

Focusing of sediment in the deepest parts of trenches or troughs is a known fact and 

similar processes undergo also on a smaller or local scale.  



Chapter 1: Introduction 

27 
 

 
Figure 1-19. The velocity of the flow in the lower and upper layers of modelled M2 tide (Simmons et al., 
2004) 

The hadal trenches themselves are unalike to each other; there has been shown no 

correlation in their physical properties (Stewart and Jamieson, 2018). Also, the primary 

productivity at the locations differ and the POC flux to the trenches differs for each 

individual case and ranges from 711.16 to 1827.27 g C y-1 for the whole trench (Stewart 

and Jamieson, 2018), and therefore on the amount of material arriving at the floor. 

Finally, there are other large scale topographical features within the hadal trenches 

such as depressions or seamounts (Stewart and Jamieson, 2018), which add a local 

level of complexity to data from sampling sites. All the trenches discussed in Chapter 

5 are close to steep and tall topographical features, which support the conversion of 

barotropic tidal energy to baroclinic (see Figure 1-19) and these areas were discussed 

frequently in respect of baroclinic tides and modelling (Niwa and Hibiya, 2014, 

Simmons et al., 2004). 
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1.5 Radionuclides as a Tool 

Naturally occurring, particle-reactive radionuclides, namely disequilibria between 

parent and daughter products of radionuclides from 238U chain, in both the sediment 

and the water column were used as the main tool for investigating topographically 

induced sedimentary dynamics. To gain a better understanding of the environmental 

setting, in some cases the radionuclide results were supported by CTD casts and 

nutrient analysis in the case of water column investigations, and by carbon content, 

grain-size and dry bulk density analyses in the case of sediment investigations 

(Chapter 2). 

1.5.1  Radionuclides and Radioactive Decay 

Since the discovery of radioactivity in the late 19th century, the isotope geochemistry 

began and by today, radionuclides and isotopes are widely used for dating or as 

tracers.  

Radionuclides are isotopes of elements, which undergo radioactive decay (α, β-, β+ or 

γ), by electron capture or spontaneous fission, releasing energy and transforming from 

a parent isotope XZ
A  of mass number A, having Z protons and N (N = A – Z) neutrons 

to a daughter isotope/radioisotope YZ1
A1 , the characteristics of which are dictated by the 

type of radioactive decay (see Figure 1-20).  

The time in which half of the parent radionuclides undergo such a reaction and 

transform into daughter products is called half-life (t1/2) and determines the decay 

constant (λ): 

Equation 1-5. 

t1/2 = ln(2)/λ = 0.693/ λ  = τ ln(2), 

where t1/2 is the half-life, λ is the decay constant and τ is the mean lifetime. The 

exponential decay equation is: 

Equation 1-6. 

Nt = N0 e-λt, 

where N0 is the initial amount of radionuclide before decay, Nt is the amount of 

radionuclide measured after time t and λ is the decay constant. The units of radiation 
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are the Becquerel (Bq), which gives the number of disintegrations per second and 

replaced the earlier used Curie (Ci) unit (Gilmore, 2008).  

 

Figure 1-20. Simplified radiation overview showing the principles of the radiation measured during the 
study, α, β-, β+ and γ radiation emitted from atoms. N = neutron and P = proton. A: During α radiation, 
two protons and two neutrons are emitted from the nucleus, so the parent element changes to a daughter 
element with the atomic number N - 2 and mass number A – 4. B, C: During β radiation either electron 
or positron is emitted, and the parent element transforms to a daughter nuclide with an identical mass 
number but differs in number of protons Z+1 (β-) or Z-1 (β+). Electron capture has similar characteristics 
to β+ decay. D: Unlike α or β radiation, γ radiation does not consist of any particles but has a x-ray-like 
characteristics; however, a photon is in this case more energetic in general and it is emitted from an 
unstable nucleus rather from an outer layer of an atom like in the case of x-ray. The γ radiation usually 
follows other types of radioactive decay (Gilmore, 2008, Baskaran, 2011b).  

There are three types of radionuclides in the environment: naturally occurring, 

cosmogenic and artificial, from which mainly naturally occurring ones are investigated. 

A 

B 

C 

D 
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1.5.2  Naturally Occurring Radionuclides 

The radionuclides that are of relevance to this study ultimately originate from primordial 

parent nuclides. Primordial radionuclides have very long half-lives; they existed since 

shortly after the beginning of the Universe approximately 13.7 billion years ago and 

have been present in the earth for the whole time of its existence approximately 4.5 

billion years. Among these primordial radionuclides are single radionuclides with a 

short decay chain such as 40K (after emitting a beta particle changes into a stable 

daughter product 40Ca (89.28%) or by gamma decay to 40Ar (10.72%)). Three 

radionuclides  235U, 238U and 232Th (Actinium, Uranium and Thorium series) decay via 

a long chain of daughter radionuclides ending with a stable lead isotope (207Pb, 206Pb 

and 208Pb, respectively) (Lehto and Hou, 2011).  

 
Figure 1-21. Differences in the half-life (in years) among the radionuclides in the 238U decay chain (blue 
bars) are shown on a logarithmic scale. The radionuclides used for disequilibria calculation are A: 234Th 
and 238U (1.5.3), where there is a large difference in the half-life of parent and daughter radionuclide 
where so-called secular disequilibrium is used; B: 226Ra and 210Pb (1.5.4) in the sediment. This is 
sometimes for practical reasons substituted with disequilibrium between 214Pb and 210Pb as the 
radionuclides between 214Pb and 210Pb are all short-lived (B1). C and C1: Disequilibria between 
radionuclides 226Ra, 210Po and 210Pb are used in the water column. From the investigated radionuclides 
only 226Ra and 210Pb have a half-life longer than one year (1.5.5). 

In the enclosed environment, the activity of a parent radionuclide becomes equal to 

the activity of its daughter product after a certain amount of time (this depends on the 

half-lives of both nuclides). When the parent radioisotope with a very long half-life (t1/2 
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parent << t1/2 daughter) transforms into a daughter product, these two nuclides are in so-

called secular equilibrium (Gilmore, 2008).  

 

Figure 1-22. A simplified diagram of 238U 
radioactive decay chain starts with the decay of 
long lived 238U and continues by series of 
daughter products until a stable isotope 206Pb 
ends the chain. The main decay and the half-
life is shown. The dark blue arrow shows the 
alpha and the light blue mean beta and gamma 
decay.  

The radionuclides approach uses an 

important difference in the chemical 

behaviour of parent and daughter 

products. For example, while some 

radioisotopes are soluble, their 

daughter products are strongly particle 

reactive and thus they become 

scavenged from the environment (in 

our case water column) by a variety of 

particle types. Consequently, the 

measured activities of parent and 

daughter products are no longer in a 

state of equilibrium. In this case an 

excess or a deficiency of the daughter 

product in respect to its parent is found. 

As the half-life ranges from less than a 

second to over 109 years, a spectrum of 

time scales is offered for investigation 

of equilibrium of the parent – daughter 

radionuclides. 

Of interest to this study is the 238U decay chain (Figure 1-22), mainly in 210Pbxs (excess 

210Pb activity) in the sediment, 234Thxs (the 238U and its daughter product 234Th ratio) in 

both sediment and water column and the relationship of 210Po, 210Pb and 226Ra in the 

water column (Figure 1-21). 
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1.5.3 238U – 234Th Secular Disequilibria 

Uranium (92U) is a naturally occurring radionuclide and has five naturally occurring 

isotopes: 233U, 234U, 235U, 236U and 238U, of which two are very long-lived (235U and 

238U). The most abundant radioisotope is 238U, accounting for more than 99% of all 92U 

isotopes with 235U taking about 0.72% and 234U (daughter product of 238U) only 0.005%. 

These 92U radioisotopes are found in the earth’s crust and enter the world’s oceans 

through weathering processes. Due to its chemical properties, 92U (+VI) is dissolved 

and homogeneously distributed in the seawater in the form of uranyl carbonate 

(assuming oxic conditions) and its concentration is dependent on salinity (Rutgers van 

der Loeff and Geibert, 2008). Similarly, the 238U/235U ratio remains constant through 

the ocean (Rutgers van der Loeff and Geibert, 2008) and the 234U/238U ratio (≈ 1.145) 

has not changed for hundreds of thousands of years (Henderson, 2002). 

Short-lived thorium-234 (234Th, t1/2 = 24.1 d), (+IV) Th4+, is a daughter product of 238U 

(Buesseler et al., 1992a) (see Figure 1-22). Unlike its parent,  238U which is soluble and 

conservative, particle reactive 234Th is easily scavenged by particles via coagulation 

(Quigley et al., 2001) and is removed from the water column, (see Figure 1-23 A). 

Consequently, natural disequilibria occur (see Figure 1-23 B). Th is scavenged 

preferentially by carbonate and lithogenic particles and weakly by opal, which is in 

strong contrast with its daughter product, Pa (Chase et al., 2002). 234Th is therefore 

bound to particles, transported by gravitational and physical processes and finally can 

be deposited to the sediment (Figure 1-24). 

234Th is an important tracer in the marine environment. Thanks to its chemical 

behaviour and short half-life, it is, in particular, used to trace fluxes of settling particles 

and residence times (Broecker et al., 1973) on a timescale of weeks (Buesseler et al., 

1992a). Thus 234Th can be used as a tracer for estimation of export fluxes from the 

surface ocean to the deep (Buesseler, 1998),  processes in the boundary layer and 

surface sediment (Turnewitsch and Springer, 2001), estimation of particle dynamics 

(Savoye et al., 2006), investigation of mid layers, where different water masses meet 

(Schmidt, 2006) and particulate organic carbon fluxes (Hung et al., 2012, Buesseler et 

al., 2006) in the upper ocean as well as between the water column and sediment.  Due 

to its particle reactivity and hindered desorption, 234Th can be used for mapping 

“colloidal pumping” (Quigley et al., 2001). 234Th/238U disequilibria are also useful for 

studying fluid dynamics induced by topographical features (Turnewitsch et al., 2013) 
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and  234Th in combination with 7Be is used for tracing the source of particles (Feng et 

al., 1999).  

 
Figure 1-23. A: In the upper water column, where primary productivity occurs, particle reactive 234Th is 
scavenged by particles and transported together with them. Gravitational as well as lateral (fluid 
dynamics) processes are involved. B: The radioactivity profile across the water column shows a typical 
234Th/238U disequilibria in the upper layer, from where the 234Th was scavenged and transported. 

The particle flux from the upper water column is indicated by the deficit of the daughter 

radionuclide to its parent, while the time frame depends on the radionuclide’s half-life 

and the conditions of the system according to following equation: 

Equation 1-7 

𝜕𝐴𝐷

𝜕𝑡
= 𝜆𝐷 ∗ (𝐴𝑃 − 𝐴𝐷) − 𝑃 + 𝑉 

A 

B 
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Where AP is the activity of the parent radionuclide (238U) and AD is the activity of the 

daughter radionuclide (234Th), λ is the decay constant of the daughter radionuclide (for 

234Th λ = 0.0288 d-1), P is the removal of the daughter product while attached on sinking 

particles and V are the fluxes of the daughter product caused by diffusion and 

advection (Buesseler et al., 2006). When assuming a steady state, there is no change 

of activity of the daughter radionuclide with time, therefore 
𝜕𝐴𝐷

𝜕𝑡
= 0.  

 
Figure 1-24. A: Above the seabed, re-suspended sediment particles can scavenge the 234Th from the 
water column. These particles can be transported or suspended to the sediment. B: The 234Th activity 
profile in the sediment shows an excess activity in the uppermost layer and a quickly decline of activity 
below 2 cm to no excess. This suggests a presence of recently suspended particles. The mechanism 
of deposition and the source of particles is not possible to distinguish without further information. 

A 

B 
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1.5.4  226Ra – 210Pb Disequilibria in the Sediment 

Lead-210 (210Pb; t1/2 = 22.26 ± 0.22 y) is a natural radionuclide from 238U decay chain, 

a daughter product of short-lived, gaseous radon-222 (222Ra; t1/2 = 3.8232 d) (see 

Figure 1-22). 238U has an origin in the earth’s crust and decays through 234Th and 226Ra 

(t1/2 = 1622 y) to 222Rn, which due to its gaseous form and erosion is released from 

soils to the atmosphere (El-Daoushy, 1988). The released proportion of 222Rn differs 

with landmass (Turekian et al., 1977). In the atmosphere, 222Rn quickly decays to its 

chemically reactive daughter products (see Figure 1-20), which react with aerosol 

particles and mimic their behaviour (Turekian et al., 1977). The radioactive decay 

continues to the long-lived daughter product 210Pb during their physical transport in the 

atmosphere. Atmospheric aerosols are continuously deposited on the earth’s surface 

via precipitation and due to gravitational and electrostatic forces (Turekian et al., 1977). 

The 210Pb concentration contained in the precipitation greatly differs spatially and with 

time (Turekian et al., 1977). Despite that, some patterns of latitudinal zonation are 

observed and approximate atmospheric 210Pb fluxes have been estimated (Baskaran, 

2011a). After deposition, 210Pb undergoes biogeochemical processes. 210Pb, which 

entered aquatic systems, is also transported to the marine environment (El-Daoushy, 

1988). This way derived particle reactive 210Pb is scavenged in the upper water column 

and removed/transported due to gravitational processes and fluid dynamics to the 

ocean interior and finally to the sediment. Supported 210Pb (210Pbsup) in the sediment 

is in equilibrium with its parent 226Ra as it is produced by its continuous decay, whereas 

excess 210Pb (210Pbxs, the surplus of daughter product activity in respect to the activity 

of its parent in given environment) accounts for the atmospherically derived 210Pb, 

Figure 1-25. An example of a sediment profile is shown in Figure 1-28. Assuming ideal 

conditions (constant sediment accumulation and flux of 210Pbxs) without disturbances, 

210Pbxs depth profile would express an exponential relationship (Swarzenski, 2014). 

In the real environment the sediment is redisturbed by postdepositional processes 

including bioturbation. Similar to bioturbation, fauna can have an influence on the flux 

of 234Th and 210Pb to the sediment. It was shown that a species of epibenthic 

holothuroid at depth of 4100 m in the Pacific ocean was responsible for up to 4% of 

the vertical particle mass flux (Lauerman et al., 1997).  
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Figure 1-25. Simplistic diagram showing the two sources of 210Pb in the sediment. All radionuclides 
involved in the process are daughter products of long-lived 238U (Figure 1-22). 226Ra (half-life = 1600 
years) is a decay product of 238U, which is present in the earth’s crust. 226Ra decays to gaseous 222Rn, 
which can be released to the atmosphere. 222Rn (half-life = 13.82 days) decays further via radionuclides 
with very short half-life to 210Pb. 210Pb from atmospheric fallout as well as 210Pb transported by rivers or 
by wind as an erosional product reaches the ocean. As 210Pb is particle reactive, it is scavenged in the 
upper water column and transported with the particles to the greater depths. It can be then measured in 
the sediment as excess 210Pb (210Pbxs). 210Pbsup, supported 

210Pb is, on the other hand, a decay product 
of 238U originated from the sediment. After (El-Daoushy, 1988).  

From assumed sedimentary conditions and measured sediment characteristics the 

sediment can be 210Pb dated by widely used models: CF-CS (Constant Flux – Constant 

Sedimentation model) (Robbins et al., 1978), CRS (Constant rate supply) (Appleby 

and Oldfield, 1978) or CIC (Constant Initial Concentration) (Appleby and Oldfield, 

1978), which has the same principles as CAVS (Constant Activity, Variable 

Sedimentation) model (Chanton et al., 1983). The models are based on different 

assumptions and addressing conditions for local sequestration (Mabit et al., 2014, 

Arias-Ortiz et al., 2018). For the purposes of this study, 210Pbxs inventory is needed and 

calculated from the measured 210Pbxs activities as:  

Equation 1-8. 

𝐼 = 𝐴(0) = ∑ 𝑚𝑖𝐶𝑖

∞

𝑖=1

 

Where I (A(0) in some literature) is the 210Pbxs inventory, mi is mass depth in g cm-2 

(calculated from dry bulk density and the thickness of the slice) and Ci is the 
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unsupported activity of 210Pbxs measured at the given depth i. The flux (F) was 

calculated from the inventories (I) as Equation 1-9, where λ is the radioactive decay 

constant (0.03114 y-1) while assuming steady state (Biscaye and Anderson, 1994). 

Equation 1-9. 

𝐹 =  𝜆 ∗ 𝐼 

 The focusing ratio (F/P or ψ), important for this study, mirrors the actual sedimentation 

conditions locally and pinpoints areas of sediment focusing (F/P>1) and winnowing 

(F/P<1) (Muhammad et al., 2008). The measured sediment flux (F) is compared here 

with a predicted water column flux (P). The 210Pb cycle can be locally influenced by the 

input of anthropogenic 210Pb produced during nuclear tests or from nuclear plants, but 

this is negligible globally (Turekian et al., 1977). As the sampling stations in this study 

are located in the open ocean, the 210Pb source is assumed to be 226Ra in the ocean 

with atmospheric origin (see Figure 1-25) (Cochran et al., 1990).  

1.5.5 226Ra – 210Pb – 210Po Disequilibria in the Water Column 

210Po (t1/2=138.4 d) is a daughter product of 210Pb (t1/2=22.26 y) and both are daughter 

products of 238U (Figure 1-22). 210Po has a different biogeochemical behaviour than 

210Pb as it has a preference for cytoplasm. Thus, it can be an additional source of 

information about POC export fluxes and particle dynamics in the water column over 

longer timescales than 234Th/238U (Friedrich and Loeff, 2002, Stewart et al., 2011). 

210Po/210Pb can provide more precise information about POC fluxes in locations with 

no strong dominance of biogenic export (Stewart et al., 2010), whereas 234Th is more 

appropriate for investigating mass flux and export of mineral matter (Friedrich and 

Loeff, 2002). 

Po (IV) is slightly soluble in water and can form soluble salts. Importantly, it is able to 

form colloids, it is sorbed onto surfaces (Ansoborlo et al., 2012) and its cycling in the 

ocean is complex due to these behaviours (Tang et al., 2017). Despite the 210Pb   

removal by scavenging being irreversible due to its ionic speciation, it can return to the 

dissolved phase after the carrier particles dissolve while settling (Henderson and 

Maier-Reimer, 2002). The 226Ra - 210Pb - 210Po disequilibria are based on the different 

behaviour of the radionuclides in the same decay chain. While 226Ra is chemically inert, 

both its daughter products 210Pb and 210Po are particle reactive and can be scavenged 
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from the water column (Sirelkhatim et al., 2008) (Figure 1-26). This can happen via 

adsorption, during colloid formation or entering food webs and biological processes 

(Masqué et al., 2002). 210Pb and 210Po behave differently; less particle reactive 210Pb 

is scavenged by lithogenic or biogenic silicate particles (Friedrich and Loeff, 2002, 

Stewart et al., 2005), while 210Po is incorporated by marine organisms (Masqué et al., 

2002), such as algae as it binds preferentially to proteins and sulfur compounds 

(Stewart et al., 2007, Carvalho, 2011). Consequently, the residence time in the surface 

water column can vary considerably for the two radionuclides (Masqué et al., 2002) as 

does the 210Pb/226Ra ratio due to different biogeochemical cycles, which these particles 

undergo (Meli et al., 2013).  

 

Figure 1-26. On top of 226Ra (t1/2=1600 y) and its daughter products, 210Pb and 210Po, occurring naturally 
in the water column as daughter products of 238U dissolved in seawater, the ocean also receives the 
daughter products of gaseous 222Rn from the atmosphere mainly in form of precipitation and from the 
sediment. As the half-lives of the radionuclides 210Pb (t1/2=22.26 y) and its daughter product, 210Po 
(t1/2=138.4 d) differ, as does their chemical behaviour, the disequilibria allow us to trace processes in 
the water column.  

Globally, the 210Pb/226Ra ratio in the upper water column, down to approximately 600 

m, is high as a result of enrichment from atmospheric 210Pb flux (Chung and Craig, 

1983). This ratio, however, differs geographically (Chung and Craig, 1983) and with 

time. The ratio 210Pb/226Ra can decrease with depth, due to particle scavenging (Craig 
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et al., 1973) with the 210Pb/226Ra ratio < 1 in the water column, whereas in the 

particulates, sediments and plankton the  210Pb/226Ra ratio > 1 (Meli et al., 2013). The 

210Po/210Pb disequilibria in the water column can indicate the POC export with better 

precision in the conditions of the open ocean due to smaller variability in particle sizes 

(Tang et al., 2017). 

210Po/210Pb gives information about particle dynamics on a timescale of several weeks. 

Similar to 234Th/238U, 210Pb/226Ra and 210Po/210Pb ratios can be used to trace particle 

fluxes and for investigation of the carbon cycle in the marine environment (Bacon et 

al., 1976, Cochran et al., 1990, Radakovitch et al., 1999, Masqué et al., 2002, Nozaki 

et al., 1991) on different timescales. 

1.5.6  Anthropogenic Radionuclide 137Cs 

 

Figure 1-27. The described 210Pbxs approach is sometimes supported by one of the anthropogenic 
radionuclides, 137Cs, which was released during tests of nuclear weapons and during nuclear accidents 
(Chernobyl in 1986, Fukushima Daiichi in 2011). 

In addition to the dating techniques of sediment deposition while using 210Pb, the usage 

of an anthropogenic radionuclide, Cesium-137 (137Cs, t1/2=30.17 y) can provide 

complementary information helping to define sedimentary conditions. 137Cs was 

released episodically: in the early 1960s (peak in 1963, which mostly decayed by 2010) 
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during nuclear weapon testing, and as a result of Chernobyl nuclear plant accident in 

1986 (Baskaran, 2011b) and Fukushima Daiichi accident in 2011 (Men et al., 2015). 

After being released to the atmosphere, 137Cs follows a similar pattern to the 210Pb 

(described in 1.5.4) the difference being in their particle reactivity (137Cs being less 

particle reactive in marine systems (Du et al., 2010)) or their mobility in the sediment 

(Yang et al., 1986) (Figure 1-27 and Figure 1-28). 

 

Figure 1-28. Schematic sediment profile in the marine environment showing radionuclide activity and 
depth of sediment. A: an undisturbed 210Pb profile with supported 210Pb (210Pbsup; in orange) originating 
from the sediment and excess 210Pb (210Pbxs, in blue) arriving from the water column. B: an example of 
a 137Cs profile, where the highest values mark the episodic release of the artificial radionuclide. C: an 
example of 234Th sediment profile shows a similar pattern to A, however, the 234Th originating as a 
daughter product of 238U from the pore water of in the sediment is negligible.  

1.5.7  Cosmogenic Radionuclide 7Be 

Additionally, to the radionuclides mentioned previously, some cosmogenic 

radioisotopes measured by gamma spectrometers may be used to characterise 

sedimentation. Cosmogenic radioisotope, beryllium-7 (7Be, t1/2 = 53.3 d), is used in the 

estimation of recent sediment dynamics (Clifton et al, 1995, Corbett et al 2007). As it 

is short-lived, it can in conjunction with 234Th (t1/2 = 24.1 d) shed light on the local 

sediment dynamics and influence of riverine (7Be) and marine (234Th) sources to the 

sediment (Corbett et al., 2007). Particle reactive 7Be is weakly scavenged by carbonate 

particles (unlike 234Th) and strongly attracted to lithogenic and opal particles (Chase et 

al., 2002). It is mostly used in coastal areas despite it experiencing a great seasonal 

variability (Baskaran, 2011b) and for vertical transport estimation and processes in the 

upper mixed layer of the ocean  (Kadko, 2000). 7Be in combination with 234Th can also 

be used for tracing the particle sources (Feng et al., 1999).  
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1.5.8 Thesis Summary 

The radionuclides described in Chapter 1 will be used to investigate the fluid dynamics 

and the possible influence of mesoscale features at their path.  

Chapter 2 will cover the methods used for obtaining results and Chapter 3 will be 

describing the development of a method needed for improvement of measurements 

and calculation of 234Th in the sediment. The results will be used in Chapters 4 and 5, 

where individual cases will be described. This case studies will be compared and 

discussed in Chapter 6, while Chapter 7 will conclude the remarks of this thesis and 

point to further work. Additional graphs are placed in Appendix - Chapter 9. All literature 

sources used in this thesis will be summarised in Chapter 8. 
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Chapter 2 Methodology 

2 Methodology 

The samples and data for this project were collected during eleven cruises in the 

Northeast Atlantic, Mediterranean and West Pacific during 2006-2016 (Table 2-1). 

Deep-sea sediment and water samples collected during these cruises were 

investigated at the Scottish Association for Marine Science laboratories unless 

otherwise stated. This chapter describes the overall methodology for individual 

laboratory procedures. Some of the datasets used for comparison within this thesis 

were published prior to or during this project, it is clearly stated when any of these 

datasets are used. 

Table 2-1. Radionuclide data collection overview 

Location Cruise Date Data collected * 

Ampère M83, Leg 2 16.11.-22.12.2010 Water (210Pb, 234Th, 210Po), 
Sediment (210Pb) 

 

Senghor M80/3 29.12.2009-1.2.2010 Water (210Pb, 234Th, 210Po), 
Sediment (210Pb) 

3 

Senghor sediment P466 4.2.-20.2.2013 Sediment (210Pb, 234Th)  

Senghor water P423 8.12.-18.12.2011 Water(234Th)  

Eratosthenes MSM14/1 17.12.2009-14.1.2010 Water (210Pb, 226Ra, 
210Pb), Sediment (210Pb) 

 

Anaximenes M71/1 11.12.-24.12.2006 Sediment (210Pb)  

Mariana Trench Yokosuka (YK10-
16), JAMSTEC 

20.11.-6.12.2010 Sediment (210Pb, 234Th) 1 

Japan Trench Yokosuka (YK12-
09), JAMSTEC 

14.6-21.6.2012 Sediment (210Pb, 234Th) 2 

Tonga Trench Yokosuka (YK13-
10) 

6.10.-21.10.2013 Sediment (210Pb, 234Th)  

Kuril Kamchatka 
Trench 

KuramBio II (SO 
250) 

16.8-26.9.2016 Sediment (234Th)  

*Publications: 1 - (Glud et al., 2013), 2 - (Turnewitsch et al., 2014), 3 - (Turnewitsch et al., 2016) 

In the following section, the general methodological principles and approaches used 

for investigation will be described. Analysis of naturally occurring low abundance 

radionuclides is non-trivial and during analysis, some problems with measurements 

were identified. An investigation carried out as part of this work indicated an instrument 

failure and thus some data are less reliable, and their interpretation is omitted. 
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Table 2-2. Overview of datasets collected during scientific cruises (named in Table 2-1) measured and 
calculated within this thesis and by other parties: 

Location/Cruise  Radionuclide data  Other datasets  * 

  Own data and calculations Other sources  

Ampère M83-2 W 210Pb, 234Th, 210Po,  CTD, ADCP, nutrients Current model1, Tidal 
prediction model2 

1,2 

S 210Pb Sediment grain size Slope criticality 2 

Senghor M80-3 W 210Pb, 210Po CTD 234Th, ADCP 3 

S 210Pb Sediment grain size 12 Slope criticality 2 

Senghor P446 S 210Pb    

Senghor P423 S 234Th    

Eratosthenes 
MSM 14/1 

W 210Pb, 210Po, CTD   

S 210Pb    

Anaximenes 
M71/1 

W   234Th 4 

S 210Pb    

Mariana Trench 
YK10-16 

W     

S 234Th recalculated C and N, Grain size Photo documentation, 
210Pb, 234Th,  
C and N 

5, 

6 

7 

Japan Trench 
YK12-09 

W   210Pb, 234Th 6 

S 210Pb, 234Th  Photo documentation 8 

Tonga Trench 
YK13-10 

W 234Th  210Pb, 234Th 6 

S 210Pb, 234Th  Photo documentation 9 

Kuril Kamchatka 
Trench SO250 

W  CTD, multinet CTD   

S 234Th  Photo documentation, 
Grain Size 

10 

11 

W – Water Column, S – Sediment. Data and Dataset Sources: 1 – C. Mohn, 2 – Modelled by S. Falahat, 
3 – processed by M. Dummont (results published in Turnewitsch et al., 2016), 4 – published by Peine et 
al., 2009, 5 – YK-10-16 Report, 6 – measured and calculated as part of this thesis and published in 
Turnewitsch et al., 2014, 7 – joined data, published in Glud et al., 2013, 8 – YK12-09 Report, 9 – YK13-
10 Report, 10 – SO250 Report, 11 – Sattarova and Aksentov, 2017, 12 – used in Chivers et al., 2013. 

2.1 General Methods: Sediment 

The majority of sediment samples used were collected by Multicorers (with either 94 

or 100 mm core diameter). Sediment cores were sliced vertically into 0.5, 1, 2 and 5 

cm thick segments, and the slices were kept separate and cooled or frozen during 

transportation to, and storage at, the laboratory. After defrosting, each sample was 

homogenised and divided for different analyses. Where it was not possible to use a 

Multicorer due to sediment conditions, sediments were collected using either a grab 

(Senghor Seamount) or a Box Corer (Kuril-Kamchatka Trench). 

2.1.1  Sediment Characteristics (Dry Bulk Density) 

‘Dry bulk density’ is the mass of the dry, salt-free particulate matter that is contained in 

1 cm3 of wet sediment. Sedimentary radionuclide concentration can be expressed in 

terms of radioactivity per mass unit of dry, salt-free sediment or radioactivity per volume 

unit of wet sediment. Dry bulk density is used to convert the former into the latter and 
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vice versa. Here, 5 or 10 ml (5 or 10 cm3) of homogenised wet sediment was placed 

into pre-weighed and cut syringes. The filled syringes were weighed and placed in a 

freeze-dryer for 24 hours. After drying, the syringe with now dry sediment was weighed 

again and the salty dry mass of the sediment in the syringes was calculated. Dry bulk 

density, water content and salt content were calculated as follows: 

Equation 2-1 

𝝆 =
𝐌

𝐕
 (g cm-2), 

where ρ is the sediment density, M is the mass of dry sediment (g) and V is the syringe 

volume (cm3); Porosity (dimensionless)  

Equation 2-2 

Φ= (Md-Mw)/V , 

where Md is a dry mass of the sediment and Mw is wet weight. The salt content and 

salt correction factor (important for the radionuclide calculation) is calculated from 

salinity in overlaying water assuming identical salinity in the pore water of the sediment.  

2.1.2  Grain Size 

Sediment grain size was investigated using dry homogenised but not ground sediment. 

1-2 grams of dry sediment was mixed with 20 ml of DI water and Calgon in a 50 ml 

tube, placed in a warm bath for 30 minutes. The sediment sample was mixed for two 

minutes on a vibration plate before droplets were put in a Beckman Coulter LS230 

Laser Diffractometer. An issue was encountered when using the Coulter Counter with 

the very fine sediments (0.0399-0.3417μm; clay) collected in the trenches (Mariana 

Trench, Japan Trench and Tonga Trench), whereby the counter detects the particle 

sizes of 0-63 µm with limited sensitivity. This was also described by (McCave, 2008). 

Due to the very limited availability of the sediments and the instrument unavailability 

the measurements were not repeated. Therefore, only a limited number of samples 

collected in the trench areas is included in the thesis. GRADISTAT macro in MS Excel 

(Blott and Pye, 2001) was applied to the results to obtain basic sediment 

characteristics. The proportion of sortable silt (10 – 63 μm) and the mean size of 

sortable silt ( ) (McCave et al., 1995, McCave et al., 2017) was calculated. 
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2.1.3  Sediment Homogenisation/Grinding 

After determination of dry bulk densities and grain size distributions, dry sediment was 

ground and further homogenised using a Planetary Ball Mill PM 400 (Retch) equipped 

with four 80 ml agate jars. Samples were ground for 7 - 10 minutes at 350 RPM before 

further analyses were carried out. 

2.1.4  Sediment 234Th 

Dry, ground and homogenised sediment was used for the investigation of the 

234Th/238U relationship in the sediment. Two methods of 234Th measurement (filter and 

pellet approach) were used and compared. Firstly, each approach is described in 

detail, followed by a comparison of both methods. All sets of sediment samples were 

collected in deep sea environment, the majority of them in hadal trenches (for more 

information see Table 2-3) and except for the results of method optimisation described 

in sections Chapter 3, the results of measurements are a significant part of Chapter 5.  

Table 2-3. Location of sediment sample and the method used for the 234Thxs investigation: 

Location Cruise and year Data collected Method 

Senghor sediment Poseidon 446, 2013 Sediment (210Pb, 234Th) Pellet, ≈2 g 

Mariana Trench YK 10-16, 2010 Sediment (210Pb, 234Th) Filter, 10 mg 

Japan Trench YK 12-09, 2012 Sediment (210Pb, 234Th) Filter, 10 mg 

Tonga Trench YK 13-10, 2013 Sediment (210Pb, 234Th) Pellet, ≈ 2 g 

Kuril Kamchatka Trench KuramBio II, 2016 Sediment (234Th) Filter, 40-50 mg 

* The GPS coordinates and depths of the cores collected in the areas are in described in detail in each 
section 

2.1.4.1   Filter Approach 

Homogenised and ground sediment was dried at 80°C overnight and 10-50 mg of dry 

sediment (depending on method) was suspended in a flask with 10 ml of deionised 

(DI) water, then filtered on a 142 mm Whatman® NUCLEPORE™ polycarbonate filter 

with 0.4 µm pore width and washed with 40 ml of DI water. Filters were air dried at 

room temperature in Petri dishes and folded in a specific and reproducible way to 

ensure consistent geometry between samples so as not to bias analysis between 

analytical sessions. Folded filters were wrapped into a Mylar foil sealed parcel and 

measured in a 5-sample gas-flow Risø Low-Level Beta GM-25-5 Multicounter. The 

length of the measurements depended on the individual sample, but total counts 

always exceeded n = 420 counts to ensure that the statistical counting error (1/n0.5) 

was smaller than 5%.  
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All samples were measured at least three times and at least once after the excess 

234Th reached the background value (after five half-lives). An exponential decay curve 

was fitted for each sampled profile, using either SigmaPlot13 or OriginPro2016, both 

containing the option for a user-adapted fitting function, which was set to equation: 

Equation 2-3 

f = y0+a*exp(-0.0287612938*x), 

where f is the radioactivity after a certain amount of time x has passed, y0 is the 

background activity (dpm), x is time since sample collection (in days), a is the initial 

excess activity (more detail in Chapter 1), and 0.02876 d-1 is the decay constant of 

234Th. Counting efficiencies were determined by measurements of standard filters 

spiked with a known amount of 238U in radioactive equilibrium with 234Th. The 

efficiencies varied between 29.93 and 32.98% for the five detectors in Risø beta 

multicounter at SAMS (Detector ratio D1 : D2 : D3 : D4 : D5 = 1 : 0.9475 : 1.0437 : 

1.0277 : 1.0320), all with standard deviation < 0.016 cpm/dpm.  

Counting efficiency specific to each of the five detectors was used on the raw data 

rather than applied after excess calculation, as some of the measurements were 

completed using more than one detector. This influences error propagation as the 

fitting routines do not include the additional error in the computations and the computed 

error accounts only for the fitting. The error was progressed as if using the efficiencies 

after calculated 234Thxs and a value of 0.0135 cpi/dpi (including detectors onboard) or 

0.0129 cpi/dpi (only SAMS detectors) was applied. This was an averaged value of 1 

SD of mean detector efficiency. The calculated result of 234Thxs was standardised to 

activity per 1 g of dry sediment (dpm g-1). The 234Th activity due to the water content in 

the sediment was calculated but found to be negligible. 

2.1.4.2   Pellet approach 

The sediment pellet approach was used for samples collected during YK13-10 cruise 

to Tonga trench in 2013. Approximately 2 g of dry homogenised sediment were 

manually pressed into a nylon dish specially designed for Risø Beta counters (Figure 

2-1) with a diameter of 2.4 cm (inner dimensions: diameter: 2.1 cm, depth 0.52 cm). 

The surface of the sediment was levelled with the dish rim, made as smooth as 

possible and covered by a layer of Mylar foil that was stuck to a thicker layer of 

adhesive film to prevent alpha particles from entering the detector; and fixed with a 
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nylon ring. As with the filters, the pellets were measured in the Risø Low-Level Beta 

GM-25-5 Multicounter at SAMS; however, the measurement time was never shorter 

than 144 ten-minute cycles to ensure acceptable counting statistics and facilitate the 

separation of the high backgrounds from any excess 234Th. Excess 234Th was 

calculated according to Equation 2-3. 

 

Figure 2-1. Risø Low-Level Beta GM-25-5 is equipped with 5 aligned detectors, which are surrounded 
by lead shielding (B) eliminating the influence of environmental radiation. The detectors are attached to 
an electronic device (A), which is connected to a computer equipped with a Risø software and to an Ar 
gas bottle. Samples are fixed in nylon sample holders (C) consisting of a ring and disc so the distances 
between the detector and the counted samples are equal. These are then aligned on a holder (D) with 
five slots and inserted into 100 mm thick lead shielding (B), which sits around the five detectors of the 
beta counter. (Photo credit: NUTECH, accessed on www.nutech.dtu.dk) 

As the counting efficiencies for sediment pellets differ greatly from the efficiencies for 

standard filters, the pellet efficiencies needed to be measured by making new standard 

pellets from the already measured set of samples (Tonga trench) by adding a known 

amount of 238U to existing pellets. Before this process was started, the possible 

methods of 238U addition were assessed by using red dye and making a sediment pellet 

from excess sediment (Figure 2-2). Red dye demonstrated the 238U mixing in the 

sediment and also indicated a possible loss of 238U during this process. 

Two ways of adding the standard solution were considered (Figure 2-2). The first 

approach involved addition of the 238U standard solution to disintegrated sediment 

pellets, mixing and drying of the resulting slurry before making a new pellet from the 

238U enriched sediment. The second method involved adding the 238U standard 

solution to the original pellet. To trace the behaviour of the added liquid in the sediment, 

a red dye tracer solution was used as a substitution for the 238U standard solution and 
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added to pellets made from deep sea sediments in the two described ways. It was 

concluded that due to the disintegration and reassembly of the pellet, there was the 

risk of sediment loss and potential impact on the geometry and thus affecting the 

counting efficiency of the pellet. Therefore, direct addition of the 238U solution to 

existing intact pellets was chosen. 

 

Figure 2-2. Two methods of addition of 238U solution demonstrated by red dye. Left: pellet broken prior 
to adding dye: Right: pellet broken post adding dye. The differences are visible, however minuscule in 
comparison to the loss of sediment relative to the sediment pellet mass in the case of breaking the 
sediment pellet in prior to 238U solution addition. 

As a representation of the Tonga trench study, thirteen pellets were chosen in an 

optimal way, so most of the sediment depths and types are represented and 

concurrently no sediment important for other analysis was lost by the processing. As 

the standard solution contained 5M HNO3, samples containing calcium carbonate 

(CaCO3) minerals may be modified through the dissolution of CaCO3. Due to the 

sampling depth (well below by CCD), no modification was assumed.  

The pellet counting efficiencies were established by adding a known amount of 238U 

standard solution (Spike Isotopic Reference Material IRMM-056 with certified 4.172 4 

10-3 mol of 238U per kg of solution supplied by European Commission JRC IRMM 

(IRMM, 1999), that is in equilibrium with 234Th) to a subset of the original sediment 

pellets (described above). The work was carried out in a dedicated isotope laboratory 

fume cupboard to allow for safe treatment of material escaping from the samples for 

example via evaporation. 

After the pellets were dried in a desiccator in the fume cupboard, they were broken and 

mixed thoroughly so that the 238U was distributed evenly in the sediment. New pellets 

were made, so that the mass of the sediment and the geometry of the pellet were as 

similar to the initial pellets as possible.  
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Subsequently, a total of 1500 µL (approximately 1.74 g) of the 238U standard was 

added to each of the pellets in 13 steps over 5 days (12.-16.12.2014) to allow the 

solution to soak into the sediment without overflowing (Figure 2-3).  

 

Figure 2-3. Set up for adding the 238U solution to the pellets. A known amount of 238U standard was 
being added to each pellet over four days. 

All standard pellets were measured on a Risø Low-Level Beta GM-25-5 Multicounter 

equipped with five detectors. The standard pellets were counted repeatedly for more 

than six 234Th half-life cycles to ensure detection of possible 234Th/238U disequilibria 

due to initial unequal distribution of the 238U standard and the different chemical 

reactions of non-particle-reactive 238U and particle-reactive 234Th in the pellet. Each of 

the 13 standard pellets was measured in each of the five detectors (Figure 2-1) at least 

three times. 234Th activities were measured for each pellet in each of the five detectors 

in the Risø Low-Level Beta GM-25-5 Multicounter. Weighted averages of the 

measurements were used to calculate efficiencies for each pellet and each counter. 

Weighting factors were determined as a function of the length of the measurement and 

the time between adding 238U standard solution and the start of measurement (with 

weighting increasing with longer measurements and time delay). The efficiencies were 

used to calculate the final excess 234Th activities of the sediment samples.  

The counting efficiencies range between 7.71 to 8.32% for the deep sites C1 and C2 

and from 8.63 to 9.71% for the rim sites C4 and C6. That is, the efficiency values for 
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samples collected from the trench-axis sites create a cluster different from the 

efficiencies of pellets containing sediment collected at the rim of the trench (Figure 

2-4). The difference in efficiencies between the two groups was confirmed statistically 

(p-value < 0.05 for all detectors) as well as for the differences between the background 

activity (p-value=0.000000029). It should be noted, however, that the sample size is 

small and thus the p-value may be misleading. The difference of the dry bulk density 

(DBD) between the rim and trench samples are not confirmed statistically though (p-

value = 0.058) but again the small sample size and non-normal distribution of the data 

mean should be considered before drawing inferences from the data (Figure 2-6). The 

efficiency clustering may be explained as a combination of factors, mainly due to the 

sample composition. However, this cannot be confirmed statistically due to a small 

number of samples representing each depth and location group and because the 

experiments were not specifically designed to address this question.  

 

Figure 2-4. Counting efficiencies calculated from the known activity added to the pellets. Sediments 
collected from deeper sites (C1 and C2) have slightly lower mean efficiencies and higher background 
activity (triangles and crosses) in comparison to sediment samples collected from the rim of the Tonga 
Trench (C4 and C6; full circles and square). In the right graph is the background activity standardised 
per gram of dry sediment. Activities are in cpm before efficiencies were applied. Standard errors 
associated with background activities were calculated using Marquardt-Levenberg fitting method in 
SigmaPlot13 and are reaching in average 0.18% of the background activity. 

The counting efficiency does not seem to depend on dry bulk density (Figure 2-5 A) 

but, as expected, there seems to be a negative correlation with pellet weight (Figure 

2-5 B), which may be explained as an effect of self-absorption described by 

Cunningham et al. (2018). Due to a low number of standard pellets representing each 

group, this has not been shown statistically. Consequently, the efficiencies used for 

individual pellets, which were not spiked with a standard solution, were those produced 

by the location of the sediment sample (Trench / Rim), weight of the pellet (amount of 

the sediment in the dish), background activity (in cpm) and the depth of the sample 
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layer. The detector used for each measurement (as all these background results are 

in cpm) was also recorded and a ratio was applied. The averaged ratio of counting 

efficiencies between detectors was calculated to: 1 : 1.0131 : 1.0353 : 1.0448 : 1.0344  

(D1 : D2 : D3 : D4 : D5).  

 

Figure 2-5. A: Dry bulk density (DBD) vs counting efficiency for Tonga Trench standard pellets shows 
higher efficiency for rim samples (C6 and C4). B: Pellet weight plotted against counting efficiency for 
Tonga Trench sediment pellets shows a trend of decreasing efficiency with higher pellet weight. 

 
Figure 2-6. Boxplot showing the distribution of attributes and the mean. The groups are divided by the 
depth of sample collection: 1 – samples collected at trench axis and 2 – samples collected at trench rim. 

2.1.5 210Pb – Gamma Spectrometry 

From the ground, dry sediment 5 or 10 g pellets (depending on sediment availability) 

of standardized cylindrical shape were produced using a mould and a 20-ton hydraulic 
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press (see Figure 2-7). The finished pellets were re-weighed on a Mettler-Tolledo scale 

and the exact weight was noted. Pellets were sealed in plastic containers and 

measured after about 1 month, when it was assumed 226Ra equilibrium with 222Rn had 

been reached.  

 

Figure 2-7. Japan Trench sediment pellet in the process of making. 10 g of sediment was pressed into 
a cylindrical shape pellet using a mould and hydraulic press. 

210Pb in the sediment samples was measured using high purity germanium (HPGe) 

gamma detectors. Very low temperatures (not exceeding 91 °K) are necessary for 

working conditions of the detectors. This was assured by the connection of a dewer 

filled with liquid nitrogen and monitored by a Spectroscopy Preamplifier equipped with 

a high voltage filter. The same method of cooling was used for all HPGe gamma 

detectors. The influence of background radioactivity was reduced to a minimum by 

lead shielding. Three types of HPGe gamma detectors from two companies were used: 

an Ortec (Ametek) detector which was operated with Ortec GammaVision software; a 

Canberra Broad Energy Germanium (BEGe) detector and a Canberra Low Energy 

Germanium (LEGe) detector which were both operated with Canberra Genie2010 

software. The detection spectra of these detectors vary with Ortec having the widest 

spectra (see Figure 2-8 and Figure 2-9). However, for the purpose of investigating 

210Pb excess all three were well suited. Count numbers at energies of 46.54 keV 

(210Pb), 351.93 keV (226Ra via 214Pb) and 609.31 keV (226Ra via 214Bi) (Gilmore, 2008) 
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were measured over 90000 s and samples with lower expected activity were measured 

over longer time periods, up to 180000 s.  

 
Figure 2-8. Absolute efficiencies of LEGe (A) and BEGe (B) detectors for the gamma energy spectra 
(on x-axis) (Canberra Industries, 2001). Figure C shows the optimal gamma energies for HPGe well 
detector Ortec and graph D highlights the most efficient energies and the absolute detection efficiency 
in % (Ametek, 2015). Please note different semi-logarithmic scales. The energies important for the study 
are in the area between 46 keV (210Pb) and 661 keV (137Cs), which are all in the best detection (highest 
efficiency) regions of all three types of gamma detectors. On the other hand, a radioisotope of 40K 
(1460.83), which is widely present in sediments, would be detected only while using the Ortec HPGe 
gamma detector. 

Energy calibration of each detector was carried out using 152Eu and standard 

calibration curve procedures were followed for each detector separately. Counting 

efficiencies were estimated using 5 g, 10 g and 15 g pellets made from Arabian Sea 
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sediment from a sediment depth of 20 cm (where 210Pb was in equilibrium with 226Ra) 

that were spiked with known amounts of 226Ra and 210Pb activity. 

 

Figure 2-9. Two examples of raw data outputs from LEGe 1 and Ortec 1 showing the differences in 
spectra of available energies (x-axis). The LEGe results are in the range 0-800 keV, whereas Ortec is 
able to detect gamma energies up to approximately 2 MeV. The length of the two measurements differs. 
Raw measurements are displayed, no counting efficiencies applied. The important energies and 
radionuclides for excess 210Pb calculations (210Pb, 214Pb, 226Ra represented by 214Bi) are indicated by 
red arrows. 

All measured values were corrected for detector background, counting efficiencies and 

salt content before they were standardized to 1 kg of dry sediment.  

Some radionuclides decay by emitting gamma rays of different energies. Measuring 

the gamma emitter 226Ra through its energy peak at 186.21 keV alone would be 

inaccurate and would involve interference corrections as this energy is a composite 

peak of 235Ra and 230Th (Gilmore, 2008). Therefore 226Ra is usually measured through 

its short-lived daughter products, 214Bi (609.31 keV which also has other gamma 

energies: 1764.49, 1120.29, 1238.11 and 2204.21 keV, t1/2 = 19.9 m) or 214Pb (351.93, 

295.22 and 242.00 keV, t1/2 = 26.8 m (Gilmore, 2008). Of these energies, only 351.93 

keV (214Pb) and 1764.49 keV (214Bi) do not have any coincidence with other 

radionuclides nor are influenced by TCS (true coincidence summing). As energy 

1764.49 is not in the spectra of some detectors (LEGe for example) and has only 

15.31% emission probability (Gilmore, 2008), it is more practical to use the peak of 

351.93 keV (214Pb) which has 35.6% emission probability. As coincidence summing 

corrections can be used for both 214Pb and 214Bi as their peaks are in close proximity 

to other radionuclides, however, the 351.9 keV photon emitted by 214Pb does not need 

a substantial detection correction (Garcı´a-Talavera et al., 2001). 137Cs with a gamma-

ray energy peak at 661.66 keV and 7Be with the energy of 477.60 keV (Gilmore, 2008) 

were also identified in some sediment samples, however, these, were not quantified. 
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2.1.6  Carbon Content 

Both total and organic carbon content of sediment were measured only in the Japan 

and Kuril-Kamchatka Trench (KKT) samples. In the case of the Japan Izu-Ogasawara 

Trench (JIOT), each of the slices of the core was subsampled and in the case of Kuril-

Kamchatka Trench, only the cores and depths corresponding with 234Th analysis were 

sampled for carbon analysis.  

For total carbon (TC) and total organic carbon (TOC) analysis, 20 and 25 mg of dry 

homogenised sediment respectively were weighed using an OHaus Analytical Plus 

(JIOT) and a Sartorius Balance (30g maximum weight, ± 0.01 mg, KKT). For each TC 

sample, 0.02 g were wrapped into a 12 x 6 mm tin capsules (SerCon, UK). For TOC 

analysis 0.025 g of dry sediment was placed into a long-neck 2 ml glass ampoule. 

Ampoules were placed in a fume cupboard and 1 ml of 5% sulphurous acid (H2SO3) 

was added to each glass ampoule. Ampoules were gently shaken to mix the acid with 

the sediment. All glass vials were placed into a desiccator, closed under vacuum and 

left for 24 hours to de-gas. Vials were then frozen for 4 hours and freeze-dried. Dry 

sediment samples from the glass vials were placed into 12 x 6 mm tin capsules 

(SerCon, UK) and closed in the same way as samples for total carbon analysis. All 

capsules were stored in a freezer prior to analysis. 

To estimate the accuracy of analysis, triplicates of reference material, ‘medium organic 

content soil’ OAS (B2178, BN 217409, with 3.19% ± 0.07 C and 0.27% ± 0.02 N) were 

also weighed and analysed in the same way as samples with unknown C and N 

content. To estimate the analytical precision, triplicates of every 5-10th sample were 

also measured (depending on the study) to calibrate the calculations. To each glass 

vial with sediment was added 1 ml of 5% H2SO3 in a fume cupboard and the vials were 

shaken to mix the acid with sediment. All glass vials were placed into a desiccator, 

closed in a vacuum and left for 24 hours. Vials were frozen for 4 hours and freeze-

dried. Dry sediment samples from the glass vials were placed into 12 x 6 mm tin 

capsules (SerCon) and closed in the same way as samples for total carbon analysis. 

All capsules were stored in a freezer prior to analysis. Carbon and nitrogen content 

was measured on a Costech Elemental Combustion ECS4010 instrument. Total and 

organic carbon % was calculated using the calibration curves generated with an 

acetanilide standard (71.0% C and 10.34% N). The calibration standards weighing 

between 0.1 to 1.5 mg covering the range of expected C and N. These standards were 
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weighed on a more sensitive balance METTLER TOLEDO UMX2 (max 2.1 g, d = 0.1 

µg). All calibration curves included data from three empty tin capsules measured as 

blanks. 

2.2 Water Column Environmental Parameters 

2.2.1  CTD and ADCP Measurements 

Hydrographic data were collected by Seabird CTDs equipped with sensors for 

pressure, temperature and conductivity, and in some cases also for dissolved oxygen, 

fluorescence and equipped with rosette bottle samplers. Hydrographic raw data were 

processed using Seabird software and further used for descriptive purposes by 

applying SeaWater routines in Matlab. The recently adopted absolute salinity nor the 

Gibbs SeaWater (GSW) Oceanographic toolbox were used to contain homogeneity 

through the data sets while using PSU (practical salinity unit, PSS-78 (UNESCO, 

1981)) rather than absolute salinity (TEOS-10 (Pawlowicz and Feistel, 2012)). Salinity 

data collected by the CTDs were further used for calculation of 238U levels in the water 

column and the salinity measurements from near to the seafloor were used for 

estimation of salt contents within the pore waters of the surface sediments. As the salt 

content in the samples is relatively small the differences between salinity 

measurements in PSU and absolute salinity in g per kg, which is needed for the 

calculations would have negligible influence on the 238U values and therefore on the 

234Th or 210Pb calculated results. 

During some cruises a hull-mounted 75 kHz and/or 38 kHz Acoustic Doppler Current 

Profiler (ADCP) was also used. In the case of Ampère Seamount, ADCP data were 

investigated using T-tide (Pawlowicz et al., 2009) and U-tide (Codiga, 2011) routines 

in MATLAB to derive the tidal influence on the hydrodynamics. In addition, current 

roses, current vectors and current depth profiles were calculated. 

2.2.2  N2 Buoyancy Frequency 

CTD measurements from Ampère and Senghor Seamount and Tonga Trench data 

sets were also used for the calculation of N2 Brunt–Väisälä buoyancy frequency, 

describing the variation in fluid density with depth (Equation 2-4). This is also a good 

indicator for assessing turning depth important for internal tide propagation. 
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Calculations were performed in R software using Gibbs-SeaWater (GSW) 

oceanographic toolbox (TEOS-10, OCE library) (Kelley and Richards, 2017) with 

different levels of parameter smoothing (using a smooth.spline function and controlled 

by the degrees of freedom for the spline fit). The R toolbox is set to use temperature 

(T, °C), salinity (S, PSU), potential density (στ,) at every depth point from the CTD 

profiles. The processed profiles were plotted in full depth profile. Due to the low number 

of deep CTD profiles ideal smoothing as described by King et al., 2012 was not 

assessed (King et al., 2012) (more details in Chapter 4). 

Equation 2-4 

N2 =
−𝑔

𝜌
∗

𝛿ρ

𝛿𝑧
 

Where N2 is the buoyancy frequency, g is gravitational acceleration, ρ is the fluid 

density and z is the depth. 

2.2.3 Nutrients 

Water from specific depths was sampled with CTD-mounted bottle rosettes. Dissolved 

inorganic nutrients SiO2, NH4
+, NO3

- and PO4
3- were measured on board by a Lachat 

Instrument QuickChem 8500 Autoanalyser. The quality of the measured samples was 

assured by measuring standard solutions to calibrate the instrument. 

2.2.4 234Th - Beta Decay Measurements 

234Th is a gamma emitter and the activity in the sample can be obtained through 

gamma spectrometry. This method would require a large volume of seawater as the 

efficiency is low (Buesseler et al., 1992b) and as all the peak regions are in close 

proximity, estimation of the activity without coincidence summing corrections would be 

inadequate (Garcı´a-Talavera et al., 2001). The second and most frequently used 

method of measuring 234Th activity is using gas flow proportional beta counters and 

measuring the activity of a 234Th daughter product, 234mPa. However, there are also 

difficulties associated with low activities in the natural environment, short half-life 

(Waples et al., 2003), undefined losses during sample preparation (Pike et al., 2005)  

and calculation method.  
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Usually total 234Th (234ThT) was sampled at water depths of 5, 15, 25, 50, 75, 100, 200, 

500 m, then in 500 m steps down to 100 m above the seafloor and then again at shorter 

vertical distances within the first 100 m above the seafloor (more detail about sampling 

depths in Chapter 4). In some cases, dissolved and particulate 234Th (234ThD + 234ThP 

= 234ThT) was sampled separately.   

For the investigation of total and dissolved 234Th, typically between 7 and 8 L of water 

was filtered on 142 diameter Whatman® NUCLEPORETM filters with a pore size of 1 

µm. For particulate 234Th, the contents of two 10 L Niskin bottles were mixed in a plastic 

container to ensure a sufficient level of particle-associated 234Th radioactivity. The 

samples were processed on board following the procedure described by Rutgers van 

der Loeff and Moore (1999) and adapted by Turnewitsch and Springer (2001). 

Dissolved 234Th was scavenged from the seawater and thus separated from its 238U 

parent with MnO2 that was precipitated by adding ammonium, potassium 

permanganate and manganese chloride. The precipitate and the naturally occurring 

particles were filtered on 142 mm diameter Nuclepore™ polycarbonate filters with 0.4 

µm pore size. The filters were folded in half and air-dried in a petri dish. Dry filters were 

further folded into squares in a standardised manner and wrapped in a Mylar foil, which 

was secured by self-adhesive paper, and labelled. The dried folded filters were 

analysed for 234Th as soon as possible after drying. All samples were counted at least 

three times, with at least one of the counts occurring after the sample had reached >5 

(120.5 days) or, in most cases, >6 half-lives (144.6 days). The majority of samples 

were first counted on board of the research vessel on a gas flow Risø Low-Level Beta 

GM multi-counter, with subsequent counts on the same type of multi-counters at the 

University of Rostock or at the SAMS laboratory in Oban.  

Counting efficiencies were measured (as described in 2.1.4) varied between 28.16 and 

32.98% among 3 beta counters (29.93 – 32.98% for the five detectors in Risø beta 

multi-counter at SAMS). 234Th activity was calculated as described in Section 2.1.4 and 

plotted in individual profiles using SigmaPlot13 software. Activities were also plotted in 

ODV software for two-dimensional views; however, the density of the measurements 

in the water column may not be sufficient for such an overview. 

238U was calculated from salinity assuming its homogenised distribution of U and 

constant ratio of U isotopes in the ocean (238U: 235U: 234U = 99.2745: 0.72: 0.0055). 
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There is between 3.162 – 3.256 x 10-9 g of U for 1 g of seawater with a salinity of 35 in 

the Atlantic and 3.244 – 3.281 x 10-9 g g-1 in the Pacific Ocean (Chen et al., 1986). The 

activity of 238U was calculated from the average of these parameters using Avogadro’s 

constant to AU-238 = 0.0686 x salinity (dpm L-1). As all samples were collected from 

open ocean waters in the deep sea, the 238U concentrations should not be influenced 

by freshwater input.  

2.2.5 226Ra, 210Pb and 210Po – Alpha Decay Measurements 

Ra-226 (226Ra; t1/2 = 1600 yr) is a natural radionuclide from the 238U decay chain 

produced by the decay of 230Th and decaying to gaseous Rn-222 (222Rn; t1/2 = 3.8 d). 

Particle reactive PB-210 (210Pb; t1/2 = 22.26 ± 0.22 y) is another product of decay in the 

238U chain. It further decays to a short-lived Bi-214 (214Bi; t1/2 = 5.01 d) followed by 

particle reactive Po-210 (210Po; t1/2 = 138.376 d) (see Section 1.5.). 210Po is usually 

used with its grandparent 210Pb. Due to the differences in their biochemical behaviour 

this pair is used for investigating biochemical particle dynamics and export fluxes 

especially in the upper water column tracking processes on a time scale of months or 

seasons (Stewart et al., 2005, Stewart et al., 2007, Nozaki et al., 1991).  

Due to the chemical properties of both radionuclides 210Pb and 210Po, both can be 

precipitated from the water samples, using the spontaneous deposition method on 

either Co/APDS (Fleer and Bacon, 1984), Fe(OH)3 (Rutgers van der Loeff and Moore, 

1999) or, as in this case, silver planchet (Baskaran, 2011b). As the activity of 226Ra 

was not measured, its nutrient-like behaviour (Broecker et al., 1967) was used for 

determination of its activity in the water column. 226Ra was either inferred from Si 

concentrations or estimated from published data from nearby locations or similar 

latitudes. (A detailed method is described in each case study when used.)  

Water column samples were collected using the CTD rosette-mounted bottles during 

three cruises: MSM 14-1, M 79-3 and M 83-2 in the Northeast Atlantic and the 

Mediterranean Sea. Approximately 20 L was collected from 30 L samples at each 

station. Water samples were separated by filtration to measure the radionuclides (210Pb 

and 210Po) in particulate and dissolved fractions. The filtration and acidification of 

samples was performed at sea and the 208Po spike was added to the dissolved 

samples soon after filtration, whereas to the particulate samples it was added during 

the sample processing. The samples were further processed at the SAMS laboratory 
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using a method of spontaneous deposition on silver discs at 30 °C and counted using 

alpha spectrometry described in the literature by (Church et al., 2012, Baskaran, 

2011b). There were two measurements after plating: first, five weeks after seawater 

collection so the 210Bi ingrowth to secular equilibrium with 210Pb was assured and 

second after at least 9 months so the equilibrium between 210Po and 210Pb was reached 

(Fernández et al., 2012). The details of the processing of filtering and plating before 

alpha spectrometry to measure the activity of the radionuclides are as follows: 

The samples destined for measuring the dissolved fraction were processed at sea by 

using a filter pre-treated with 100 μl of 208Po spike (used as a yield tracer (Rutgers van 

der Loeff and Moore, 1999)). Further sample treatment and processing were 

undergone at the SAMS laboratory at room temperature.  

The samples for investigation of the particulate phase were processed separately. The 

particulate fraction was filtered on cellulose acetate/nitrate filters, which were pre-

treated using following the steps: filters were first placed into 250 ml Teflon beakers 

with 15 ml concentrated perchloric acid (HClO4) and 15 ml concentrated nitric acid 

(NHO3). After that a 100 μl 208Po spike was also added to these samples by using an 

automatic pipette followed by addition of 500 μl stable Pb. The beakers were secured 

with lids and placed on a hotplate to allow reflux. The extracts were digested for at 

least 12 hours before the lids were removed to allow the acids to evaporate. The dry 

filters were then treated by adding 15 ml of concentrated NHO3 and 15 ml hydrochloric 

acid (HCl) to the Teflon beakers and the reflux procedure on a hotplate was repeated 

for 24 - 48 hrs and left to dry. 5 ml HCl were added to the dry filters which now exhibited 

a pale brown crust and the sides of the beaker were rinsed. The liquid was evaporated 

by putting the Teflon beakers on a hot plate until a small volume of approximately 0.5 

ml remained.  

The glass fibre filters for measurements of 210Pb and 210Po radionuclides in the 

dissolved fraction were also placed into 250 ml Teflon beakers with 50 ml of 95% 

acetone and 5% of 0.1 M NHO3. The filter was disaggregated using a glass rod and 

the content was poured into Buchner funnel and filtered through Whatman GF/F glass 

fibre filter while using a conical flask connected to a venturi pump. The beaker was 

washed by small volumes of acetone and NHO3 mix and filtered as previously. The 

filter was then removed and washed into the flask below and poured back into the 
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Teflon beaker together with the acetone. The liquid from the beaker was again 

evaporated on a hot plate to 1 – 2 ml at a temperature of 40 – 50 °C over several hours. 

After the liquid evaporated to a small volume, 15 ml NHO3, 5 ml HClO4 and 15 ml HCl 

were added.And after the lid was placed on the beaker, the sample with the mixture 

was again refluxed on a hot plate for 2 – 4 hours at 80°C. The liquid was again left to 

evaporate until pink crystalline solid was left in the beaker before adding another 5 ml 

HCl and drying. The blue crystalline solid was then dissolved by adding 5 ml 1M HCl.  

Both types of samples were then processed further in the same way. The pre-treated 

sample was poured from the Teflon beaker into a 50 ml centrifuge tube (including 

washes of 1M HCl) and 40% hydroxylamine hydrochloride (5 ml to tube with dissolved 

samples and 1 ml to particulate samples) and the pH of the solution was adjusted with 

an ammonia solution to 2 – 3 pH. A pre-treated and labelled silver strip was attached 

to a centrifuge tube lid and tightly closed. The tubes were then placed upside down so 

the silver plate is submerged in the liquid and left for 5 days at a temperature of 30 °C. 

Finally, the silver plates were removed, rinsed in deionised water and left to dry. They 

were counted on an alpha detector ORTEC OCTETE equipped with 8 chambers with 

detectors, two detectors in each chamber so 16 samples were counted at the same 

time. The ORTEC OCTETE is also equipped with a vacuum chamber and RCAP 

system (Recoil contamination avoidance package) which prevents contamination by 

daughter products. The detectors are connected to electronics so the signal is 

processed and to a PC equipped with Ortec Maestro software.  

The samples were counted for approximately five days, so that the counts reached 

between 450000 – 500000 counts to ensure quality. The 208, 209 and 210 peaks were 

separated in order to calculate the area for each of the radionuclides. The 208Po spike 

(alpha energy 4.8 MeV) was used for calculation of the 210Po activity. After second 

plating and counting using alpha spectrometry the 210Pb and 210Po activities at the time 

of collection was determined by using calculation described by Fleer and Bacon (Fleer 

and Bacon, 1984). An alternative calculation method for determination of 210Po and 

210Pb activity (Rigaud et al., 2013) published recently, unfortunately could not be used 

for the data due to the insufficiency of the collected information. This would be 

advantageous for measurements and calculations in the future.  
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As per 226Ra not being distributed equally in the words oceans and it’s variability among 

water masses (Charette et al., 2015), adjustments were made while calculating excess 

210Pb in the water column. As there is an established 226Ra/Si ratio (103 dpm/mol), it is 

possible to deduct the 226Ra activity from the measured values of Si. The 226Ra/Si 

relationship for North Atlantic was determined as  

Equation 2-5 

𝑦 = 8.0 + 0.21 𝑥 

(R2 = 0.89) and for high silicate concentration exceeding 5 μM is assessed as 

Equation 2-6 

𝑦 = 7.1 + 0.24 𝑥 

(R2 = 0.89) (Charette et al., 2015). 

This was adapted for each seamount area separately. 
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Chapter 3 Method Evaluation  

3 Method Evaluation 

3.1 Beta Counting Methods A (Addressing Sediment Issues, 

Pellets versus Filters) 

Thorium-234 (234Th) is a very useful tracer. Nevertheless, despite several decades of 

234Th applications and a number of analytical advances, there remain important open 

questions regarding methodological aspects, especially when it comes to sedimentary 

applications and to calculations of activities and uncertainties. To further elucidate the 

potential of 234Th as a particle tracer in deep-sea sediments, this project, therefore, 

scrutinised two approaches that aim to measure sedimentary 234Th using beta 

counting. [Selected aspects of activity calculations will be covered in sections 3, 3.2 

and 3.3 below.] 

The radioactive β- decay (100%) of 234Th (t1/2 = 24.1 d) to its radioactive daughter 

product 234Pam (t1/2 = 1.17 min) and further to 234Pa is followed by γ ray emissions in 

regions of 63 keV, 92.5 keV, 767 keV and 1001 keV (Hult et al., 2012). See Figure 3-1 

and more background about 234Th in Chapter 1.  

Even though 234Th decays by emitting β- particles (Luca, 2010), the decay is also 

measurable using gamma spectrometry following the β- decay. Despite γ spectrometry 

is used for investigation sediments in coastal regions (e.g. (Wheatcroft and Martin, 

1996, Feng et al., 1999, Corbett et al., 2004)), this counting method has great 

limitations in quantity of the sampled deep-sea water/sediment (Waples et al., 2003) 

as 234Th has low concentrations in environmental samples (Crompton, 2006); and  

constraints arising from the emitted gamma radiation of energy 63 and 92 keV  peaks. 

Both energy peaks are located in a problematic region of the energy spectrum (< 100 

keV), where energies of several radionuclides (Luca, 2010) as well as X-rays (Hult et 

al., 2012) can interfere. Even though HPGe-detectors (such as earlier described 

detectors available in the SAMS laboratory) are able to measure low energy gamma-

rays, the required resolution would be achieved only by using additional detector 

and/or non-linear energy calibration (Hult et al., 2012). In addition, both energy peaks 
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emitted by 234Th are doublets and these should be either dis-ambiguated or the 

emission probability adjusted to 3.77% (63 keV) and to 4.33% (92 keV) (Luca, 2010). 

The frequently used peak at 63 keV (63.30 keV (Luca, 2010)) is the most suitable for 

gamma spectrometry (Garcı´a-Talavera et al., 2001, El-Daoushy and Hernández, 

2002), despite the low occurrence of only 3.8% (Crompton, 2006). This energy peak, 

however, lays in close proximity of an energy peak of a manmade radionuclide 241Am 

(59.54 keV), but which may not play as an important role for deep sea samples as the 

influence from 232Th (63.81 keV) and 231Th (Garcı´a-Talavera et al., 2001). The second 

234Th peak (doublet of 92.37 and 92.79 keV) suffers from serious interference from the  

228Ac peak and other X-rays (Gilmore, 2008, El-Daoushy and Hernández, 2002). Even 

though this peak has a higher probability, its reliability depends strongly on the level 

of 228Ac activity in the sample and is beneficial only for samples with low or no 228Ac 

content (Kaste et al., 2006). The third peak at 112.8 keV with only 0.24% probability 

of emission (El-Daoushy and Hernández, 2002) seems to be inadequate for low 

activity samples.  

Furthermore, gamma-spectrometric 234Th measurements are challenging, as a 

sample’s self-absorption in the case of both energies (63 and 92 keV) is sensitive to 

matrix composition, mass density and sample geometry (El-Daoushy and Hernández, 

2002). The low 234Th concentration and very limited sample volume may also have 

consequences on the length of the measurement in order to obtain a reasonable 

result. Even though the overall activity measurement and calculation of 234Th and its 

parent, 238U, is still conceivable through the 63 keV peak (El-Daoushy and Hernández, 

2002), the measurements of the generally small 234Th excess in the deep sea samples 

of small volume, makes it extremely difficult and inaccurate to use this method 

considering the possible under- or over-estimation of the absorption in the pellet as 

described by El-Daoushy and Hernández (2002) and Hult et al. (2012).   

The energy emitted by β- particle during the decay of 234Th is low (273 keV (Luca, 

2009, Audi et al., 2003)) therefore its daughter product, 234mPa, is used instead. 234mPa 

has a very short half-life (1.2 min) and high energy (2.195 MeV (Audi et al., 2003)) and 

therefore it seems to be more appropriate for activity quantification than gamma 

spectrometry. Using gas flow beta counters and counting samples at least twice 

(Crompton, 2006) should give an indication about the shape of the decay curve and 

thus the back-calculation of the initial activity at the sampling time can be performed. 
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An issue arises in the case of sediment samples, where the background activity 

exceeds the 234Th excess due to longer-lived beta-emitters and its fluctuation may be 

equal to the excess value. Additionally, measurements during the first three weeks 

after sample collection may be influenced by strong beta signals from 228Th and 229Th 

decay (Waples et al., 2003). 

 
Figure 3-1. Simplified radioactive decay of 234Th by β- decay while it transforms first to the metastable 
state of 234Pa, 234Pam (in red) before decaying to 234Pa. Credit: (Luca, 2010). 

The short half-life of 234Th itself (24.101 days ± 0.025 (Luca, 2009)), being an 

advantage for the evaluation of processes on short time scales of days up several 

weeks, also creates practical constraints. 234Th samples need to be processed shortly 

after collection to limit the measurement errors due to calculation/estimation of 234Th 

excess. As the radionuclide decays exponentially, the delay in sample preparation and 

measurement may result in sample degradation and large errors in the 

estimated/calculated activity of 234Th. Using gas flow beta counters allows filtered 

water samples to be measured early after sample collection, during the cruise 
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(Crompton, 2006) as it is necessary to process and measure the samples as quickly 

as possible.  

 
Figure 3-2. A: An example of raw measurements (in grey) from filtered 10 mg of sediment expressing 
the number of β impulses (disintegrations) in 10 minutes intervals and means of each of measurement 
event lasting at least 24 hours. The time in days since sample collection (0) is on the x-axis and the 
measured activity accounted for counter efficiency is on the y-axis. The 234Th decay curve fitted thru 
data is in dotted red and the background activity is represented by black dotted line. B – displays the 
closeup of the means of measurement events with standard deviation. The excess activity at the time 
of sample collection (A) is calculated as the difference of overall activity (where the red curve crosses 
y-axis) and the background activity (B). 

Measurements of 234Th in the sediment are more challenging than in water samples 

due to the combination of factors described above: high β background activity (due to 

the presence of β emitting elements in the sediment, such as K, U and Th; and their 

daughter products) with a high variability relative to the β signal of 234Th excess (Figure 

3-2). Additionally, the time difference between the sample collection and the first 

measurement can add to the uncertainty of the calculated excess activity. This could 

be prolonged in comparison to the water samples processing as the accurate weighing 

of dry sediment samples is required prior to filtering. This could be in theory resolved 

by measuring sediment pellets instead (discussed more closely in Chapter 2) when 

using pre-weighed dishes and establishing the precise weight of the sediment sample 

only after completion of the measurements. This method of weighting post 

measurement is not as simple when filtering a low volume of the sediment as used in 

previous studies. As shown earlier, the filtered sediment samples of low weight (10 

mg) do not show signs of self-absorption and the efficiencies of the counters are 

identical to the efficiencies used for water column filter samples. This is advantageous 

over the pellet approach, where the counting efficiency needs to be established for 

each sediment type, while there is a requirement for the pellet geometry and weight 

as similar as possible. However, the low weight of the filtered sediment may produce 

errors due to inaccuracies during sample processing and thus it may be more 
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beneficial to use higher masses of sediment. The following experiment (3.1.1.) was 

performed to compare the change in counting and accuracy of excess activity 

estimation with the change in the amount of deep-sea sediment filtered.  

The calculation method itself seems to play an important role in the excess activity 

estimation and an associated error, namely in the case of sediment samples. This is 

discussed in detail in section 3.2. 

3.1.1  Filter Approach 

Measurements of sediment samples collected in the Japan-Izu-Ogasawara Trench in 

June 2012 during cruise YK12-09 were used for a study of the best method of 

calculation of 234Thxs in filtered sediment samples and the optimal mass of sediment 

to be used. 

During processing the 10 mg sediment filters from Japan-Izu-Ogasawara Trench 

sediment samples, excess sediment from core C3 and C2, depth 0-1cm (collected at 

9149.4 m and 9261.5 m respectively) were used for a comparison study. Sediment 

was processed in an identical way as sediment for 234Thxs measurements: freeze-

dried, further dried in an oven at 80°C before producing additionally 10, 20, 30, 40 and 

50 mg (10, 20, 25 and 50 mg in the case of C2) on top of the first 10 mg sample. 

Weighed sediment samples were filtered on Whatman Nuclepore Track-Etched 

Membrane Polycarbonate 0.4 µm pore-width filters, dried, folded, wrapped in a Mylar 

film and measured repeatedly in a gas flow Risø Low-Level Beta GM-25-5 

Multicounter. Data control was applied to all row measurement files and only two out 

of 20 files were influenced by the high initial counts, from which only two detectors 

show this phenomenon (section 3.3) and another three files are bordering with the 

issue. Four curve-fitting methods were applied to these measurements to calculate 

234Thxs and associated background activities. The calculations are described in more 

detail in sections: 3.2.1.2 for Least square regression (LSWR), 3.2.1.3 for Weighted 

least squares regression and 3.2.1.4 for Marquardt-Levenberg regression fitting 

method (ML) while using raw data in two software packages (SigmaPlot13 and 

OriginPro2016) and Marquardt-Levenberg fitting method used for averaged data 

(results in Figure 3-3). The Linear regression method (section 3.2.1.2) was not applied 

as the measurements don’t have a decreasing tendency and the last measured values 

measured after 5 life-cycles (background level) are above the minimal value. Due to 
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the limited sediment availability, there are neither replicates nor analogous 

measurements applied to sediments from other cores and/or sediment depths.  

 
Figure 3-3. Results showing the different values for all calculation methods and weight groups. In the 
left column are results from sediment taken from site C3 and in the right column results from C2. The 
first shows results from the different calculating methods adjusted per gram of dry sediment and errors 
associated with calculation. These errors are displayed in the last row and seem to be rather larger in 
the case of using averaged data. The size of the errors is decreasing with the weight of the sediment 
filtered. The calculated background values (and a close-up) are shown in the second (and third) row. 
There seems to be some inconsistency between C3 and C2 samples. 

Despite the differences in the results of the measurement means and the raw data, 

the t-test of log-transformed excess activity (to assumed normal distribution) does not 
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show a significant difference in means (p-value = 0.1419) between two the groups. As 

the errors associated with the calculations using raw data are lower in general (Figure 

3-4), ML regression method was used for further comparison.  

 

Figure 3-4. Boxplots of results showing the calculated Excess Activity and associated Error (1 – LSW 
from means, 2 – ML from means, 3 – ML regression from raw data in OriginPro2016 and 4 – ML 
regression from raw data in SigmaPlot13. 

The results of the different methods diverged the most in the lower mass of sediment 

filtered (Figure 3-3) which also seem to have greater errors associated with them. 

Graph of excess activities shows a slight decline of the overall activity per gram of 

sediment with higher sediment weight (Figure 3-3) for all methods used for 

calculations, with some differences among the calculation types. The trend is, 

however, not conclusive as Table 3-1 and Figure 3-5 show.   
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Table 3-1. Correlation results for C2 and C3 excess activity, overall activity and error associated with 
the excess activity show positive correlation with the weight of the sediment filtered (as expected). This 
is a strong positive correlation for the overall activity and also for excess activity error. The strong 
positive correlation for overall activity appears to differ for excess activity the sediment filter normalised 
per gram of dry sediment with the weight of filtered sediment. 

 Core Correlation Coefficient Multiple R2 Adjusted R2 p-value 

C2 Excess Activity  0.2316 0.05363 -0.2618 0.7078 

C3 Excess Activity 0.7463 0.557 0.4462 0.08837 

C2 Overall Activity 0.9961 0.9923 0.9897 0.0003 

C3 Overall Activity 0.9982 0.9963 0.9954 5.097*10-6 

C2 Excess Error 0.9549 0.9118 0.8824 0.01143 

C3 Excess Error 0.9471 0.8969 0.8712 0.8712 

C2 and C3 Excess Activity 0.5730 0.3283 0.2537 0.0654 

C2 and C3 Overall Activity 0.9545 0.9111 0.9012 5.002*10-6 

C2 Excess Activity WA -0.5059 0.1858 0.1858 0.2606 

C3 Excess Activity WA -0.6240 0.2559 0.0699 0.3059 

C2 Overall Activity WA -0.8699 0.7568 0.6757 0.0552 

C3 Overall Activity WA -0.8645 0.7474 0.6842 0.0263 

C2 Excess Error WA -0.8316 0.6916 0.5887 0.0808 

C3 Excess Error WA -0.8011 0.6418 0.5523 0.05538 

 
Figure 3-5. The correlation lines plotted over the excess activity (empty triangles and circles) per gram 
(lower) and overall activity (full triangles and circles), both recalculated per gram of sediment. Triangles 
– C3 and circles – C2. The correlation coefficients are in table above 
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Figure 3-6. All measurements of 234Thxs (left) and background (right) for all filter sizes (x-axis) show 
variability in results for filter sizes and between the methods applied for estimation. Both sediment types 
are displayed. 

The weaker correlation in the case of excess activities may reflect the error due to 

measurements of low excess activity measured over a high background with great 

variability.   

The graphs in Figure 3-6 A and C shows a small error in the case of 50 mg samples 

and also small differences between the results from different approaches. Similar 

trends are also suggested by the background values (Figure 3-6 B and D). This 

reasoning was used for a choice of method for investigation 234Thxs in sediments 

collected in September 2016 from Kuril-Kamchatka Trench (Chapter 5).  

As the whole data set was challenging due to high initial counts (described in 3.3), a 

more sensitive approach was chosen later. The raw data quality control showed the 

sensitivity of the dataset to the data manipulation. The size of the errors associated 

with the 234Thxs estimations (Figure 3-7) may also be a result of the raw data quality. 

There are some differences among the methods of calculation, and it seems that the 

results originated from the averaged data are more susceptible to the changes in data 

files and to the overall length of time the sample spent in the multi-counter. The time 
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of the first measurement (Figure 3-7 B) after collection seems to be influencing the 

quality of result/the size of errors in both methods using averaged measurements. For 

the final calculations, Levenberg-Marquardt curve fitting method was chosen, which 

was applied to the raw data. There were minimal differences while using the same 

method between the two software packages. However, these conclusions are based 

only on two measurements and may be skewed by the type of sediment as the 

composition of the sediment is known to be important (Cunningham et al., 2018).     

 

Figure 3-7. All results from C2 and C3 are collated into each graph and the size of error associated 
with the 234Thxs results are plotted against: A – number of times the sample was counted on 
multicounter, B – the time between sample collection and the first measurement, C – the overall length 
of measurements (displayed in 10 cycles) and D – the numbers of cycles, which were necessary to cut 
due to the high initial counts. 
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Figure 3-8. Results of Levenbergh-Marquart fitting method including both C3 (green) and C2 (blue) 
samples. The left column shows results recalculated for g-1 of dry sediment, whereas in the right column 
are displayed measured activities per filter. The first row (A and B) are background activities, second 
row (C and D) the excess activities and third row displays the overall activities. Green and blue lines 
show the trends for C3 and C2 results (respectively) and the grey dotted line shows the trend for all 
results. Linear equation and R2 values are provided for each case.  

 

Figure 3-9. The ratios of background (B) and excess 234Th activity (A) with errors.  

Final calculations were made from raw data using Levenberg-Marquardt fitting 

function with user defined radioactive decay function in SigmaPlot13 and the results 
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are compared in the following figures (Figure 3-10 and Figure 3-11). Results were 

compared before counting efficiencies were applied, differences between the 

detectors were also accounted for. The 234Thxs activity results before counting 

efficiencies were applied to show a trend with increasing weight of filtered sediment. 

This trend is, however, not as clear as in the case of background measurements 

(Figure 3-10). There are also some differences between measurements of activities in 

sediments C3 and C2 suggesting possible differences in self-absorption of the 

sediments. The excess and background values were added to investigate the possible 

self-attenuation of the filters with a higher mass of sediment (Figure 3-11) and a similar 

trend appeared. The C3 sediment seems to be less affected by the weight of the 

sediment sampled and the values are close to the expected values (blue line in Figure 

3-11). This line is based on assumption that the 10 mg filters (the average of the two 

results) have the most accurate measurements, efficiencies for the small amount of 

sediment is identical to the efficiencies for water filters and that the activity will grow 

linearly with the weight of sediment filtered. Detector background (approximately 0.2 

cpm) was taken into account.  

All measurements are collated in Figure 3-11 C and D and show lower activities 

measured for higher masses of sediments filtered than values expected to be 

measured. In the case of 50 mg sediment filtered only 76% of the expected value was 

measured (80% if not accounting for detector background), suggesting smaller 

efficiencies for the higher mass of sediment. The possible underestimation of result 

should be considered in further studies when using the higher mass of sediment filters. 

 Japan Izu-Ogasawara Trench – weighted average is used for the estimation of the 

activity for C2 and C3 samples (0-1cm), where multiple measurements exist. The 

weight is assessed as a function of time of the first measurement and the error 

associated with the final measurement. The averaged values are presented in Chapter 

5 – Japan – Izu-Ogasawara Trench  
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Figure 3-10. All results for C3 (A and C) and C2 (B and D) are displayed. No efficiencies are applied; 
however, it is accounted for differences in efficiencies between individual detectors. The 234Thxs results 
(A and B) are more variable than the background values (C and D), however, all show correlation with 
the weight of the sediment filtered. 

  



Chapter 3: Method evaluation 

83 
 

 

Figure 3-11. A, B – Background and 234Thxs activity in all C3 (A) and C2 (B) samples fitted with a linear function (black) and linear function with an intercept in 0. Both 
trend lines are showing a good fit (R2 > 0.95). The blue line shows expected activity values different masses of sediments filtered (x-axis) based on an assumption 
that the 10 mg sediment filter gave the most accurate results. C3 results seem to be in a good agreement with the expected values (A) unlike sample C2 (B). At these 
cases no efficiencies were applied, however, a ratio was applied to account for the different detector efficiencies.  C and D show all results collated into one graph 
(squares – C3, circles – C2) and compare the overall results with expected values (blue line)    

A 

C D 

B 

24% 
difference 



Chapter 3: Method evaluation 

84 
 

3.2 Beta Counting Methods B (Finding the best calculation 

method/modelled counts) 

The estimation of the initial activity value and backgrounds can be challenging as the 

excess activities may not differ significantly from the background signal, different curve 

fitting methods are used to estimate the initial activity value, estimating the excess 

activity when the sample was taken. However, the results of different methods of 

estimating the initial activity may vary and therefore lead to inaccurate values for 234Th 

in the samples. The methods compared are widely used for 234Th activity calculations 

and can be easily performed either using either Excel worksheets or software capable 

of fitting functions parameterised with initial and background activities. To investigate 

and compare the accuracy of these methods, a short counting experiment was 

conducted with the aim of identifying the best and most accurate method of 234Th 

excess calculation for water column sediment samples. 

In addition to the previous experiment dealing with the difficulties of investigating the 

234Thxs in sediment, a second experiment was conducted to estimate the best 

calculation method which was easily available using either software with curve fitting 

functions (for two methods), or which could be performed in Microsoft Excel.  

3.2.1 Methods 

The model was a simplification of the true situation and did not include self-absorption 

by the samples or other factors that may lead to inaccurate estimates in real 

measurements, but rather generated counts directly from random processes with an 

assumed distribution. The counts were simulated in a Matlab program (Appendices, 

9.1) to reflect standard procedures of beta counting and initial activity and background 

calculation. For each set of simulated counting data, the initial values A (initial or 

excess activity) and B (background activity) (Figure 3-2 B) were fixed before 

generating the counts. The values of A and B were chosen to reflect those expected 

in the real measurements after the efficiencies had to be applied prior to fitting. The 

water column A and B (total and particulate 234Th) were chosen to reflect those 

measured in the Ampère Seamount dataset, Sediment pellet A and B values were 

similar to those from the Tonga Trench study and finally, Sediment Filter values reflect 

those found from Japan Trench study, where the 10 mg filters were used. The 
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simulated A and B values, therefore, reflect existing cases. B was chosen based on 

an average of measured background value results and the A value also included 

extremely low results (low excess compared to background) as well as relatively high 

figures (high excess compared to background). The summary of simulated values A 

and B (Table 3-2) includes the proportion of 234Th activity (A) as a percentage of the 

background (B), which differs significantly between sediment and water column. 

As the measurement of 10 mg filters displayed high variability in calculated activity 

values (A) of 234Thxs, the greater mass of sediment was used consequently. The actual 

measurements protocols were simulated by summing the generated counts over 10 

minutes intervals mimicking the beta counter output and a Poisson distribution was 

used for generating randomly distributed values ‘around’ the exponential decay with 

λ=-0.02876. The simulation ‘acquired’ 144 measurements of sample activity (24 

hours) in every simulated dataset. The poison distribution was applied to A values, 

which are converging to the background values B after five to six 234Th half-lives (154 

days).  

The parameter estimates will, of course, more precise with more measured data 

‘points’, however, this is not practical to perform when processing samples due to their 

number and the relatively short half-life. Therefore, the experimental data was 

generated to reflect 3 types of simulated measurement protocols that may be applied 

to the processing of large numbers of samples:  

1. Five measurements, from which the first is after 4 days and the last after more 

than 145 days when the background is reached (4, 40, 80, 120 and 160 days) 

2. Four measurements with comparable times (4, 40, 110 and 160 days). 

3. Four measurements two of each back to back at the very beginning and the 

very end (4, 6, 160 and 162). 

For this particular comparison, two methods easily performed in excel were chosen: 

mean count per minute from each measurement and equivalent time, transformation 

to linear regression and weighted least square regression, both using the mean of the 

individual measurements. The same mean values were also fitted to an exponential 

decay plus background term using OriginPro2016 software. The second possible 

fitting method is using all collected raw data points, i.e. not fitting to averaged data. 
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For this purpose, two software packages, SigmaPlot13 and OriginPro2016, were 

used, both using the Levenberg-Marquardt fitting method. 

Table 3-2. Simulated values (A – excess value and B – background value) were chosen to simulate 
measured values from studies. The counts in 10 minutes’ intervals were simulated using a short Matlab 
procedure (Appendices – 9.1) to simulate five one-day measurements 4, 40, 80, 120 and 160 days after 
sample collection. Each of the simulated excess values (n = 25) was afterwards fitted using four 
procedures (see 3.2.1.2, 3.2.1.3 and 3.2.1.4 sections). The percentage (excess A as a part of B), (ø) 
displays the differences between the studies and underlines the difficulties of measuring 234Thxs in 
sediment samples, where the background counts reach high values.  

  
Water column: 
Total 

Particulate Sediment: Pellet Filter (10 mg) Filter (40 mg) 

  
Ampère 
Seamount 

Ampère 
Seamount 

Tonga Trench Japan Trench 
Kurile-Kamchatka 
Trench 

  A      B: 2.2 A      B: 0.56 A      B: 12.5 A      B: 0.6 A      B: 5.14 

1 11.5 523% 0.95 170% 0.25 2% 0.02 3% 0.28 5% 

2 12 545% 1 179% 0.3 2% 0.025 4% 0.42 8% 

3 12.1 550% 1.2 214% 0.35 3% 0.027 5% 0.45 9% 

4 12.3 559% 1.5 268% 0.35 3% 0.03 5% 0.5 10% 

5 12.5 568% 1.7 304% 0.46111 4% 0.04 7% 0.71778 14% 

6 12.8 582% 1.7 304% 0.5 4% 0.042 7% 0.9 18% 

7 13 591% 1.8 321% 0.55 4% 0.045 8% 1.01556 20% 

8 13.5 614% 1.9 339% 0.57222 5% 0.05 8% 1.03 20% 

9 13.8 627% 2 357% 0.572222 5% 0.055 9% 1.31333 26% 

10 14 636% 2.2 393% 0.65 5% 0.06 10% 1.5 29% 

11 14.5 659% 2.3 411% 0.68333 5% 0.065 11% 1.61111 31% 

12 14.8 673% 2.5 446% 0.7 6% 0.068 11% 1.68 33% 

13 15 682% 2.7 482% 0.75 6% 0.07 12% 1.8 35% 

14 15.5 705% 2.9 518% 0.794444 6% 0.075 13% 1.90889 37% 

15 15.8 718% 2.94 525% 0.85 7% 0.08 13% 2 39% 

16 16 727% 3 536% 0.90556 7% 0.085 14% 2.2 43% 

17 16.5 750% 3.2 571% 0.95 8% 0.088 15% 2.20667 43% 

18 16.8 764% 3.5 625% 1 8% 0.09 15% 2.33 45% 

19 17 773% 3.7 661% 1.01667 8% 0.095 16% 2.4 47% 

20 17.5 795% 4 714% 1.05 8% 0.098 16% 2.5 49% 

21 18 818% 4.2 750% 1.12778 9% 0.1 17% 2.50444 49% 

22 18.5 841% 4.2 750% 1.2 10% 0.102 17% 2.8 54% 

23 19 864% 4.5 804% 1.23889 10% 0.11 18% 2.80222 55% 

24 19.5 886% 4.7 839% 1.25 10% 0.12 20% 2.98 58% 

25 19.9 905% 4.9 875% 1.3 10% 0.35 58% 3.1 60% 

ø   696%   494%   6%   16%   34% 

 

3.2.1.1   Simulation of counts 

The counts were simulated in Matlab r2016a version as described above (the full code 

is supplied in Appendix section in 9.1), using the following assumptions and 

calculations.  
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Assumptions:  

1. The expected count rate does not change during each individual measurement 

period. 

2. The background count rate does not change during the course of the entire 

measurement period > 145 days. 

Calculations: 

1. The expected counts from a period of observation is given by: 

𝐶�̅� = 𝑇𝑜(𝐴(𝑡𝑜) + 𝐵)  

Where 𝑇𝑜 is the observation period, 𝐴 is the sample event rate at the start of 

the observation period 𝑡𝑜 and 𝐵 is the background event rate. 

2. The combined activity of sample plus background is given by: 

𝑃(𝐶𝑜
̅̅ ̅) 

Where 𝑃 is a Poisson distributed random number and 𝐶𝑜
̅̅ ̅ is the expected counts 

for the observation period. 

3.2.1.2   Linear regression method description 

The Linear regression method was chosen as it is easily implemented in Microsoft 

Excel and does not require special software. 

The computer-generated data were first split into data from individual measurement 

days, then an identical approach to the real data was applied: firstly, a mean for each 

of these was found, and the appropriate time was calculated (the middle of the 

measurement), the total counts and the mean counts per minute were calculated and 

the associated relative error, standard error and absolute error were calculated.  

Measurements were further transformed using a natural logarithm so that the 

assumed exponential decay in the actual data became a linear trend. Background 

counts were subtracted from the logged measurements prior to further calculations. 

Linear regression was fitted using the LINEST function in excel, applying the value of 

–λ = -0.0287612938 and using the intercept coefficient of the fitted linear regression 

for back calculation of the initial activity in disintegration per minute (dpm). The errors 
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were determined as one standard deviation (1SD) and calculated as 68% upper and 

lower confidence interval values from the linear regression. Both the initial activity and 

the errors were back-transformed using the base of natural logarithm using equations 

Equation 3-1 and Equation 3-2 so that the activity (cpm) was presented on the right 

scale:   

Equation 3-1 

Activity = ex, 

where e is the base of natural logarithm and x is the calculated intercept coefficient 

and 

Equation 3-2 

𝐞𝐫𝐫𝐨𝐫 =  √𝐞(𝟏𝐒𝐃)𝟐
, 

where 1SD is the calculated 1 standard deviation.  

The error calculation resulted from the regression and normally would be also adjusted 

for the differences among the detector efficiencies and the error from sample volume 

measurements. 

An assumption of the linear regression is that the last measurement is the smallest 

and the function has an overall decreasing trend. In some cases, two measurements 

had to be averaged so the regression could be calculated or one out of five had to be 

omitted (Table 3-3). 

 Table 3-3. Number of data points adjusted for analysis – data points omitted or averaged 

Type Number of averaged Impossible to fit 

Total 234Th, water column 0  

Particulate 234Th, water column 1  

Sediment pellet 13  

Sediment filter, 10 mg 15 1 

Sediment filter, 40-50 mg 6  

3.2.1.3   Weighted least squares regression 

Weighted least squares regression can be used for fitting both, linear and non -linear 

functions, and can be applied to small datasets. The advantage of using the weights 

for the data is that all data can be included with a factor adjusting for error, which is 

accounted for in the weights (in this case based on absolute counting error). This can 
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also be a drawback as the assumption is the knowledge of the weights. Extreme outlier 

values in the dataset can also have a strong influence on the results.  

Errors were calculated in the same manner as previously:  

Absolute counting error = cpm ∗ standard error 

where: 

Equation 3-3 

Standard error =
1

√
Total counts

cpm

 

The regression was again applied to mean data with the time taken as the middle of 

measurement, the corresponding averaged counts per minute and the weight was 

calculated as  

Equation 3-4 

w =
1

(absolute counting error)2
 

The weights were applied to both the time since the time t0, presented on the x axis 

and further described as x, and to the measured activity values in cpm (y). All 

calculations were done in Microsoft Excel using sum and sumproduct functions, 

calculating the following intermediate values: 

The weighted mean of the x (times of measurements) values 

Equation 3-5 

x̅ =
∑ wixi

∑ wi
 

Weighted means of y (measured activities): 

Equation 3-6 





i

ii

w

yw
y  

Sums of squares of xx  

Equation 3-7 
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SSxx = ∑ wi(xi − x̅)2 

Sums of squares of yy 

Equation 3-8 

SSyy = ∑ wi(yi − y̅)2 

Standard error in y 

Equation 3-9 

2

2






n

SS

SS
SS

SE xx

xy

yy

y  

 from which finally a slope (initial activity, SSxy/SSxx), associated error  

Equation 3-10  

(SEy√(
1

SSxx
)) 

and weighted intercept (background = ybar – xbar*slope) were calculated. 

Only in one case (Sediment filter, 10 mg) were the individual measurements averaged 

(the same set as in the linear regression) so the regression had a meaningful (positive) 

result, in one case this was impossible to achieve by simple alteration of data so the 

final outcome remained negative, again similarly to the linear regression case. 

3.2.1.4   Marquardt-Levenberg fitting method, software usage, raw 

data 

Very similar procedures of curve fitting in two software (SigmaPlot13 and 

OriginPro2016) require only minimal data pre-processing along with a usual data 

quality check (graphing to check for trend and outliers) before all raw data are loaded 

into the software. Both software are equipped with the possibility of fitting a user-

defined function, which was in the case of SigmaPlot13 set up to: 

Equation 3-11 

f = A*exp(-0.0287612938*x)+B. 

This decay equation, where B (y0 in OriginPro2016) is the background value, A (a in 

OriginPro2016) is the initial activity and the decay constant (λ) for 234Th is substituted 
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with value -0.0287612938 in the case of SigmaPlot13 and expression Equation 3-12 

in the case of OriginPro2016 software: 

Equation 3-12 

LN(2)/24.1*(-1) 

The Marquardt-Levenberg method uses user-supplied initial values for A (y0) and B 

(a), it then calculates the sum of squared differences between the data and the fitted 

function (residual) and a new pair of parameter values close to the first (called a step, 

which also has direction) to see if the residual is reduced. If the residual is not reduced 

a new pair of values is created close to the initial values is tried in a different direction, 

until a direction and step size are found that reduces the residual. Once a better set 

of parameters has been found this is used as the new initial point and the procedure 

repeats (an iteration) until no further improvement in the residual can be made or for 

a fixed number of iterations. In this way, the possible values of y0 and A are searched 

for a set of parameters that has the smallest difference to the original data. Both 

methods ran between 1 and 2000 iterations in the fitting procedure until no further 

improvement in the residual of the solution could be made. The Marquardt-Levenberg 

fitting method was also applied to the mean values used for the two previous 

calculating methods and all datasets could be fitted. 

3.2.2  Measurement Type and Fitting Method 

All four described methods were used for assessing A and B values of modelled 

counts for each type of 234Th measurement (Table 3-2). The simulation was run once 

and the identical simulated data in the form of ‘raw data’ were then used in the 

describing procedures as they would be for normal count data. Values of A and B for 

each method were calculated and then expressed as a percentage of the originally 

simulated values. Associated errors were also calculated as a percentage of the A or 

B value so the whole dataset is comparable. 

The cases, where the calculation of the initial value was impossible, zero was 

considered as an appropriate equivalent to A and 100% as the error.  

The focus of this study is on the A parameter as it is the most important subject for the 

future choice of the calculation method. After the initial comparison of the percentage 

of A values, where the closer to 100 the value is, the more accurate the method should 
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be, it becomes obvious that the accuracy of the A estimation is very small in the case 

of sediment pellets and sediment filters with a small volume of sediment filtered. This 

can however, mean relatively small absolute difference in values as the comparison 

is shown as a percentage of the simulated value (Figure 3-12 and Figure 3-13). 

 
Figure 3-12. The accuracy of estimation of A parameter (as a percentage) by using different methods 
and in all the types of measurements. (type: A – total 234Th water column, B – particulate 234Th water 
column, C – sediment pellet, D – sediment filter, 10 mg, E – sediment filter, 40-50 mg, methods: l – 
linear regression, m – Levenberg-Marquardt non-linear regression from mean data in OriginPro2016, 
o – Levenberg-Marquardt non-linear regression from raw data, fitted in OriginPro2016, s - Levenberg-
Marquardt non-linear regression from raw data) A, B and E (five measurements each) at the beginning 
and very end of box plot show the relatively small variability in calculated results in comparison to the 
sediment pellets and sediment filters with 10 mg of sediment. The sediment pellets (yellow) and 10 mg 
sediment filters (green) show very high variability in the estimation of the A result regardless of the 
calculation method. Thus, these two methods are excluded from further investigation. 

Table 3-4. Standard error for results calculated by one of the following methods: 

Std error / 

Method 

Linear Reg. Means - LM OriginPro - LM SigmaPlot- LM WLSR 

T. – Water c 0.5575806 0.1678518 0.1675774 0.1675785 0.1877838 

P. – Water c 1.186582 0.3797857 0.3751692 0.375177 0.3535133 

SP 8.938465 6.008784 5.967175 5.967168 5.999783 

SF 10 mg 28.72597 11.05764 10.9935 10.26987 10.53373 

SF 40-50mg 4.506114 5.226181 2.593119 4.195687 4.534154 

 

There are considerable differences between the results obtained from data simulated 

for water column and for sediment pellets and filters (Figure 3-12 and Figure 3-13). 

However, in the case of higher volumes of sediment filtered, the calculated results 

seem to gain more accurate values and seem to be the best approach for sediment 
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analysis. This is still very dependent on the method of calculations. Combining this 

approach with the best computing method may lead to more accurate results for 234Th 

activity measurements. 

Figure 3-12 also draws attention to more obvious differences in the methods used for 

A estimation. L-M method from raw data and the same method used on averaged data 

seem to have very similar results regardless of the software used, whereas weighted 

least squares regression and linear regression seem to display more variability in the 

accuracy of results (Figure 3-12 and Table 3-4). The weighted squares regression 

seems to give variable results independent of the type of measurement as in Figure 

3-14 B, there are not such obvious dissimilarities to L-M regression as in the previous 

figure. Figure 3-14 A shows the high accuracy of the overall calculations in the case 

of total 234Th activities in the water column. The choice of calculation may show only 

in 5-10% difference in the overall result in the case of Total 234Th, however in the case 

of sediment samples; this can have an enormous influence on the final result and 

interpretation, especially for sediment filters of small volumes.  
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Figure 3-13. Detailed box plots for each type of measurement: A – total 234Th water column, B – 
particulate 234Th water column, C – sediment pellet, D – sediment filter, 10 mg, E – sediment filter, 40-
50 mg. The first column shows an estimation of the precentral accuracy of the initial activity estimation 
and the second column shows the calculated uncertainty in % of the result. Methods used for 
calculations: l – linear regression, m – Levenberg-Marquardt non-linear regression from mean data in 
OriginPro2016, o – Levenberg-Marquardt non-linear regression from raw data, fitted in OriginPro2016, 
s - Levenberg-Marquardt non-linear regression from raw data, fitted in SigmaPlot13 and w – weighted 
least square regression.  

Results of both simulated parameters A and B for these three types of measurements 

are further displayed in Figure 3-15, where it is obvious the larger spread of the A (in 

%) results than the B (in %) results in general and in the case of sediment in particular 

as the error in calculation of far greater background is dwarfed by the higher 

percentage of error in the minor 234Th activities.  
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Figure 3-14. Boxplots of the result estimations of parameter A. Figure A: differentiated by the type of 
measurement and B by the type of calculation (the same acronyms as in previous figures apply). The 
y axis shows the accuracy of the results by 100% being most accurate, <100 displays under and >100 
over estimation. 

 
Figure 3-15. Activity (parameter A) results are plotted against Background (parameter B) results. Both 
are displayed as a percentage of the simulated value. All fitting methods are included while 
distinguished by a type of measurement. The results show a great spread in the accuracy of results, 
depending on the type of measurement. This mirrors also the size or the background activity. Estimation 
of 234ThT in the water column seems to be the most accurate type, whereas estimation of 234ThP in the 
water column shows inaccuracies in background levels. All 234ThT in the sediment show overall 
inaccuracies in both parameters, especially in the case of sediment filter (10mg). 

As the A-results and associated A-errors data for the mentioned types were neither 

normally distributed (normality test for a small group, Shapiro test, was used with 

results of W = 0.6184, p-value < 2.2*10-16 for the whole dataset (and p<0.001 for the 

smaller subsets). As neither the transformed datasets were normally distributed, it was 

decided to apply a non-parametrical test. A suitable test for this type of data 
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comparable to one-way ANOVA with repeated measures is the Friedman test. All the 

groups were tested in R using Friedman’s test and those groups with a significant 

difference in the distribution were further tested using post hoc testing (adopted and 

adapted from https://www.r-statistics.com/2010/02/post-hoc-analysis-for-friedmans-

test-r-code/). Table of results and graphs (Table 3-5, Table 3-6 and Figure 9-1) show 

that the A result obtained by applying Linear regression method is significantly 

different to the rest of the methods in the case of Water column Total and particulate 

234Th and also in the case of sediment filters with small volume of sediment.  

Table 3-5. Results of Friedman's test show the p-values for the group. Where there was significance in 
difference among the groups (the p-value was smaller than 0.05, third column, in bold), ad hoc test was 
applied to show the possible differences between each two measurement methods. These were mainly 
in the case of Linear Regression method (all significant p-values in bold), however, for the Sediment 
pellets and Sediment filters with a higher volume of sediment, there was not a significant difference 
among the groups. 

  
Water Column- 
Total 234Th 

Water Column - 
Particulate 234Th 

Sediment 
Pellet 

Sediment 
Filter 10mg 

Sediment Filter 
40-50mg 

MaxT 6.28E+00 4.88E+00 1.66E+00 5.73E+00 1.84E+00 

p-value 2.87E-09 1.08E-05 0.4613 9.48E-08 0.352 

m - l  1.22E-04 4.38E-02   6.10E-08   

o - l  2.91E-08 1.40E-04   5.53E-06   

s - l  6.28E-08 1.16E-05   2.51E-04   

w - l  1.75E-09 2.22E-03   3.72E-01   

o - m  5.17E-01 5.19E-01   9.40E-01   

s - m  6.34E-01 2.18E-01   5.41E-01   

w - m  3.26E-01 8.99E-01   8.81E-04   

s - o  1.00E+00 9.83E-01   9.40E-01   

w - o  9.98E-01 9.63E-01   1.38E-02   

w - s  9.88E-01 7.46E-01   1.18E-01   

 

Even though Friedman’s test was weakened by the existing outliers (and by a violation 

of randomness), it is certain that there are significant differences in the method used 

for the result estimation. Overall the Linear regression method did not prove effective 

in the sense of obtaining reliable results while the rest of methods provided very similar 

outcomes.  

When estimating the 234Th activity in the particulate matter in the water column 

sample, no additional chemicals are used, therefore the background should reflect on 

the type of particles in the water column. When considering samples with high 

background activities, relatively small 234Th excess activity may be hidden by the 

background signal, therefore the choice of the calculation method for obtaining the 

most accurate value of 234Th excess is important. 
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Similarly, sediment filters have a high value of background activity, partially originating 

from the filters themselves, but additionally from other elements captured by the filter. 

This issue is not possible to resolve in a simple way; however, the results should depict 

the signal due to the minerals in the sediment and/or the organic fraction.  

Finally, sediment pellets display a very high background activity with high scatter and 

depict mainly the mineral or chemical structure of the sample. The 234Thxs activity is 

dwarfed by the background activity and its variability and these samples are 

challenging to analyse.  

Table 3-6. Results of Friedman's test with ad hoc for the errors associated with A. The p-value showed 
significant differences among all types of measurement and the biggest differences between two 
methods are mostly between the Linear regression method and the others. The p-values smaller than 
0.05 are highlighted.  

A error 

Water 
Column - 
Total 234Th 

Water Column - 
Particulate 234Th 

Sediment 
Pellet 

Sediment 
Filter 10 mg 
* 

Sediment 
Filter 1 – no 
outlier  

Sediment 
Filter 40-50 
mg 

MaxT 6.27E+00 7.24E+00 4.92E+00 3.58E+00 3.43E+00 6.54E+00 

p-value 1.77E-09 3.46E-12 7.88E-06 3.07E-03 5.42E-03 2.547E-10 

m - l  4.82E-09 1.40E-12 9.45E-06 5.55E-02 6.94E-02 2.73E-10 

o - l  2.12E-06 5.31E-04 2.00E-02 1.65E-01 2.00E-01 3.20E-04 

s - l  2.46E-06 3.80E-04 4.37E-03 6.63E-01 5.27E-01 1.36E-04 

w - l  1.00E+00 9.99E-01 1.00E+00 8.98E-01 9.24E-01 5.48E-01 

o - m  9.15E-01 1.12E-02 3.29E-01 9.92E-01 9.91E-01 1.23E-01 

s - m  8.42E-01 1.51E-02 6.07E-01 6.63E-01 8.31E-01 1.82E-01 

w - m  2.02E-09 1.22E-11 1.63E-05 3.18E-03 5.48E-03 4.31E-06 

s - o  1.00E+00 1.00E+00 9.92E-01 8.98E-01 9.76E-01 1.00E+00 

w - o  4.71E-07 1.58E-03 3.42E-02 1.47E-02 2.50E-02 6.30E-02 

w - s  3.19E-06 1.17E-03 8.32E-03 1.65E-01 1.22E-01 3.84E-02 

*- data contain an outlier with very high value so the results are much skewed. After deleting the set of 
results including the outlier, the test was run again. 

3.2.3 Accuracy Dependency on Time between Sample Collection 

and the First Measurement 

Another parameter, which is discussed in this chapter is the influence of time elapsed 

between sample collection and sample measurement. The assumption is that the later 

measurement start can negatively influence the accuracy of the measurement. This 

time delay affects more sediment sample results than results from the water column 

as the time for preparation tends to be longer for the sediment pellet or filter and mostly 

is not started on board. For this purpose, a short experiment was conducted, 

comparing measurements starting 4, 10, 15, 22 and 30 days after collection. Only 

sediment pellet (Tonga Trench as previously) and 40-50 mg sediment filter (Kuril-

Kamchatka Trench) were chosen in order to estimate the optimal time of the first 

measurement or better still the maximal possible length of time between sample 
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collection and first measurement so the calculated results would be still meaningful. 

The measurements were simulated by using a Matlab script (Appendices) and the 

times of the measurements were set for each ‘sampling time’ at t0 (4, 10, 15, 22 or 

30), 40, 80, 120 and 160 days. The first measurement changes but the last four (at 

40, 80, 120 and 160 days) are identical for easier comparison. Only one fitting method 

(LM in OriginPro2016) was applied. 100 simulations for each measurement type was 

run, while the A and B values were chosen from the interval given by the study results 

mentioned earlier (accuracy graph showing estimated results in Figure 3-16).  

 
Figure 3-16. The accuracy of estimated A and B parameters. The time of the first measurement is not 
displayed. 

 
Figure 3-17. Box plot of parameter A result estimation divided by groups: sf = sediment filter and sp = 
sediment pellet. N = 10 for each of the group.  
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The groups differentiated by type of sample (SF- sediment filter and SP – sediment 

pellet) and the day of the first measurement (4, 10, 15, 22 and 30) are displayed as a 

box plot in Figure 3-17. There seem to be a strong distinction between the sediment 

filters and sediment pellets with sediment pellet results behaving more as predicted, 

the accuracy of the estimated A parameter deteriorating quickly after 10 days reaching 

100% underestimation or 200% overestimation in the extreme case of low activity 

when the gap between the time of collection and the time of the first measurement is 

greater than 10 days. In the case of sediment filters the decrease in accuracy not as 

rapid, however, this is still visible.  

Another factor, which was considered important for making a decision about the 

acceptable length of time crucial for achieving as accurate and precise result as 

possible, was the calculated error associated with the parameter A. This parameter 

was again like in the previous study re-calculated to 100% of the A result so the 

individual values are comparable.  

 
Figure 3-18 Errors associated with calculated parameter A (excess activity). 

The size of errors and its variability seems to be growing rapidly again in the case of 

sediment pellets (Figure 3-19), while the mean value of the errors does not exceed 

15% in the case of sediment filters. The variability and the mean of the errors, 

however, also grow with a time of the delay of the first measurement.  

The data (A results and A errors) were not normally distributed and neither were their 

transformed equivalents, therefore non-parametric statistic, namely Friedman’s test 
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and Friedman’s test with post hoc were applied to both datasets (Sediment pellets and 

Sediment filters with a higher volume of sediment). Results are displayed in Table 3-7 

and additional graphs in Figure 9-2. 

 

Figure 3-19. Errors associated with calculated parameter A (excess activity). Outliers with a value 
greater than 100% and cases, when the error couldn't be estimated are omitted. For each of the cases 
n = 100. 

Table 3-7. Results of Frieman's test showing no significant difference in results obtained from 
measurements starting at days 4, 10, 15, 22 or 30. This, however, shows significant differences in the 
errors associated with the results and their calculations.  

  SF   SP   
  MaxT p-value MaxT p-value 

A result 0.9839 0.8627 1.4758 0.5783 

A error 17.1283 2.20E-16 12.835 2.20E-16 

t4-t10   1.71E-04  2.64E-03 
t4-t15   0.00E+00  2.69E-08 
t4-t22   0.00E+00  0.00E+00 
t4-t30   0.00E+00  0.00E+00 
t10-t15   2.48E-04  1.67E-01 
t10-t22   0.00E+00  6.15E-10 
t10-t30   0.00E+00  0.00E+00 
t15-t22   1.71E-04  1.94E-04 
t15-t30   1.11E-16  1.09E-11 
t22-t30   1.55E-04   5.00E-02 

These results confirm the conclusion from the previous section that the 40-50 mg 

filters are a more adequate method for 234Th activity measurements in the sediment 

as both, the uncertainties about the accuracy of  A and also the size of the error 

associated are rapidly increasing after the time of collection. As the sediment pellet 

method involves drying, homogenising of the sediment and the process of pellet 

making, and thus increases the time between the sample collection and sample 
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measurement. Even though the sediment filter method displays similar characteristics 

with result accuracy decreasing and error mean and variability increasing with time, it 

may be more reliable to use this method for obtaining results.  

3.2.4  Discussion and Conclusion  

The type of measurement seems to be very important for the choice of the calculation 

method. The quality of results for water column 234Th activities does not seem to be 

as sensitive to the choice of method as are the methods for sediment samples. In the 

cases of sediment filters (10 mg) volume filtered and the sediment pellets, this can be 

a crucial decision. According to Cunningham et al (2018), sample densities do not 

affect count rate as the density increases self-attenuation of β particles, however, the 

element composition of the sediment sample plays an important role (Cunningham, 

2018). The data of both these preparation methods have a great natural variability 

originating from the background counts so some difficulties are to be expected. Where 

the averaged data points did not show a clear decreasing trend, so important for the 

calculations, and in some cases, the result was impossible to compute. In the case of 

sediment pellets, this could be precluded by better shielding the sample in the beta 

multi-counter so the 234Th emitted beta particle can still penetrate but the low energy 

particles originating from other radionuclides (the background) are eliminated. 

However, this possibility was not investigated. Due to the difficulties in calculations, 

the filters with a higher volume of 40-50 mg proved to be the best option for 

investigating 234Th activities in the sediment. This method has advantages for 

calculation but also as the sediment can be processed in a considerably shorter time 

of sample preparation and only a small proportion of sediment is needed. It is still 

sensitive to the method of calculation; however, it seems to be the most accurate 

method for 234Th activity measurement. Another advantage of the 40-50 mg method 

to the sediment pellet method is that there is no need for standard pellets or filters as 

the efficiency of this volume of sediment processed is still comparable to the filter 

efficiency used for calculations of water column samples. There is still a disadvantage 

as it cannot be performed on board and thus some sediment samples may not be 

processed.  

The measurements of the water column 234Thxs seem to be the easiest to estimate 

while using all types of calculations. However, Levenberg-Marquardt fitting method 
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proved to be the most accurate. This showed to be also the most time efficient method 

as there is minimal data pre-processing and no sub-calculations involved. The 

disadvantage is access to software which allows the possibility of defining own fitting 

equation. There is still the unexplored option of using free software R and fitting a 

general linearized model (GLM function) with Poisson regression. 

These experiments have been using results from real studies taken from four locations 

only, so it is limited to the particular deep-sea sediments. An Additional limitation of 

this study is the number of examples; only 25 (n=25) for each sample type and each 

method.  

3.3 Other Issues with Beta Counting 

In some cases, the raw counts extremely increased at the beginning of the counting, 

namely in the Japan-Izu-Ogasawara, Mariana Trench and Ampère Seamount 

datasets (Figure 3-20 and Figure 3-21). Such phenomena were also described by 

Turnewitsch et al. (2016) and the most plausible cause is explained as an influence of 

impurities in the Argon gas canister passing through the Risø Multicounter and thus 

increasing the initial counts. The problem disappeared after a new gas bottle 

exchange (See NB1 in Figure 3-24). The information about data files influenced by 

this issue (between 2010 and beginning of 2018) was collated and is presented in this 

section. The affected parts of the raw measurements were dismissed so the 

measurements can still be used for 234Th excess calculations. However, this process 

is very intuitive, subjective and rather laborious. It was also proved that mishandling 

of the samples may influence the 234Th excess results. In general, the earlier in the 

project this occurs, the greater impact on the dataset it can have. In some cases, the 

cut part of the measurement reached about 12% of the overall measurement length 

(Figure 3-20 Figure 3-21). Three datasets (Senghor 446, Tonga trench and Tonga 

trench standards) containing sediment pellets were not affected by this phenomena, 

possibly due to the high background activities. These background values are at least 

as high as the high initial counts mentioned above.  

To recognise a reason for the occurrence of very high initial counts, the individual 

dates of the measurements were plotted against the number of detectors affected. 

The time of any manipulation with the beta multi-counter or the computer running the 

software is displayed in the same graph (Figure 3-24). It seems that detector 1 (closest 
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to the opening) is the most affected, whereas detector 5 has the least omitted cycles 

and files overall (Figure 3-25). This, however, slightly differs from individual studies 

(Figure 3-21). The length of the occurrence of the high counts and/or the detector 

affected differs with time and project and the association with new bottle, power outage 

and/or other factor is not entirely consistent.   

 
Figure 3-20. Number of rows adjusted for high initial counts showing: A – summary of all rows cut per 
detector (x-axis) within each study (listed on right), B – percentage of files affected in the study, sorted 
by detector and C - number of filled affected by the high initial counts per detector and study. This graph 
includes also data from Mariana Trench study 2011 (orange), which suffered from possible detector 
failure due to a power cut.  
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Figure 3-21. Number of rows adjusted for high initial counts showing: A – summary of all rows cut per 
detector (x-axis) within each study (listed on right), B – percentage of files affected in the study, sorted 
by detector and C - number of filled affected by the high initial counts per detector and study. 

Initially, the improvement was achieved by a change of a regulator on the gas bottle 

(See NR in Figure 3-24 and Figure 3-25); however the further cases disproved the 

theory of old regulator allowing impurities to access the multi-counter. More likely the 

change of the regulator may have coincided with fewer impurities in the gas bottle 
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which was changed at the same time. Some of these high initial counts occurred after 

a power cut, as both, the software and the multi-counter, were disabled and 

disconnected. This, nevertheless, did not happen with each power cut (See PC in 

Figure 3-24).  

In conclusion, the occurrence of high initial counts at the beginning of the 

measurement is most likely caused by impurities in the gas, as stated earlier, which 

are released when the gas bottle is nearly empty. This seems to be also dependent 

on the individual bottle. In some cases, prolonged power cuts play a role in 

measurement quality as well.  

 

Figure 3-22. Average and maximal length of data rows (counting cycles) excluded from the file. Only 
parts of the study counted on SAMS beta multicounter are displayed. 

 

Figure 3-23. The number of cycles and files affected by the high initial counts and later omitted from 
the studies are plotted for each detector.   
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Figure 3-24. All datasets measured at SAMS on beta multicounter between 31/7/2010 and 29/7/2017 are displayed as individual measurements. They are divided 
into water column (filter) samples in blue, sediment samples (yellow), standard filters (black) and standard pellets (red) measurements. The vertical lines demonstrate 
times of measurement disruption by: new bottle (NB, black line), new regulator (NR) installation, power cut (red dotted lines), gas bottle switched off (blue line) and 
repair of plastic holders with glue (Glue, purple line). 
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Figure 3-25. All projects (see legend) measured at SAMS beta multi counter between 31/7/2010 and 30/7/2017 are plotted against the number 
of detectors influenced by earlier described phenomena. Each bubble presents one measurement and the size of the bubble is related to the 
length of the measurement (1 day – ratio =1), the bigger the bubble, the longer the measurement. Time when gas bottle and/or new regulator 
was changed is displayed as a grey line.  
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Chapter 4: Seamounts 

4 Tall Seamounts  

Seamounts have an effect on fluid dynamics and after their interaction with background 

flow, there is a response in the flow, which can be characteristic for individual 

seamounts. (See Chapter 1) The velocity of the flow interacting with the seabed can 

result in local upwelling, affect circulation cells and/or cause turbulences. These 

influence the adjacent seafloor, its sedimentary conditions and biogeochemistry and 

are important for both sessile and mobile biological assemblages (e.g. through 

enhanced nutrient availability (Genin, 2004), oxygen availability, type of substrate etc.). 

This so-called ‘seamount effect’ can also enhance upwelling and support local primary 

productivity by supplying additional nutrients (Pitcher et al., 2007, Rowden et al., 

2010a). Despite the assumption of seamounts being biodiversity (Stock, 2004) and 

biomass (Genin et al., 1986) hotspots with endemic species (Richer de Forges et al., 

2000) being lately re-evaluated, the importance of seamounts for the faunal distribution 

is increasingly recognised (Ramos et al., 2016). The elevation of benthic biomass and 

abundance at seamounts is rather local and is driven by the confined conditions at 

each individual seamount rather than at seamounts in general (Samadi et al., 2007).  

In this chapter, four tall seamounts (>1000 m above base) situated in the Northeast 

Atlantic and the Eastern Mediterranean Sea, with diverse environmental conditions are 

compared (Figure 4-1 and Table 4-1). Senghor Seamount is located in the subtropical 

latitude of the Eastern North Atlantic, where there are strong tidal and background 

currents. Similarly, Ampère Seamount is located in an area of semidiurnal tidal currents 

with the seasonal influence of the Canary current and in the path of Mediterranean 

outflow. In contrast, the Mediterranean seamounts, Anaximenes and Eratosthenes, are 

in an area with very weak tides and currents. Anaximenes and Eratosthenes are both 

influenced by presence of semi-permanent eddies/gyres, whereas Ampère and 

Senghor Seamount are obstacles for periodically occurring eddies. Such topographical 

obstacles as tall seamounts on the north of the equator can either deform the eddy 

trajectory and change it to complex paths, or the eddy can become trapped by the 

feature until is diminished due to vorticity induced by topography (van Geffen and 
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Davies, 2000) and thus the interaction of the seamount and the eddy will have an 

influence on the sedimentary conditions.  

 
Figure 4-1. TOPODEEP map (adapted from TOPODEEP project) of sites as from the original project 
shows the location of the three seamounts (Senghor, Ampere and Eratosthenes) in the areas of different 
primary productivity, current regimes and latitude. An Eastern Mediterranean seamount (Anaximenes) 
with proximity to the Eratosthenes Seamount was added to this project. Anaximenes does not share the 
same hydrological 

Secondly, the three locations differ in primary productivity (PP), which varies inter-

annually and seasonally in the NE Atlantic. Despite the differences in the models used, 

the PP around Senghor Seamount (influenced by the upwelling area along north-west 

African coast (Pelegrí and Benazzouz, 2015)) is two folds higher than the area around 

Ampère Seamount (Tilstone et al., 2009), while the Eastern Mediterranean is 

considered one of the most oligotrophic regions (Tselepides and Lampadariou, 2004). 

PP in the subtropical North Atlantic is also enhanced episodically by receiving 

additional nutrients from Saharan dust resulting in an increase of the organic carbon 

flux to the ocean interior due to ballast-like behaviour of the dust particles (Pabortsava 

et al., 2017).  

Thirdly, the Coriolis frequency (f), which depends on latitude, differs for Senghor (17° 

N) area and the three seamounts located at approximately 35° N.  Coriolis force is able 

to deflect an existing motion; however, its effect depends not only on its size but on 

more factors, namely on the stratification of the ocean (more in Chapter 1).   
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Table 4-1. Comparison of the main seamount characteristics, which are important for the interaction between the obstacle and fluid dynamics. 

Seamount 
Cruise Date Latitude Longitude Summit 

depth 
Depth of 
basin 

Base Depth Diameter Diameter 
2 

Shape 

   N E  m  m  m  km  km  

Ampère M 83-2 11-12/2010 3504’ -13 50 >4500 3500 50 120 Conical, + 

Senghor M-79 9-10/2009 1711’ -21 100 3500 3000 35 45 Conical  

Eratosthenes MSM 14-1 12/2010 3337’ 30 780 2500 1920-1930 65 110 Conical base, flat top 

Anaximenes M 71-1 12/2006 3526’ 3240’ 700 2500 1500-1510 9 40 Elongated 

* - Estimation for Eastern Mediterranean (Dugdale and Wilkerson, 1988) 

Table Continue: 

Seamount 
Coriolis -
frequency 

Current Current 
name  

Eddies observed in the 
area 

Eddies Tidal 
constituent 

Tidal current Primary 
Production 

N2 

≈ 

 hrs cm s 1     cm s-1 g C m-2 d-1 Rad2 s-2 

Ampère 20.8 20 (18.6-35) Azores C.  ? Meddy M2  315-352 
2 * 10-7 

 

Senghor 40.4 5-10 NEC 1   M2  300 - 500 15 * 10-7 

Eratosthenes 21.6 < 7 7  =< 35 4 down to 500 m 
Cyprus 
Eddy 

M2 <0.56 20 – 25 *  

Anaximenes 20.6 < 7 7  
Ierapetra warm 
anticyclonic eddy 5 

 M2 0.5-16 20 – 25 *  

1- North Equatorial Current (upper 800 m) – Stramma et al. (2008) 
2 – PP estimation for Atlantic from Behrenfeld (1997); Senghor – estimation from Turnewitsch et al., 2016; Ampere – observation, MODIS; * - Estimation for Eastern 

Mediterranean: Dugdale and Wilkerson (1988) 
4 - (Christiansen et al., 2010) 
5 – Ozsoy et al. 1991 6 - Arabelos et al. (2011); 7- Menna and Poulain (2010) 
N2 is approximated from the CTD data for lower water column; the stratification in the upper layer is not included, this differs with location. 
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Case Studies  

The samples and measurements for this chapter were collected as a part of 

TOPODEEP programme during six scientific cruises (Table 4-1 and Table 4-2) 

between 2006-2013 in the northeast Atlantic and Mediterranean Sea. The detailed 

information about datasets used for analysis are in Table 2-1 and in Table 2-2.  

Table 4-2. The samples were collected from the four seamount areas during the following cruises: 

Seamount Cruise Date Year Latitude Longitude 

    N E 

Ampère M 83-2 November – December  2010 3504’ -13 

Senghor M-79 (M79-3) September – October  2009 1711’ -22 

 POS423 December  2011 1711’ -22 

 POS446 February  2013 18 -22 

Eratosthenes MSM 14-1 December  2010 3337’ 30 

Anaximenes M 71-1 December  2006 3526’ 3240’ 

 

4.1. Northeast Atlantic 

 
Figure 4-2. A - The position of the Northeast Atlantic seamounts in relation to the African, European 
continents and islands in the NEA. B - The main hydrological features of NEA. The area of Ampère 
seamount is influenced mainly by the Azores/Canary Current and Portugal Currents, whereas Senghor 
seamount is wedged between the Canary Current and North East Boundary Current (NEC), (Strub et 
al., 2013). C - Main hydrological features (Pelegrí and Peña‐Izquierdo, 2015). 

The first pair of tall seamounts is located in a region of the Northeast Atlantic (Figure 

4-2), where the hydrological features are complicated and change with seasons. The 

Ampère Seamount lays at about 35° North and is a part of the Horseshoe Seamount 

chain, whereas Senghor Seamount is located at about 17° North near to Cape Verde 
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Island Archipelago, west from the Mauritania upwelling zone. Apart from the large 

scale hydrodynamics of the Northeast Atlantic, there are mesoscale eddies 

progressing south-west or westwards at both latitudes.  

4.1.1.  General and Oceanographic Settings 

Two water masses dominate in the deep Northeast Atlantic: the North Atlantic Deep 

Water (NADW) and the cold, fresh and highly oxygenated Labrador Sea Water (LSW), 

which is formed in the Labrador sea; and is spreading by 1 cm s-1 from the north 

through Charlie-Gibbs fracture zone towards the south-east (Bashmachnikov et al., 

2015a).  

The prevailing water mass, the cold and oxygen-rich NADW, originates in the 

Greenland Sea and spreads over the whole Atlantic at depths between 1000 and 4000 

m (Bashmachnikov et al., 2015a). Depending on the location and influence of adjacent 

water masses, several types of NADW have been defined (Bashmachnikov et al., 

2015a). Around the Ampère location, two main types of NADW: upper NADW (NADWu 

or also ISOW, Island-Scotland Overflow Water), slightly cooler with higher salinity and 

silica levels gaining its properties while mixed with other water masses after entering 

North Atlantic Current (Tsuchiya et al, 1992) and lower NADW (the Low Deep Water, 

LDW) (Bashmachnikov et al., 2015a). The lower NADW enters the region either 

through the Carlie-Gibbs fracture zone but mostly from the south or southwest, from 

the North Atlantic Basin (at about 10 N) (Bashmachnikov et al., 2015a). Finally, the 

deepest water masses in the area of the Northeast Atlantic below 3500 m are 

influenced by the Antarctic Bottom Water (AABW), which spreads northwards from the 

Antarctic continental slope, where it is formed (Orsi et al., 2001), and mixes diapycnally 

with the lower NADW (van Aken, 2000a). 

There are two main surface oceanographic features in the Northeast Atlantic: the North 

Atlantic subtropical gyre (NASG) accessing the area as a system of currents (Azores 

Current, Canary Current) from the north-west and propagating south along the north 

African slope; and the North Atlantic tropical gyre (NATG) with its origin in the central 

South Atlantic (Pelegrí and Peña‐Izquierdo, 2015). The eastern boundary current 

system (EBC) is associated with the mid-latitude eastern boundary upwelling system 

(EBUS)  (see Figure 4-4) (Strub et al., 2013). The situation is more complicated at the 

opening to the Mediterranean Sea, where there is also the Canary current bifurcation 
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(Strub et al., 2013). The poleward undercurrent (PUC) and EBUS at mid-latitude cause 

baroclinic instability resulting in eddies (Arístegui et al., 2009a). 

In an area between 10° and 50° both N and S the majority of long-lived large mesoscale 

eddies occur. These eddies are west propagating with a mean diameter between 100 

and 200 km, both cyclonic and anticyclonic (Chelton et al., 2007). Both, Ampère and 

Senghor Seamounts lay in the area influenced by these eddies. These eddies strongly 

influence the distribution of tracers in the ocean through eddy diffusivity, which is for 

both Ampère and Senghor areas similar, between 1000 and 2000 m2s-1 (Klocker and 

Abernathey, 2014). In both cases, the occurrence of mesoscale eddies can influence 

the POC fluxes (Buesseler et al., 2008, Resplandy et al., 2012) and have an effect on 

the particle dynamics in the intermediate waters (Schmidt, 2006). 

4.2. Ampère Seamount 

 
Figure 4-3. Ampère Seamount is a part of a Horseshoe seamount chain located in the Northeast 
Atlantic, near to Gibraltar Strait, in the path of Mediterranean outflow. The sample collection sites are 
indicated in red. 

4.2.1.  Geography and Geology 

The Ampère Seamount is situated in subtropical Northeast Atlantic approximately at 

35°N and 13°W, between Madeira Island, the coasts of Morocco and Portugal. It is a 

part of the Horseshoe Seamount chain located between the Seine and Horseshoe 
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Abyssal Plains about 600 km west of Gibraltar, forming an obstruction to the 

Mediterranean outflow (Hatzky, 2005). The Ampère Seamount rises from its 50 km 

diameter elliptical base to 4800 m above the abyssal floor (Hatzky, 2005) to a plateau 

at 110-200 m with two summits, the higher of which reaches to 60 m below the sea 

surface (Hatzky, 2005, Kuhn et al., 1996). The Southern and Eastern walls rise steeply 

from the basin, in some places vertically for hundreds of meters, whereas the Northern 

and Western flanks form terraces with sediment cover (at 140m, 400m, 2000m, 

3500m) (Hatzky, 2005).  

The volcanic seamount chain comprises basalts and tuffs and is to a varying extent 

covered in micro-organic sediments as is the surrounding abyss (Hatzky, 2005). The 

Seine Abyssal Plain (south of Ampère Seamount)  is a high energy environment 

(Davies et al., 1997).  Sediment cover on the Seine Abyssal Plain contains pelagic 

oozes, marls, clays and turbidites deposited by high energy turbidity currents 

interacting with topography (Davies et al., 1997). Similarly, the Horseshoe Abyssal 

Plain sediment cover consists of the order of meter and decimetre thick turbidites with 

a single source (Portuguese shelf, Sao Vicente canyon) embedded between 

centimetre thick pelagic sediments (Lebreiro et al., 1997). The majority of terrigenous 

sediment has continental origin rather than being supplied by surrounding seamounts 

(Lebreiro et al., 1997). Sedimentation rate during the Holocene at Horseshoe Abyssal 

Plain is estimated to be 5 cm kyr-1 or 20 cm kyr-1 including turbidites (Lebreiro et al., 

1997). Ampère Seamount sediment coverage reveals also turbidites, and bare rock on 

the upper flanks which may be a product of 600 m sea-level fluctuation in the geological 

past (Hatzky, 2005). At some locations ferromanganese, micro crusts occur, coating 

large foraminiferal shells and revealing different regimes during glacial periods (Kuhn 

et al., 1996). The majority of the upper sediment on the Ampère Seamount has a 

biological origin and contains mainly skeletal material derived from epibenthic 

communities living on the hard substrates of the seamount. There is also a 

considerable contribution from primary production varying in places from 10 – 33% and 

only a small proportion of tiny (<125 µm) aeolian particles (Christiansen et al., 2010). 

4.2.2.  Oceanographic settings 

Within its area, the Horseshoe Seamount chain is under an influence of different water 

masses and currents. The upper water masses consist mainly of North Atlantic Central 

Water (NACW) (Bashmachnikov et al., 2015a) sometimes specified as Eastern North 
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Atlantic Central Water (van Aken, 2001). The exact properties of NADW differ with the 

location as there is a signature of both, ENACW and WNACW, with the influence of 

subtropical mode water (StrMW) in the south-west (Bashmachnikov et al., 2015a). 

Under the seasonal pycnocline, at intermediate depth, three main water masses occur. 

Cold and fresh, high oxygenated Subarctic Intermediate Water (SAIW) enters the area 

from the north after mixing with NACW and the Labrador Sea Water. Antarctic 

Intermediate Water (AAIW) is brought from a southwest direction by the Malvinas 

Current, South Atlantic subtropical gyre and the equatorial currents to the Northeast 

Atlantic up to 25-26°N, where it can be recognised due to a salinity minimum. However, 

its nutrient imprint (high silica and weak salinity and oxygen minima) can be recognised 

in waters as far as 30-32° and in some cases near to the Gulf of Cádiz (Bashmachnikov 

et al., 2015a). As modified AAIW it also enters the area from the west via Gulf Stream 

and the North Atlantic Current (Bashmachnikov et al., 2015a). The warm and saline 

Mediterranean Water (MW) with low oxygen and nutrient content enters the system 

through Gibraltar Straight as a narrow stream and widens to 80 km when reaching the 

western part of the Gulf of Cadiz (Baringer and Price, 1997). A Mediterranean outflow 

model shows a characteristic undercurrent of dense water flowing out of the Straits of 

Gibraltar and intruding into stratified water masses of North Atlantic (Jungclaus and 

Mellor, 2000). This creates, due to topographical features around Gibraltar, a double 

cored (vertically) stream of salty Mediterranean Sea water (high amount of WMDW) 

overlaid by fresher water, which delays mixing with AW and allows its sinking 

(Jungclaus and Mellor, 2000). The deeper core is afterwards channelled by a canyon 

to the greater depths while the upper core is more influenced by Ekman veering during 

its slow descent (Jungclaus and Mellor, 2000). The outflow of MOW to the Atlantic is 

also associated with the production of a turbidity current and more complex processes 

(Shanmugam, 2018). These Meddies, lenses of warm and saline MW in depths of 800 

– 1400 m, spread up to 40 – 150km in diameter and rotate in an anticyclonic direction 

and reach up to 30 cm s-1  (Richardson et al., 2000). The signature of the 

Mediterranean water as a salinity anomaly is detectable as far as 60°W, from 20°N to 

more than 50°N (Richardson et al., 2000). Mediterranean outflow influences Antarctic 

Intermediate Water and Labrador Sea Water through diapycnal mixing while the 

nutrient concentration in this layer is enhanced (van Aken, 2000b). MOW has also an 

influence on the deeper water masses in the area (van Aken, 2000a). Underlying 

watermas, NADW, is comprised of four sources: Iceland-Scotland Overflow Water 
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(ISOW), Lower Deep Water (LDW), Labrador Sea Water (LSW) and Mediterranean 

water (MW) (van Aken, 2000a). The nutrient-rich and Lower Deep Water (LDW) (low 

in oxygen) is the deepest water mass in the area, occupying depths at 4100 dbar (van 

Aken, 2000a).   

As mentioned earlier, the hydrographic feature of the area is the North Atlantic 

Subtropical Gyre (NASG), Azores (AC), Canary (CC) and Portuguese currents (PC) 

(García-Lafuente et al., 2015). In the intermediate layer, Mediterranean overflow, 

dense warm and saline water entering the Northeast Atlantic through Strait of Gibraltar, 

plays an important role in the whole area of the Northeast Atlantic. Mediterranean water 

‘sinks’ to the depth of 500-1500 m and continues as an eastern boundary current (the 

Mediterranean Undercurrent) (Richardson et al., 2000). There is up to 40 cyclonic 

(30%) and anticyclonic (70%) Meddies, with life spans longer than 15 days, forming 

every year at the southwestern Iberian slope (70%) (Barbosa Aguiar et al., 2013). 

Meddies can also originate further from the continental slope, as far as Taurus Abyssal 

Plain and Horseshoe Seamount chain (Barbosa Aguiar et al., 2013) including Ampère 

Seamount (Barbosa Aguiar et al., 2013). There seem to be some preferential sites of 

origin: cyclones seem to originate mostly on the southern Iberian slope and move 

towards the northwest or stay in the Gulf of Cadiz; and anticyclones originate in the 

western slope and travel towards the southwest, with Anticyclones having a longer life 

span. Satellite observations show the spatial and temporal variability of the Meddies 

pathways with a seasonal pattern following a pressure gradient (Yan et al., 2004). In 

April (but in general between January and August) the Meddies follow a northern 

trajectory, whereas in October they tend to southern paths following the low 

streamlines (Yan et al., 2004). In general, the Meddy pathway depends on topography 

and regional currents (Ménesguen et al., 2012).  

The Meddies can rotate in both, cyclones and anticyclones directions and during 

travelling away from the place of origin change shapes by lens lengthening. Cyclonic 

Meddies are in general shallower, thinner, less saline, colder and their velocity of 

rotation is lower than that of anticyclonic Meddies (Barbosa Aguiar et al., 2013). The 

life period of a Meddy can reach the proposed 4-5 years and slowly decay (Kase and 

Zenk, 1987) only if they don’t interact with seamounts/ topography (Adduce and 

Cenedese, 2004).  



Chapter 4: Seamounts 
 

118 
 

 

Figure 4-4. Subtropical Eastern Boundary Currents in the North East Atlantic depicting the main currents 
in the area of Northeast Atlantic, mainly the Azores and Portuguese currents and the Eastern Boundary 
current contouring the African and Portuguese slope (Strub et al., 2013) The position of Ampère 
Seamount (in red). The close-up on the right shows the circulation in the upper ocean during the winter 
season (samples collected at the beginning of the winter season). 1 and 2 – branches of Portugal 
Current (PoC and PoCEB), 3, 4 and 10 – Iberian Currents, 5 – Azores Current Eastern Branch, 6 – Gulf 
of Cadiz northern recirculation, 7 – anticyclonic eddy, 8 – Swooddies, 9 – Meddies, 11 – Western Iberia 
Buoyant Plume (Peliz et al., 2005).  

The fate of 90% of Meddies is a collision with seamounts, mostly (70%) with the 

Horseshoe seamount chain (Richardson et al., 2000). A model suggests that 60-70% 

of the Meddy core survives after such a collision (Wang and Dewar, 2003). The result 

of the collision was described as a bifurcation of the Meddy from observation 

(Richardson et al., 2000) and also in a model (Cenedese, 2002) while changing the 

water properties in the area (Adduce and Cenedese, 2004). However, the actual 

interaction of the Meddy with a Seamount and the final Meddy behaviour depends on 

more parameters:  

D/d – the ratio of the obstacle diameter to vortex diameter, 

Y/R – geometry of the obstacle, 

h/h0 – the ratio of the height of the obstacle to the water depth, 

Reynolds number, 
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Rossby number (Ro = (ζ/f)) – relative strength of the vortex to the background 

rotation,  

The vortex direction, 

and their relative importance (Adduce and Cenedese, 2004). The Meddy bifurcation 

and vortices redistribute salt and heat in the area of Meddy-Seamount collision 

(Adduce and Cenedese, 2004).  

Except for influencing water masses in the intermediate depths, Mediterranean 

overflow also enforces the Azores current and thus has a strong impact on the 

dynamics of the upper ocean layer (Jia, 2000). 

Physical oceanography data collected around Ampère seamount show seasonal 

variability (Melnikov, 2009) (data collected in November 1982 and February 1985). A 

winter front with a velocity of 30 cm s-1 (7 cm s-1 in 350 m of depth) extended between 

Josefine Seamount and Ampère Seamount and meandered around the seamount in a 

south-east direction. Mixing between water masses was observed and explained 

assigned to the semidiurnal tide, which intensified over the lower Ampère summit 

(Melnikov, 2009). This further resulted in upwelling along the slopes and patchiness in 

the seamount sized water column (Melnikov, 2009). In contrast, in autumn of 1982, the 

main feature was a complex eddy field with a mean velocity of 15-20 cm s-1, where the 

previously described front did not appear (Melnikov, 2009).  Semidiurnal internal waves 

occurred in the deep waters along the seamount, however, the south-east flank 

showed no semidiurnal energy peak, suggesting conversion of tidal energy to higher 

frequencies. South of the Ampère seamount lee internal waves were observed 

(Melnikov, 2009).  

4.2.3.  Data collection and methods 

The Ampère case study is the most comprehensive of the four seamounts considered, 

thanks to the extensive data availability, which were collected during the RV Meteor 

83, Leg 2 cruise (M83-2) between 16.11.2010 and 22.12.2010. Water samples 

determined for water column radionuclides (234Th and 210Pb) were collected using 

Seabird CTD rosette equipped with Niskin bottles alongside water samples for nutrient 

analysis (SiO2, PO4, NH4 and NO3). 234Th samples were filtered and counted on board, 

210Pb and 210Po samples were pre-treated also whilst on board (as described in 
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Chapter 2) and nutrient concentrations were analyzed on board using an autoanalyzer 

(Chapter 2). Sediment samples for the investigation of 210Pbxs in the sediment were 

collected using a multicorer, which were collected from stations related to those from 

where water column samples were taken and are labelled in the same way. 

CTD data for hydrographical analysis were collected using Seabird CTD 911 Plus 

equipped with two calibrated sensors for temperature, conductivity and oxygen; and a 

single Photosynthetically Active Radiation (PAR) sensor for fluorescence 

measurements, mounted to a 24-bottle rosette water sampler. Collected downcast 

data were processed using SBE-Data-Processing software and used for further 

analysis using Seawater routines in MATLAB software.  

To further understand the oceanographic conditions in the area, CTD data from M83-

2 cruise, a ship-mounted 75 kHz and 38 kHz Acoustic Doppler Current Profiler (ADCP) 

data from M83-2 and P384 RV Poseidon cruise from 2009 were analysed. ADCP data 

were explored using T-tide (Pawlowicz et al., 2009) and U-tide (Codiga, 2011) routines 

in MATLAB, producing current roses and current vectors. Additionally, data from a ship 

mounted ADCP on a previous cruise P384 RV Poseidon (2009) were used for 

comparison. 

 

Figure 4-5. Ampère Seamount collection sites including the two tidal sites (NW) and (SE). Two 
reference stations are not included on this map. CTD numbers are displayed.   
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Data for radionuclide analysis (Table 9-1) were collected in two transects over the 

seamount (Figure 4-3 and Figure 4-5): from the summit, middle (MS) and deep slopes 

(DS) of the seamount. Also, two reference stations, south (RS) and north (RN) of the 

seamount were sampled (depth of 4400 m and 4800 m, respectively). In addition, two 

locations (A and B) at the opposite sites of the seamount, where internal tides were 

presumed, were periodically sampled (at 70 and 100m), at an interval of four hours per 

side. The internal tide experiment was disturbed by severe weather conditions after 

four measurements (two at each side) and recommenced after 16 days. These sites 

(A and B) are located at the upper slope NW of the summit (A) and at the SE upper 

slope (B).  

Table 4-3. Overview of sampled locations 

CTD Station Lat Long 
Max 

Depth 

  ° N ° E m 

946 SR 33.80 -13.00 4410.9 

955 SR 33.80 -13.00 4413.3 

956 SR 33.80 -13.00 4413.7 

953 SR 33.80 -13.00 4412.6 

946 SR 33.80 -13.00 4410.9 

1021 DSE 35.06 -12.72 3188.8 

1020 DSE 35.06 -12.72 3199.8 

1019 DSE 35.06 -12.72 3204.8 

1091 DSS 34.95 -12.93 3194.5 

1090 DSS 34.95 -12.93 3187.4 

1089 DSS 34.95 -12.93 3191.3 

1128 DSN 35.26 -12.96 3133.5 

1127 DSN 35.26 -12.96 3129.8 

1126 DSN 35.26 -12.96 3134.5 

1151 SUM 35.06 -12.90 133.3 

1180 MSE 35.08 -12.83 1722.3 

1179 MSE 35.08 -12.83 1740.7 

1178 MSE 35.08 -12.83 1751 

1268 MSW 35.06 -13.08 1724.9 

1267 MSW 35.06 -13.08 1740.6 

CTD Station Lat Long 
Max 

Depth 

  ° N ° E m 

1301 DSW 34.93 -13.46 3181.5 

1300 DSW 34.93 -13.46 3186.9 

1214 MSS 35.00 -12.89 1715.3 

1213 MSS 35.00 -12.89 1802.6 

1246 MSN 35.13 -12.89 1713.5 

1245 MSN 35.13 -12.89 1694.8 

1351 RN 35.71 -13.00 4850.8 

1350 RN 35.71 -13.00 4851 

1349 RN 35.71 -13.00 4850.5 

975 E1 35.02 -12.89 1311.1 

976 E1 35.10 -13.00 1347.5 

977 E1 35.02 -12.89 1312.8 

978 E1 35.10 -13.00 1364.8 

1249 E2 35.01 -12.89 1379.7 

1250 E2 35.10 -13.00 1463.5 

1252 E2 35.02 -12.89 1305.2 

1253 E2 35.10 -13.00 1392 

1254 E2 35.02 -12.89 1296.4 

1255 E2 35.10 -13.00 1458.4 

1256 E2 35.02 -12.89 1320.6 

After evaluation of the method of 234Th / 238U disequilibria calculation, LM fitting 

method was applied to the raw data. Additionally, another method was applied (used 

also for Senghor (Turnewitsch et al., 2016) and Anaximenes Seamounts (Peine et al., 

2009)). The exact methods are described in Chapter 2 and 3. 
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4.2.4. Results 

4.2.4.1.  Hydrography 

The upper mixed layer varied between 40-100 m with the station and deepened during 

the cruise. Data from CTD casts (Figure 4-6) through the whole expedition show 

presence of North Atlantic Central Water (NACW) in the upper 500 - 700 m 

(Bashmachnikov et al., 2015a), also called Eastern North Atlantic Central Water 

(ENACW) (Emery, 2001). The Intermediate layer has a strong signature of salty 

Mediterranean outflow water (MW) with a core at about 1200-1300 m (Figure 4-8, 

Figure 4-9) and oxygen minima at approximately 900 m (Figure 4-7). However, both, 

the temperature and salinity of this lens of Mediterranean water are lower than those 

observed in the winter season by Melnikov (2009) but slightly higher than those 

observed in 2008 in the area (near Coral Patch seamount) by Wienberg et al (2013). 

The Mediterranean water core is more defined and at the west deep slope and wider 

and shallower at east deep and southern stations. Mediterranean salty water is clearly 

identified also at the northern reference site (RN), with its core between 900-1200m, 

whereas at the Southern reference site there is a weaker sign of a salinity maximum 

at depths between 900-1300 m (Figure 4-6, Figure 4-8 and Figure 4-9). On the 

Temperature-Salinity (TS) graph for the sampling site 973, located between the 

Southern Reference and South Deep Slope, seems to have a double layer of 

Mediterranean water previously described in literature (Pingree and Le Cann, 1993, 

Prater and Sanford, 1994, Meunier et al., 2015) with higher salinity and potential 

temperature than the rest of the CTD casts. The salinity anomaly of the CTD profiles 

shows latitudinal dependence and high values at depths influenced by MOW ( 

Figure 4-10). As the distance between the sampled areas at this site is about 50 km 

and the described size of a Meddy is usually about 40 - 150 km in diameter 

(Richardson et al., 2000), a difficulty arose to describe the features in more detail.  

The TS profiles of all stations show strong similarities in water properties below 1500 

m, displaying the presence of NACW and silica-rich NADW. Silica content exceeds 

values of 2500 m NADW observed by Bashmachnikov et al (2015) in the area of 

Northeast Atlantic, by about 10 mol L-1 (Figure 4-7; silicate profile is in the nutrient 

section, Figure 4-26), which is likely to indicate signature of silica-rich Antarctic water 
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(Tsuchiya, 1989). The changes in water properties below 2500 m are, however, minor 

and seem to be in the range of NADW described by Emery (2001).  

 

Figure 4-6. CTD profiles in TS diagram with reference to 1000 db from all stations (black) up to the 
depth of 4500m compared with profiles from the area of NW Atlantic (depth up to 2500m). Graph after 
Bashmachnikov et al, 2015. 

 

 

Figure 4-7. Oxygen and Silicate profile from all stations (black dots) in diagram containing profiles from 
East North Atlantic (Bashmachnikov et al, 2015). 

The CTD data are plotted as two sections in ODV software using DIVA interpolation. 

The West to East (Figure 4-8) and North to South (Figure 4-9) profiles show the 

presence of MOW at the depth of approximately 600 – 1250 m. The subtropical front 
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boundary (STF) is indicated by a 36.2 isohaline and 16.2 isotherm at 150 db (Pérez, 

2003). These were identified at depths of 106 m (RN) and 96 m (DSN) suggesting its 

presence to the north of the seamount. The temperatures in the layer being 

approximately 18 °C and mixed depth (≈100 m in the winter season), the area belongs 

a transition region between subtropical and temperate characteristics (Teira et al., 

2005).   

 

Figure 4-8. 5 km wide West to East section. The profile contains all CTD casts collected during the 
whole M83 cruise and it is processed in ODV software using DIVA interpolation. GEBCO 6x6’ 
bathymetry is used, which is too coarse for this study and does not picture the Ampère Seamount.  As 
the distances between the CTD casts are relatively great, the interpolation may not mirror the exact 
conditions. All the CTD casts in this profile seem to be very similar to each other with differences only 
in the upper layer.  
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Figure 4-9. 5 km wide North to South profile. Within this profile, there are more differences in the mid-
depth in salinity, temperature and oxygen layer. All available CTD casts are used. Profiles are made in 
ODV by DIVA gridding.  

 

 

 

Figure 4-10. Salinity anomaly to 2000 db 
shows differences among the CTD profiles. The 
colour indicates latitude 
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4.2.4.1.1. Currents 

The Current roses created from the whole set of data indicates a south-east 

background flow reaching up to 0.35 m s-1 with (Figure 4-11), which is in contrast to 

northward overall background flow of the same velocity in 2009 (Figure 4-12). 

 

Figure 4-11. Current roses for the whole area over all depths in 2010. A - 75 kHz and B - 38 kHz. There 
are only small differences in the overall direction and strength of the background flow, which is roughly 
in the southeastern direction with velocity reaching up to 0.35 m s-1. 

 

Figure 4-12. Current rose of overall flow in the area during the 2009 cruise shows more variability 
between A – 75 kHz and B – 38 kHz. There is also variability in the general direction of the flow. The 
main direction differs from the direction recorded during the cruise in 2010 and is mainly northwards. 

Similar inter-seasonal changes in the water systems around the Ampère Seamount 

were described in years 1982 and 1985 reaching similar values (0.30 m s-1 in the 

winter season in the upper water decreasing to 0.07 m s-1 at 350 m of depth) (Melnikov, 

2009). Mean velocity values observed in 2010 at depths of 300 m are lower than at 

100 m; however, they exceed the velocity stated by Melnikov, 2009, for details see 

Table 9-2. The flow changes direction around the topographical obstacle (Figure 4-13 

and influences the fluid dynamics at the sites, where the biggest tidal influences were 

expected to be seen (NW and SE). As the background flow is nearly perpendicular to 

the baroclinic tidal axis predicted for the region (Figure 4-23; Modelled by Falahat) and 
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the mean velocity in the area due to this flow exceeds the predicted velocity by at least 

four-fold, the interaction of the two components is more complex.  

The current directions observed in 2009 (Figure 4-12) are more in accordance with 

the predicted baroclinic tidal directions (Figure 4-23).  The progressive vector diagram 

(Figure 4-15) shows differences in current directions and travelled distance, which is 

shorter in the case of site A (north-west of seamount summit, red colours in the 

diagram), where the flow is diverted northwards in the upper 100 m but continues 

towards the east at lower depths. The flow at site B (south-east from the summit) 

shows intensification at 300 m and general flow direction differs about 60 degrees to 

the flow at A site. The flow at 600 m (dark purple colour in Figure 4-15) displays higher 

directional variation and may be well influenced by the topography and other aspects 

of flow dynamics. The U and V components of the flow are shown in Figure 4-17 and 

demonstrate the strength of the background current (especially in U direction). The 

depth profile with the overall current speed and direction (Figure 4-17, Figure 4-18 and 

Figure 4-19) show differences, especially in the overall current direction in 2009 and 

2010. There is a visible difference in current speed and mixed layer depth during the 

first part of the cruise compared to the second. A current speed increase at greater 

depth is observed during both cruises, this is however not conclusive as only sparse 

data are available for depths below 600 m during 2010.  

 

Figure 4-13. Currents in the upper 400 m in Ampère Seamount area. A – 2009: the background flow is 
generally in northern direction somehow weaker over the seamount but intensifies again north of 
Ampère Seamount. There are some meanders on the southeastern side and at the saddle between 
Ampère Seamount and Coral Patch Seamount the flow is heading westward, colliding with the 
seamount on its eastern slope. B – 2010: the background flow in 2010 shows a different situation. The 
background flow is from northwestern direction, interfering with the seamount on the western slopes, 
where the flow forks to diverge towards northeast and southeast, where it intensifies. The eastern slope 
is in this case unaffected by the flow. (Gridded ADCP data; Author: Christian Mohn) 
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Figure 4-14. Progressive vector comparison between ADCP measurements for the whole area 
measured in 2009 (blue) and 2010 (red) show a difference in strength and direction of flow. Depth-
averaged data containing all stations are included in this figure.  

 

Figure 4-15. Progressive vector diagram shows the particle trajectory from site A (in red colours) and 
B (in blue colours) at 100, 200, 300 and 600 m of depth. A is located on the northwestern tidal site and 
B is positioned at the SE tidal side. The direction of the main current is towards SE in 2010 (see previous 
Figures). The seamount summit is at approximately 120 m depth making a physical obstacle for the 
flow. The depth-averaged progressive vector for the tidal sides A (NW) and B (SE) is on the left. 

 

Figure 4-16. Progressive vector diagram for a smaller area around tidal sides A and B shows a very 
similar behaviour of the flow as previously and main differences in the flow differ considerably between 
the two sides. At the SE side, the vector shows signs of a more complicated trajectory. 
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Figure 4-17. Current speed including both U and V components (m s-1) and current direction (in degrees) in 2009  
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Figure 4-18. Current speed and current direction in 2010 during the cruise – data only from 8/12/2010. The rectangle shows inertial oscillation induced by the storm 
with a frequency of approximately 19 hr. Pycnocline is at about 100 m 
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Figure 4-19. ADCP data from the whole cruise. The scale is the same as previously shown. The same feature (inertial oscillation in the uppermost water column is 
apparent from 13/12/2010 onwards. 
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Figure 4-20. The following figure is combining ADCP measurements at 75 and 100 m (grey and black dotted lines) during the experiments and the measurements of 
234ThP and 234ThD at stations A (grey arrow and lighter colours) and B (black arrow and darker colours). Σt density added in the last row. 
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Figure 4-21. Current speed (including both U and V components) is shown in the upper section and current direction in degrees is displayed below. The left column 
shows ADCP measurements during the first segment of repeated measurements, whereas the right refers to the second segment. Black arrows point to the A (NW) 
and grey to the B (SE) stations. The current direction rose is shown for better current direction visualisation. 
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4.2.4.1.2.  Tides  

Tidal analysis of the upper 700 m water column using U-tide routine (Codiga, 2011) to 

form averaged U and V vectors for the whole area of the Ampère seamount shows 

that semidiurnal M2 signal accounts for the majority of the energy (69.51%) and in 

combination with S2 for nearly 80% of the whole tidal energy, see Table 4-4. This is in 

agreement with studies from 1982 and 1985, where the upper water column displayed 

semidiurnal frequency tides. There was also an internal semidiurnal tide observed in 

the underlying layer; yet, with no common peak (Melnikov, 2009). In observations from 

2010, there is only a small influence (5.28%) from diurnal tidal components O1 and K1. 

The MSF component (Table 4-4) may be misleading as the time interval of 

measurement was only over a month. Melnikov (2009) also describes a short-period 

(10-20 minutes) internal waves in the area of the seamount plateau, resulting from 

existing thermocline at 65-110 m (Galkin and Pankova, 2004). As the ADCP data for 

the study reach only to a depth of 650m, there is no further direct information about 

the possible influence of Meddies, but at some sites, current velocity intensification 

can be seen in the lowest measured depths (Figure 4-8 and Figure 4-9). Differences 

between the years 2009 (Figure 4-12) and 2010 (Figure 4-13) were observed in the 

direction and strength of the flow (Figure 4-14).  

Further tidal analysis for two experimental sites NW (northwest from the plateau, data 

averaged from the box: 35.04-35.12°N and 12.94-13.06°W) and SE (southeast from 

the plateau, 34.98-35.05°N and 12.86-12.92°W), and more focused sites NW-A and 

SE-A, displayed similar behaviour. The north-western site (NW and NW-A) did not 

show any tidal frequencies, whereas the SE is under a strong influence of M2 

component of semidiurnal tide (52%) only with a small contribution of diurnal tidal 

frequency O1 (4.5%), see Table 4-4. Similarly, the oscillation period (T) calculated from 

the CTD resolved smoothed N2 shows mainly oscillations shorter than 1 hour through 

the profile (Figure 4-25) except for the CTD from SE with oscillations exceeding 1 hour 

but mainly not reaching the M2, f or K1 values.  The criticality for the M2 tidal constituent 

(Figure 4-22) shows that the majority of the slopes of the seamount are critical (≈1) 

and supercritical (>1) with the southeastern slope being supercritical in all its height 
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and the northwestern having the least but still critical value (Figure 4-23 and Figure 

4-22). There is variation in the criticality of the slopes  

Table 4-4. Tidal components for Ampère area, averaged depth, experiment sites A and B using U-tide 
function (derived from 2010 ADCP data). 

Area overall NW 
site 

NW-A 
site 

SE site SE-A site 

Tidal 
Comp
onent 

Tidal 
Energ
y (%) 

Lsmaj 
(m s-1) 

N
o

 I
n

fe
re

n
c

e
 

N
o

  
In

fe
re

n
c
e

 

Tidal 
Comp
onent 

Tidal 
Energ
y (%) 

Lsmaj 
(m s-1) 

Tidal 
Comp
onent 

Tidal 
Energ
y (%) 

Lsmaj 
(m s-1) 

M2 69.51 0.0806 M2 52.20 0.102 M2 12.73 0.0758 

MSF 8.97 0.0296 S2 6.17 0.0364 MS4 10.51  

S2 8.53 0.0282 MS4 5.85 0.035 O1 9.51 0.0710 

O1 3.12 0.0151 M4 5.74 0.0352 MSF 9.25  

K1 2.13 0.0146 MSF 4.54 0.0289 2MK5 8.65  

   O1 4.51 0.028 M3 8.41  

 

 

Figure 4-22. Slope criticality of Ampère Seamount. (S. Falahat) 
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Figure 4-23. Tide prediction – model (S. Falahat). The direction of predicted M2 tidal oscillation is 
perpendicular to the background flow (see previous figures). 

 

Figure 4-24. Buoyancy frequency N2 in all stations shows high values in the upper water column A- in 
all mid slopes and B in deep slopes and reference sites (the red dotted horizontal line indicates the 
depth of 90 m). The highest values are reached in the uppermost 1500 m in all cases. Below 1500 m 
are the values relatively small (next figure). The red dotted vertical line indicates 0 value of N2. 
(Smoothing is applied) 

The Brunt-Väisälä frequency (buoyancy frequency, N) and N2 calculated from CTD 

casts displayed the highest values at approximately 90 m of depth, indicating the high 

stratification underneath the mixed layer and it is enhanced again at the MOW depth.  
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Buoyancy frequency N2 shows strong stratification at about 90 m of depth at all 

stations Figure 4-24, which is one of the important features for transfer of barotropic 

tidal frequencies to baroclinic as described in Chapter 1 (Figure 1-10 and Figure 1-11 

for Ampère Seamount conditions). This is supported in the ADCP velocity profiles, 

Figure 4-20 and Figure 4-21. Higher values of N2 are also at the depth of MOW. 

The attempted current and tidal analysis are not conclusive but may reflect the time of 

arrival of an Azores front and capture the change of dynamics. Despite the presence 

of MOW in the mid-depth, it is not clear if there is a rotating behaviour, however, the 

N2 results suggest additional stratification at the depth of MOW. The variability in the 

samples collected at the tidal sites pre- and after the storm suggests changes in 

hydrological conditions. An inertial oscillation (period ≈ 20 hrs) in the upper water 

column appeared in the second part of the cruise, which may also have influenced the 

results. This may be partially reflected at the A and/or B sites (Figure 4-25), where the 

≈20 hr (1200 min) period is reached at the A site. 

  

Figure 4-25. Oscillation period measured at stations A (NW from seamount summit: 975, 977, 1249, 
1252, 1254 and 1256) and B (SE from seamount summit: 976, 978, 1250, 1253 and 1255) calculated 
from smoothed N2. Vertical lines display following: orange – 1 hr period, red – M2 semidiurnal tidal 
period, blue – K1 diurnal tidal period and black Coriolis period at stations (all in minutes). 

4.2.4.2. Nutrients 

All nutrient profiles are presented in Figure 4-26. Silicate, phosphate, nitrate and nitrite 

concentrations are correlated with depth. Any of the investigated profiles show 

elevated nutrient concentration in respect to other sites indicating strong upwelling. 
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There is a slight increase in the concentration of phosphate and silicate above the 

seabed at mid and deep slopes indicating sediment derived enrichment. In contrary, 

both reference sites show a slight decrease at greater depths. There is also no clear 

indication of the relationship between 234Thxs and nutrients. The nutrient concentration 

in the global ocean varies with water masses and can pinpoint some of the processes. 

Slightly higher nutrient concentrations were observed underneath the MOW (Figure 

4-26), which would suggest mixing processes such as diapycnal mixing (van Aken, 

2000a). However, there is only one measurement within the MOW depth for each 

profile. Among some Meddy characteristics belong also low dissolved oxygen 

concentrations, nutrient deficiencies or high concentrations of heavy metals at depths 

of 800 – 1000 m (Shapiro et al., 1995), which is partially in agreement with the dataset, 

where an oxygen minima for the depths of the MOW layer were confirmed. There is a 

dooming-like feature in phosphate concentration at the southern slope, but it seems 

to reach only the MOW layer. A similar feature was described at the upper southern 

slope of Ampère previously, nonetheless, it reached the euphotic zone (Kaufmann, 

2004). Below 2000 m appears a slight tilt in nutrient concentration with a weak 

increase towards the east. Deep silicate-rich water indicates the presence of Deep 

Antarctic waters in the area (below 3000 m), see Figure 4-27.  
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Figure 4-26. Nutrients depth profiles (A) and nutrient profiles with potential temperature (B) – there is 
a slight elevation in nutrient concentration in the water column just below the MOW (pink line). Slightly 
higher values of Ammonium were observed at. DSE and a slight decline in silicate and nitrate 
concentrations were observed close to the seabed at reference sites (D).  

 

Figure 4-27. Nitrite and Nitrate in relation to Silicate (Colour displays depth) show silica depletion in the 
upper water column due to uptake by primary production. A linear correlation between Si and N (nitrite 
and nitrate) was found between depths of approximately 500 to 3500 m.  Red line indicates the 
expected Redfield ratio between N and Si. B - Nitrite and Nitrate concentration in relation to Phosphate 
concentration shows linear relationship close to the Redfield ratio (N:P = 16:1) down to the depth of 
about 3000 m, where it changes abruptly, indicating Phosphorus deficiency at the bottom layer. (Colour 
bar reflects pressure in db). 
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Figure 4-28. A: P:N ratio (both in μmol L-1) shows differences in behaviour of nutrients with depth. 
There is a linear relationship down to 3000 m of depth (grey circles), where the nutrient ratio changes 
rapidly (black circles – measurements below 3000 m). B: In the upper 600 m, there is a linear 
relationship between N and Si, whereas between 600 m and 3500 m the ratio changes. Below 4000 m 
the ratio changes again (in orange). 

Phosphate levels (PO4) are in relationship with Nitrite and Nitrate and both are greater 

with depth (See Figure 4-27 B), not reaching 35 µmol L-1 (PO4) and 1.8 µmol L-1 (NO2 

and NO3), which is lower than described by Lenton and Watson (2000) and are closer 

to the mean ocean waters ratio of 14.3:1 (Weber and Deutsch, 2012) than the 

assumed 16:1. This is known to vary due to biological processes and with latitude 

(Martiny et al., 2014). The nutrient profiles show a phosphate deficiency typical for 

North Atlantic ocean (Ammerman et al., 2003), which increases at depths below 3500 

m, also shown in Figure 4-28. The N: Si ratio in the upper water column shows a linear 

relationship (Figure 4-28). This rapidly changes at about 600 m to a different but still 

linear relationship. This coincides with the upper boundary of MOW. There is slight 

variability at the depth of MOW and at the lower boundary between Mediterranean 

and North Atlantic water masses, this is, however, due to a spatial feature (a tilt in iso-

nutriclines). Below 4000 m is another rapid change in the N:Si ratio.  

4.2.4.3. Water Column Radionuclides 

The values of total 234Th in the upper 200 m of the water column around Ampère 

Seamount ranged between 1.73-2.45 dpm L-1 (± 0.03-0.06 dpm L-1) (The maximum 

234ThT value is 2.86 ± dpm L-1 but was excluded from the final set of results due to the 

extremely high 234ThP part of the measurement reaching value of 0.80 dpm L-1. This 
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most likely originated from miss-labelling in the raw data files. Therefore, the 

measurement at 100 m at DSS was excluded). See Table 4-5 and Figure 4-29. 

Table 4-5. 234Th measurements 

 
234Th 
Total 

Error 
234Th 
Dissolved 

Error 
234Th 
Particular 

Error 
234Th/ 
238U 

Error 
234ThP/ 
234ThT 

 
(dpm 
L-1) 

(dpm 
L-1) 

(dpm L-1) 
(dpm 
L-1) 

(dpm L-1) 
(dpm 
L-1) 

  (%) 

Maximal value 2.86 0.06 2.28 0.04 0.80 0.02 1.12 0.03 27.90 

Minimal value 1.73 0.03 1.56 0.03 0.05 0.00 0.67 0.02 4.25 

Average 2.16 0.04 1.94 0.04 0.16 0.00 0.85 0.02 7.98 

After deleting outlier: 

Maximal value 2.54 0.06 2.28 0.04 0.25 0.01 1.02 0.03 12.34 

Minimal value 1.73 0.03 1.56 0.03 0.05 0.00 0.67 0.02 4.25 

Average 2.16 0.04 1.94 0.04 0.15 0.00 0.85 0.02 7.49 

 

 

Figure 4-29. Total, dissolved and particulate 
234Th at stations: 1 -  MSW, 2 – DSW, 3 – RN, 
4 – RS, 5 – DSE, 6 -  E1 both sites, 7 – E2 both 
sites, 8 – DSS, 9 – DSN, 10 - MSE,  11 – 
Summit, 12 – MSS, 13 – MSN.  The values for 
each station include all the measurements in 
the whole profile. Particulate and dissolved 
fractions were measured only for the upper 100 
m. The E1 (6) and E2 (7) were measured only 
at 75 and 100 m, repeatedly as described 
earlier. The difference in 234ThT between the 
two experiments is probably driven by the 
decrease of 234ThD with time. The outlying value 
at DSS (8) is not included in the future 
description 

These are higher than values observed in the surface waters of North East Atlantic 

open ocean observed in June-July 1998 (Smith et al., 2004) (45° – 55° N, ranging 

between 0.3 to 1.29 dpm L-1; recalculated from Smith et al, 2004). Similarly, 234Th/238U 

disequilibria for the upper 200 m are in disagreement. The 234Th/238U disequilibria 

values for the Ampère seamount are closer to one, suggesting that higher productivity 

and scavenging rates may be occurring in the higher latitudes at that time.  
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The mid-layer displayed some level of disequilibria between 234Th and 238U. As the 

measurements were 500 – 1000 m apart at this depth, there is no distinctive difference 

to be seen among the values measured within the Mediterranean water layer and its 

surrounding water masses. The values itself are comparable to measurements of 

offshore Meddies, Yesult and Nicole (Schmidt et al., 2009), however, the distance of 

sampling points in the middle layer is not sufficient enough to make a better 

comparison.  The values display, on the other hand, smaller variability than observed 

at other depths. The disequilibria in the upper 100 m under the surface and the 100 m 

above the seafloor seem to vary considerably.    

There is a weak positive correlation of 234ThT and 234Th/238U disequilibria values with 

pressure (0.26, 0.39), and consequently with water masses. Despite nutrients 

(phosphate, silicate, nitrite and nitrate) being also correlated to depth, the correlations 

with 234Th remind unclear.  Spatially, both 234ThT (total) and 234Thxs seem to have a 

very small positive correlation to longitude (0.22), weak negative correlation to the 

distance from the seafloor (-0.17, -0.28) and a very weak negative correlation to the 

time of collection (-0.17 and -0.16), which plays more important role in the uppermost 

water column.  

As a subsurface 234Th/238U equilibria were not reached (with exception of DSS station 

at 90 m), the estimated euphotic layer (z1%) was used as a base for calculation of 234Th 

fluxes to the interior. The PAR (photosynthetically active radiation) was not available 

for all stations (Figure 4-30), however, the steep decline in the existing PAR profiles 

and the change in fluorescence between 95 – 120 m together with the 100 m sampling 

step below 100 m depth justified the decision of calculation of the 234Th fluxes over the 

100 m.  

 

Figure 4-30. PAR and fluorescence measured during the cruise (the measurements from the tidal sites 
are in blue) for establishing the photosynthetically active layer. 
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The net 234Th flux was calculated using a single-box steady-state model (Savoye et 

al., 2006) with the assumption of no physical export, using the equation: 

Equation 4-1 

 𝑃 = [𝜆 ∫ (𝐴𝑈 −  𝐴𝑇ℎ
𝑡 )𝑑𝑧

𝑍

0
],  

where P is the flux, A is the activity, λ is the 234Th decay constant and z is the depth 

of 100 m as established earlier (Figure 4-31).  

Table 4-6. 234Th export fluxes calculated for 100 m of depth (90 m at DSS), the propagated standard 
deviation error associated with 234Th measurements and its percentual proportion are displayed. 

Station 234Th flux 234Th flux SD error 234Th flux error  

 Dpm m-2 d-1 Dpm m-2 d-1 % 

SR 1088.97 52.12 4.79 

DSE 1038.02 62.41 6.01 

DSS * 1167.26 66.43 5.69 

DSN 1217.87 66.53 5.46 

DSW 1831.86 61.73 3.37 

SUM 1427.15 58.98 4.13 

MSE 959.36 60.32 6.29 

MSS 1114.99 59.99 5.38 

MSN 1294.91 60.74 4.69 

MSW 1430.55 59.33 4.15 

RN 1562.49 64.69 4.14 

 

 

Figure 4-31. 234Th fluxes measured at 100 m as in the table above. There is an apparent increase in 
the flux towards NW and with a time of data collection. 

The fluxes have an increasing tendency towards the north-west, with the highest value 

at DSW, the value is greater with time. The high flux value at the summit may be also 
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influenced by the shallow depth and higher energy, where 234Th is also scavenged by 

re-suspended sediment particles. The flux affinity is rather related to the change of 

hydrologic conditions than a seamount effect. Earlier described mesoscale eddies 

(100 km radius) have an influence on horizontal chlorophyll transport (Chelton et al., 

2011), similarly, eddies in frontal regions and propagating fronts affect the particle 

fluxes (Fründt and Waniek, 2012).  

 

4.2.4.3.1. 234Th – at tidal sites 

As the effect of an internal wave on photosynthesis due to physical displacement was 

shown previously (Evans et al., 2008), the 234Th was measured at sites where there 

were assumed to be a high response from internal tides to identify the influence of the 

tidal dynamics at the Ampère Seamount (NW and SE sites of summit). Unfortunately, 

the high cloud coverage during the cruise did complicate the observation and 

calculation from Modis observations. These are shown as a monthly average (Figure 

4-47) and only a slight variation in the carbon production is observed among the sites  

Particular, Dissolved and Total 234Th were additionally measured repeatedly at two 

sites near the summit, where the internal tide was assumed to be in opposite phases. 

The measurements were repeated every two hours (4 hr difference at each site) with 

the aim to cover a whole M2  tidal cycle. The weather conditions prevented from 

completing this task so the experiment was divided into two parts with a gap of about 

400 hrs. The measurements were taken at two depths of 75 and 100 m.  

Firstly, the CTD casts taken at the opposite sites show differences in the depth of the 

mixed layer, which corresponds with the thorium measurements at about 75 m during 

the first experiment, before the weather deteriorated. The upper layer becomes more 

homogeneous and the mixed layer deepened before the second part of the set of 

measurements was conducted. With the weather change during the cruise, the 

hydrographical conditions had changed, and the mixed layer deepened. The euphotic 

layer (z1%) was estimated to extend to 96.5 m at the NW site and to 103.2 m at the SE 

site before the weather deterioration and deepened to 105.1 at NW site afterwards.  
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Figure 4-32. Dissolved and Particulate 234Th at 75 m during first (A) and second (B) experiment and 
detailed CTD derived σt density at the sampled location (in a circle). 

The most apparent differences between the two parts of the experiment are in the 

values of total and dissolved 234Th at 75 m depth, where the values were greater and 

thus the disequilibria between 234Th and 238U smaller during the first part of the 

experiment before the weather changed. There are certain differences between the 

two sampled sites (darker versus lighter colour in graphs Figure 4-32 and Figure 4-34). 

This can be explained either as a reflection of greater productivity later in the year 

(Appendices section) or it can reflect changes in the uppermost water column above 

the thermocline. At 100 m depth, there is constantly high particulate 234Th at the NW 

site (Figure 4-34), which can be explained as being due to local conditions of the 

sampled site. The dissolved and total 234Th are again greater during the first part of 

A 

 

B 
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the experiment. The values for sites differ; however, the number of measurements is 

too small to identify a trend. The velocity components measured during the 

experiments at the sites are in Figure 4-36 and the detail of the upper water column is 

in Figure 4-37. There is no obvious pattern in the upper 100 m or any large differences 

between the sites A and B in the upper water column (see Figure 4-37). There seem 

to be greater differences in both u and v velocity components in the lower water 

column (see Figure 4-36) below 300 m between the two locations. This flow has 

consistently opposite direction (both u and v components), especially during the 

second part of the experiment.  

The changes in density σT are driven by changes in temperature as the differences in 

salinity are minimal in the uppermost water column (Figure 4-33). 

 

Figure 4-33. Changes in salinity (1st row) and temperature (2nd row) in the upper 150 m of the water 
column during the two parts of the experiment. The NW (in blue shades) and SE (grey and black). 
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Figure 4-34. Dissolved and Particulate 234Th at 100 m depth during first (A) and second (B) experiment 
and detailed CTD derived σt density at the sampled location (in a circle). 

 
Figure 4-35. Measured 234ThP at the NW (blue) and SE (black and grey) at sites shown during the M2 
phase at 75 and 100 m of depth. The second graph shows the differences in σt density during the first 
and second experiment. 

A B 
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Figure 4-36. U and V velocity component measured by ADCP during the experiments. A – U 
component during Experiment 1, B – U component during Experiment 2, C -  V component during 
Experiment 1 and D – V component during Experiment 2. The profile was made in Matlab (R2017b 
version) using pcolor function and interpolated ADCP data. X-axis shows time. The gap between 
second and third measurement during the second experiment (arrow) contains data and interpolations 
from the unrelated measurement.  

 

Figure 4-37. Detailed current velocity: U (A and C) and V (B and D) during the time of experiments. 
The grey dotted line is at approximately 75 m and the black dotted line is at 100 m, where the 234Th was 
measured, the black arrows point to the site A and grey arrows to the site B. There is a gap between 
second and third measurement (see arrows), where other measurement took place. 
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Figure 4-38. CTD measurements of dissolved oxygen (first row) during the first (left) and second (right) 
experiment at NW (blue shades) and SE (black and grey) slopes of the seamount, which were 
recognised as most likely affected by the semi-diurnal internal tides. The lower row shows sigma-T 
density measured at the uppermost 200 m of the water column.  

 

4.2.4.3.2. 234ThT – lower water column 

In the lower water column, up to 150 m above the seafloor, the Σt density is nearly 

constant in comparison to the upper water column, reaching 28 Kg m-3. Also, the 

values of 238U activities are close to 2.45 dpm L-1 due to minimal changes in salinity. 

The salinity and consequently the activity of 238U is slightly higher in the case of 

shallower depth (about 1000 m), where these are influenced by the presence of 

Mediterranean water. The only exception is the Ampère summit, where the 238U 

activity reaches 2.55 dpm L-1 due to high surface salinity.   

234Th/238U disequilibria were detected in the lowest 150 m above sea floor at all 

stations. The 234Th depletion calculated as 
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Equation 4-2 
234ThDepleted = (1 – 234ThT/238U). 

The calculated values (Table 4-7) were high with the exception of the north deep slope, 

where at 50 and 100 m, where 234Th was in small excess. Depletion was measured 

also at both reference stations. The highest depletion was measured over the western 

deep slope, and accumulation of 234Th was detected only at DSN (Figure 4-39 and 

Figure 4-40).  

Table 4-7. Depletion of 234Th in % 

Station 
name 

Depth Depth Total 234Th 
Depletion 

  (m) (mab) (%) 

RS 4410.90 50.00 8.80 

RS 4410.90 20.00 8.71 

RS 4410.90 10.00 7.44 

RS 4410.90 5.00 10.19 

DSE 3204.80 50.00 11.22 

DSE 3204.80 20.00 10.94 

DSE 3204.80 10.00 8.61 

DSE 3204.80 5.00 11.02 

DSS 3191.30 100.91 5.30 

DSS 3191.30 50.00 13.17 

DSS 3191.30 20.00 7.36 

DSS 3191.30 10.00 3.18 

DSS 3191.30 5.00 7.69 

DSN 3134.50 100.86 -0.06 

DSN 3134.50 50.00 -1.62 

DSN 3134.50 20.00 16.77 

DSN 3134.50 10.00 9.59 

DSN 3134.50 5.00 0.98 

SUM 133.30 126.18 19.32 

SUM 133.30 115.64 22.02 

SUM 133.30 106.72 19.48 

SUM 133.30 81.21 16.91 

SUM 133.30 62.12 22.44 

SUM 133.30 31.48 13.83 

SUM 133.30 5.06 11.48 

MSE 1751.00 100.30 9.86 

MSE 1751.00 50.00 5.00 

Station 
name 

Depth Depth Total 234Th 
Depletion 

  (m) (mab) (%) 

MSE 1751.00 20.00 9.70 

MSE 1751.00 10.00 16.80 

MSE 1751.00 5.00 12.49 

MSW 1740.60 101.05 13.77 

MSW 1740.60 50.00 17.81 

MSW 1740.60 20.00 10.32 

MSW 1740.60 10.00 19.39 

MSW 1740.60 5.00 18.52 

DSW 3186.90 100.95 23.01 

DSW 3186.90 50.00 19.35 

DSW 3186.90 20.00 20.23 

DSW 3186.90 10.00 23.95 

DSW 3186.90 5.00 8.22 

MSS 1802.60 99.96 10.06 

MSS 1802.60 50.00 10.11 

MSS 1802.60 20.00 11.43 

MSS 1802.60 10.00 14.09 

MSS 1802.60 5.00 13.52 

MSN 1694.80 99.13 7.83 

MSN 1694.80 50.00 6.38 

MSN 1694.80 20.00 10.49 

MSN 1694.80 10.00 16.22 

MSN 1694.80 5.00 10.88 

RN 4850.50 100.88 16.23 

RN 4850.50 50.00 8.45 

RN 4850.50 20.00 15.31 

RN 4850.50 10.00 14.04 

RN 4850.50 5.00 18.08 
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Figure 4-39. Cross section of Ampère Seamount from west to east (not in scale) shows the percentual 
234Th deficiency in the bottom water column at 5, 10, 20, 50 and 100 m above the sea bed (middle 
points of the rectangles. The depth, where 234Th was measured are taken as the middle of the interval 
over which is the 234Th measured. Deficiencies were found in all measured stations with highest values 
above the deep slope east.  

 

 

Figure 4-40. Cross section of Ampère Seamount from south to north (not in scale) including both 
reference sites (RS – reference south and RN – reference north) shows 234Th deficiency (in %) in the 
bottom water column at all stations. 234Th disequilibria were measured at all stations and the 234Th 
deficiency was observed at all stations. Only the activity of 234Th measured above 20 m at Deep Slope 
North is higher than the activity of 238U (in blue; scale is identical to Figure 4-39). 
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4.2.4.3.3. 210Po - 210Pb - 260Ra in the water column 

 210Pb and 210Po were measured at specific depths in the dissolved and particulate 

phase using alpha spectrometry. The mean value of dissolved 210Pb was 18.40 dpm 

100 L-1 (Std 6.02) and the particulate phase 0.037 (std 0.07) dpm 100 L-1. The values 

of 210PbT displayed a great variability (between 7.22 and 34.28 dpm 100 L-1) and 

mainly differed with depth, similarly, the values of 210PoT varied greatly (between 0.42 

and 6.37 dpm 100 L-1). The mean value of 210PoD was only 1.80 (std 0.37) dpm 100 L-

1 and the 210PoP 0.41 (std 0.00) dpm 100 L-1.  210PoD, unfortunately, showed 

consistently low values, which suggests an analytical error. The 210PoT/210PbT ratio 

ranged from 0.02 to 0.68 dpm 100 L-1. Therefore, these data were not included in the 

study.  

226Ra was calculated from Si data as described in Chapter 2 (Chapter 2, Equation 2-

5 and 2-6). As silica concentration was not measured at stations DSW, MSW, Summit 

and RN, the approximate 226Ra was assumed to be similar to the 226Ra measured at 

all depths at all stations as the nutrient profiles, in general, did not show any significant 

differences among stations. An equation was established from the relationship of 

226Ra in other stations and the depth (Figure 4-41) to: 

Equation 4-3 

y = 8.2715x3 - 334.62x2 + 4695.4x – 20401 

(R² = 0.9918) 

and reversed to calculate the 226Ra from known depth: 

Equation 4-4 

y = 5E-17x5 - 7E-13x4 + 3E-09x3 - 4E-06x2 + 0.0029x + 7.9205 

(R² = 0.9973) and applied. As the error value of measured Si in the upper 200 m was 

higher and also varied lot more than in the lower water column, an average of these 

errors (62.33% of the measured value) was applied to all the assumed 226Ra values 

in the first 200 m, whereas a value of 1.69% was assigned to the rest of the 226Ra 

values in water column. The final values are comparable to the values of 226Ra 

measurements collected during the GEOTRACERS project at station 13 (north from 

Horseshoe Seamount Chain) Figure 4-43. 
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Figure 4-41. 226Ra was calculated from Si measured in the water column, which is described in Chapter 
2 in more detail. Relationship of 226Ra in all stations, where Si was measured, and depth. The equation 
explaining the relationship between depth and 226Ra was further used to calculate the assumed 226Ra 
activity in stations, where Si nor 226Ra were measured (DSW, MSW, Summit and RN) 

The largest 210Pb excess was measured in the upper water column and decreased 

rapidly in the first 500 m. 210Pb excess was detected through the whole water column 

at most stations and was increasing with depth under 2000 m at deep stations (DSN, 

DSS and DSW) and from below 2500 m at the northern reference (NR). The 210Pb 

deficit was detected in greater depths in only three stations: below 1000 m in MSE, 

below 1500 m at DSE and at southern reference (RS). This is explained by particle 

related scavenging processes (Rigaud et al., 2015).  

Further comparison of the data and the CTD profiles and the radionuclide data 

revealed step-like changes in salinity and oxygen profiles at MSN station, between the 

MOW and the seafloor, with high 234Th disequilibria and 210PbP increasing towards the 

seafloor, whereas 210PbD decreases at the seafloor.  This suggests mixing processes 

below the MOW layer and probably sediment resuspension above the seabed. Similar 

features are observed at MSN, whereas MSW and MSS show smaller step-like 

features. In contrary, only water profiles at the SR and additionally at the eastern side 

of the seamount (MSE and DSE) show a 210Pb deficiency in the lower water column.   

y = 8.2715x3 - 334.62x2 + 4695.4x - 20401
R² = 0.9918
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Table 4-8. Results of measured radionuclides at Ampère Seamount all given for particulate and dissolved phases. 226Ra calculated from Si and the error is estimated 
from the error associated with Si measurement. For those stations with no Si measured, the 226Ra is estimated from the correlation of Si distribution and depth described 
earlier. All in dpm / 100 L. Each of the profiles sustains from 2-4 CTD casts. 

 Station  CTD Depth    Dissolved Particulate Total  Dissolved Particulate Total  

  Number (m) 
226Ra Error 210Pb  1SD 210Pb  1SD 210Pb  1SD 210Po 1SD 210Po 1SD 210Po 1SD 

RS 946 4311 18.39 0.28 14.53 0.46 0.37 0.03 14.91 0.46 1.00 0.24 0.64 0.00 1.64 0.24 

  953 3000 15.67 0.04 14.06 0.42 0.38 0.04 14.45 0.42 1.18 0.25 0.47 0.00 1.65 0.25 

  955 2000 11.50 0.34 10.52 0.32 0.33 0.04 10.85 0.32 0.73 0.11 0.43 0.00 1.17 0.11 

  956 1000 9.25 0.06 11.49 0.40 0.29 0.03 11.77 0.40 0.66 0.12 0.45 0.00 1.11 0.12 

   500 8.87 0.10 10.98 0.36 0.49 0.05 11.48 0.36 0.79 0.13 0.42 0.00 1.20 0.13 

   200 8.37 0.22 13.09 0.34 0.44 0.04 13.53 0.34 2.36 0.48 0.54 0.00 2.89 0.48 

   100 8.09 0.20 13.25 0.34 0.28 0.03 13.52 0.34 2.25 0.52 0.30 0.00 2.54 0.52 

   5 8.02 3.90 16.97 0.49 0.25 0.03 17.21 0.49 -1.15 -0.31 0.89 0.00   

                   

DSE 1019 3100 17.24 0.23 14.19 0.50 0.25 0.04 14.44 0.51 0.99 0.21 0.26 0.00 1.25 0.21 

  1020 2500 14.52 0.24 12.40 0.42 0.42 0.04 12.82 0.42 2.65 0.43 0.44 0.00 3.09 0.43 

   2000 12.20 0.22 10.30 0.39 0.39 0.05 10.70 0.39 2.23 0.29 0.44 0.00 2.67 0.29 

   1500 10.32 0.17 10.48 0.37 0.28 0.05 10.75 0.37 1.61 0.21 0.35 0.00 1.96 0.21 

   1000 9.46 0.23 11.15 0.31 0.31 0.04 11.46 0.32 4.33 0.57 0.64 0.00 4.97 0.57 

   500 8.39 0.11 8.19 0.22 0.42 0.04 8.61 0.23 5.19 0.41 0.64 0.00 5.83 0.41 

   100 8.20 0.22 14.60 0.39 0.40 0.03 14.99 0.39 5.91 1.30 0.46 0.00 6.37 1.30 

                   

MSE 1178 1650 10.66 0.23 6.80 0.22 0.41 0.04 7.22 0.23 2.81 0.14 0.48 0.00 3.29 0.14 

  1179 1580 10.43 0.29 7.68 0.26 0.36 0.04 8.05 0.27 2.80 0.16 0.33 0.00 3.13 0.16 

  1180 1250 9.69 0.18 7.61 0.29 0.40 0.05 8.01 0.29 3.61 0.22 0.37 0.00 3.98 0.22 

   1000 9.42 0.20 16.20 0.43 0.32 0.03 16.52 0.43 1.19 0.23 0.42 0.00 1.61 0.23 

   500 8.92 0.11 16.34 0.40 0.44 0.03 16.78 0.40 1.31 0.26 0.58 0.00 1.90 0.26 

   100 8.23 0.63 23.31 0.56 0.52 0.04 23.84 0.56 3.14 1.06 0.23 0.00 3.37 1.06 

   5 8.00 8.03 26.18 0.63 0.35 0.03 26.53 0.63 0.46 0.27 0.71 0.00 1.17 0.27 
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 Station  CTD Depth    Dissolved Particulate Total  Dissolved Particulate Total  

  Number (m) 
226Ra Error 210Pb  1SD 210Pb  1SD 210Pb  1SD 210Po 1SD 210Po 1SD 210Po 1SD 

DSN 1126 3034 16.49 0.35 24.19 0.74 0.37 0.04 24.56 0.74 -0.42 -0.06 0.48 0.00   

  1127 2500 14.31 0.05 24.93 0.97 0.33 0.04 25.26 0.97 1.11 0.52 0.30 0.00 1.41 0.52 

   2000 11.89 0.19 18.12 0.55 0.32 0.03 18.44 0.55 1.58 0.31 0.42 0.00 2.00 0.31 

   1800 11.28 0.37 17.65 0.53 0.28 0.03 17.93 0.53 1.54 0.31 0.33 0.00 1.88 0.31 

   1000 9.35 0.05 12.90 0.41 0.30 0.03 13.20 0.41 2.14 0.30 0.28 0.00 2.42 0.30 

   500 8.59 0.21 18.92 0.54 0.37 0.03 19.29 0.54 2.84 0.68 0.36 0.00 3.20 0.68 

   100 8.13 0.83 22.76 0.68 0.35 0.04 23.11 0.68 3.23 1.09 0.21 0.00 3.44 1.09 

                   

MSN 1245 1595 10.66 0.46 17.88 0.51 0.39 0.04 18.27 0.51 1.57 0.27 0.33 0.00 1.90 0.27 

  1246 1500 10.38 0.34 12.79 0.35 0.37 0.03 13.16 0.35 1.87 0.23 0.24 0.00 2.11 0.23 

   1250 9.65 0.21 13.40 0.38 0.53 0.05 13.93 0.38 1.89 0.25 0.45 0.00 2.34 0.25 

   1000 9.49 0.35 15.54 0.43 0.36 0.03 15.90 0.43 0.27 0.04 0.35 0.00 0.62 0.04 

   500 8.35 0.40 16.90 0.45 0.52 0.03 17.42 0.45 1.10 0.19 0.55 0.00 1.64 0.19 

   100 8.19 0.90 25.77 0.68 0.35 0.03 26.12 0.68 2.80 0.98 0.58 0.00 3.38 0.98 

   5 8.00 8.17 28.36 0.71 0.37 0.03 28.74 0.71 2.93 1.35 0.43 0.00 3.36 1.35 

                   

DSS 1089 3091 16.20 0.59 25.25 0.69 0.37 0.03 25.62 0.70 0.85 0.28 0.27 0.00 1.12 0.28 

  1090 2500 13.90 0.07 22.82 0.68 0.34 0.04 23.16 0.68 1.35 0.35 0.35 0.00 1.70 0.35 

   2000 11.95 0.08 17.81 0.57 0.40 0.04 18.21 0.57 1.18 0.23 0.30 0.00 1.48 0.23 

   1500 10.10 0.07 17.62 0.57 0.28 0.03 17.91 0.57 1.42 0.26 0.21 0.00 1.63 0.26 

   1000 9.25 0.03 21.09 0.65 0.33 0.03 21.42 0.65 1.04 0.24 0.30 0.00 1.34 0.24 

   500 8.70 0.05 24.40 0.74 0.51 0.05 24.92 0.75 2.90 1.07 0.27 0.00 3.17 1.07 

   100 8.13 0.57 28.39 0.84 0.25 0.03 28.64 0.84 3.33 1.57 0.35 0.00 3.68 1.57 

                   

MSS 1213 1702 10.79 0.14 18.36 0.51 0.38 0.03 18.74 0.51 1.71 0.37 0.22 0.00 1.93 0.37 

  1214 1500 10.22 0.35 13.36 0.35 0.37 0.03 13.73 0.35 2.31 0.35 0.26 0.00 2.57 0.35 

  1215 1250 9.52 0.19 14.61 0.39 0.36 0.03 14.97 0.39 1.76 0.28 0.43 0.00 2.19 0.28 
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 Station  CTD Depth    Dissolved Particulate Total  Dissolved Particulate Total  

  Number (m) 
226Ra Error 210Pb  1SD 210Pb  1SD 210Pb  1SD 210Po 1SD 210Po 1SD 210Po 1SD 

   1000 9.30 0.26 18.25 0.47 0.30 0.02 18.55 0.47 2.40 0.48 0.38 0.00 2.79 0.48 

   500 8.91 0.13 23.13 0.64 0.50 0.04 23.63 0.64 0.78 0.27 0.47 0.00 1.25 0.27 

   100 8.23 1.39 31.21 0.81 0.39 0.04 31.59 0.81 0.94 0.55 0.12 0.00 1.06 0.55 

   5 8.02 11.62 33.93 0.89 0.35 0.03 34.28 0.89 0.87 0.62 0.67 0.00 1.54 0.62 

                   

DSW 1300 3087 16.43 0.28 22.85 0.52 0.30 0.02 23.15 0.52 2.59 0.76 0.35 0.00 2.94 0.76 

  1301 2500 13.99 0.24 20.23 0.51 0.36 0.03 20.60 0.51 2.12 0.50 0.31 0.00 2.43 0.50 

   2000 11.85 0.20 14.53 0.34 0.35 0.03 14.88 0.34 1.47 0.23 0.38 0.00 1.85 0.23 

   1500 10.18 0.17 15.05 0.37 0.37 0.04 15.42 0.37 1.36 0.21 0.23 0.00 1.59 0.21 

   1000 9.21 0.16 15.17 0.37 0.33 0.03 15.49 0.37 2.25 0.40 0.41 0.00 2.66 0.40 

   500 8.73 0.15 17.99 0.41 0.51 0.03 18.51 0.41 0.69 0.21 0.52 0.00 1.21 0.21 

   100 8.17 5.09 24.33 0.53 0.32 0.03 24.65 0.54 0.05 0.11 0.63 0.00 0.68 0.11 

   5 7.93 4.95 28.08 0.67 0.29 0.03 28.38 0.67 1.89 0.94 0.36 0.00 2.25 0.94 

                   

MSW 1267 1641 10.59 0.18 14.55 0.39 0.32 0.02 14.88 0.39 1.52 0.21 0.32 0.00 1.84 0.21 

  1268 1500 10.18 0.17 15.90 0.43 0.34 0.02 16.24 0.43 1.31 0.21 0.23 0.00 1.54 0.21 

   1250 9.61 0.16 16.65 0.51 0.37 0.03 17.02 0.51 1.09 0.19 0.22 0.00 1.30 0.19 

   1000 9.21 0.16 16.12 0.50 0.41 0.03 16.52 0.50 2.83 0.51 0.35 0.00 3.19 0.51 

   500 8.73 0.15 22.79 0.64 0.42 0.04 23.21 0.64 1.96 0.54 0.43 0.00 2.39 0.54 

   100 8.17 5.09 28.48 0.79 0.45 0.04 28.93 0.80 0.09 0.04 0.36 0.00 0.45 0.04 

   5 7.93 4.95 24.74 0.57 0.33 0.03 25.07 0.57 3.60 1.21 0.59 0.00 4.19 1.21 

                   

Summit 1151 128 8.23 5.13 22.99 0.63 0.40 0.03 23.39 0.64 2.71 0.93 0.42 0.00 3.13 0.93 

   70 8.11 5.05 24.63 0.66 0.26 0.03 24.89 0.66 2.32 0.90 0.55 0.00 2.87 0.90 

   50 8.06 5.02 22.88 0.62 0.29 0.03 23.17 0.62 2.16 0.76 0.85 0.00 3.00 0.76 

   5 7.93 4.95 25.63 0.82 0.40 0.05 26.03 0.82 3.26 1.41 0.99 0.01 4.26 1.41 
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 Station  CTD Depth    Dissolved Particulate Total  Dissolved Particulate Total  

  Number (m) 
226Ra Error 210Pb  1SD 210Pb  1SD 210Pb  1SD 210Po 1SD 210Po 1SD 210Po 1SD 

RN 1349 4750 17.75 0.30 22.88 0.56 0.41 0.04 23.30 0.56 1.59 0.47 0.30 0.00 1.90 0.47 

  1350 4000 18.36 0.31 24.51 0.67 0.47 0.04 24.99 0.67 1.17 0.35 0.33 0.00 1.50 0.35 

   3000 16.11 0.27 20.27 0.57 0.44 0.05 20.71 0.57 1.11 0.25 0.26 0.00 1.37 0.25 

   2500 13.99 0.24 15.99 0.50 0.32 0.03 16.32 0.50 0.11 0.02 0.30 0.00 0.42 0.02 

   2000 11.85 0.20 17.15 0.51 0.30 0.03 17.44 0.51 1.07 0.18 0.35 0.00 1.42 0.18 

    1500 10.18 0.17 14.80 0.48 0.28 0.02 15.08 0.48 1.13 0.18 0.32 0.00 1.46 0.18 

 

Table 4-9. Water column inventories for each measured profile (see Table above). The inventories are calculated as described earlier – summary of trapezoids and two 
rectangles for the uppermost and lowermost depths, where the activity is assumed to be equal to the first/last measurement. 

Inventories 226Ra Error 210PbT Error Excess 210Pb Error   

 Bq m-2 Bq m-2 Bq m-2 Bq m-2 Bq m-2 Bq m-2   

RS 9307.22 118.85 9564.80 95.93 257.58 152.74   

DSE 6184.06 70.26 6276.56 55.53 92.51 89.55   

MSE 2723.32 41.41 4323.83 37.66 1600.51 55.97   

DSN 5946.83 55.03 10216.64 100.18 4269.81 114.30   

MSN 2589.33 42.00 5036.75 42.50 2447.42 59.75   

DSS 6009.02 42.57 11827.46 96.24 5818.44 105.24   

MSS 2802.46 35.30 6303.21 53.38 3500.75 64.00   

DSW 6009.56 56.77 9849.86 62.78 3840.30 84.64   

MSW 2669.52 33.16 5846.75 53.47 3177.23 62.92   

Summit 179.35 6.19 539.11 6.10 359.77 8.69   

RN 11070.10 65.49 15288.53 105.91 4218.40 124.52   

Reference North measurements are only below 1500 m, the values in the table add the estimation for the uppermost 1500 m to be comparable to the rest of inventories.  
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Figure 4-42. Water column profiles showing the measured radionuclides in their dissolved and 
particulate phase. The 226Ra measured from Si or estimated is in dark blue and the close up for the 
particulate 210Po and 210Pb is on the right.  
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Figure 4-42 continued 
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Figure 4-42 continued 

 

Figure 4-43. An example for a sampling campaign from the Northeast Atlantic shows the measured 
210PbT and 210PoT values through the water column (Bacon, 1977b) and the 226Ra calculated from Si (as 
in previous plots) and estimated from a GEOTRACES station 13 north of Horseshoe Seamount Chain 
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(Le Roy et al., 2018). The purple circles show the 226Ra values estimated from Si values from a site 
near Senghor Seamount (Bacon, 1977a). 

 

Figure 4-44. 226Ra and 210PbT inventories plotted against depth show increase with depth and the 210PbT 
shows variability for both mid slope and deep slope locations (SD = 759 and 2027 Bq m -2, or 14% and 
25% of the mean respectively). 

 

Figure 4-45. 210PbT/226Ra ratio in all stations – full line for middle slopes and dotted line for deep slopes 
with a comparison to station M032 collected from North Atlantic (33.8N, 13.4W) (Bacon, 1977b). B - 
Comparison of 210Pb excess through the whole water column at all Ampère stations. 
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4.2.4.3.4. Chlorophyll  

The November and December (2010) Chlorophyll–a MODIS (Ocean Color) averages 

show only a small difference in the chlorophyll-a abundance in the north-east area of 

Atlantic. There is no apparent local upwelling in the Ampère area and consequent 

chlorophyll-a enrichment. The MODIS 8-day average Chlorophyll-a concentrations 

were measured over the whole Ampère Seamount area including both reference sites 

(Appendices). The values for the mass concentration of Chlorophyll-a displayed a 

weak seasonality and a very slight inter-annual variability in years 2009 and 2010 

(graph not showed). Thanks to a high percentage of cloud average (graph not shown), 

it would be difficult to calculate 8-day averages for the sites separately.  

Modis averaged data for ampere seamount (box = 15°W - 10°W and 33°N - 37°N, each 

degree has 6 data points). Following the recommendation on Modis website, to apply 

a log10 scale was not judged appropriate, as values in over the area of Ampère 

seamount display only a small variability. The mean value for the whole area visualized 

was 315.2917 mg C m-2 day-1 for November 2010 and 352.1259 mg C m-2 day-1 for 

December 2010. Patches of high C productivity on the following figures do not have a 

local origin but are rather offshoots from greater high productivity areas originating in 

the coastal regions.  

 

Figure 4-46. Map of Ampere Seamount sampled sites and area taken for further analysis. 
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Figure 4-47. Modis data for the area of Ampère Seamount A – in November 2010, B – in December 
2010 (RN - reference north, RS - reference south). The scale is from 200-600 mg C day-1 to display 
smaller differences between sites). The enhanced productivity in the northeast of the Ampère Seamount 
is a result of higher productivity cluster moving westward. 

4.2.4.4.  Sediment Radionuclides 

210Pbxs in the sediment was measured in 2011 and re-measured in 2013 due to 

instrument failure. Despite the attempt, some measurements were unsuccessful (see 

Table 4-10 for stations and Table 4-11 for results). Therefore, the DSN profile was 

excluded from the study and interpolation of the DSS profile was used for inventory 
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estimation. The sediment collection on RN was unsuccessful and no data are 

available. 

Table 4-10. Table of stations, where MUC samples for 210Pb measurements were taken. 

Station No Longitude Latitude Max Depth Measured 
    

(m) (year) 

Reference South 959 13° 00.00‘ W 33° 48.00‘ N 4413 2013 

Reference South 961 13° 00.00‘ W 33° 48.00‘ N 4413.9 2013 

Summit Rim NW  1079 12° 55.08‘ W 35° 04.91‘ N 248 2012 

Summit Rim NW 
(disturbed) 

1079 12° 55.08‘ W 35° 04.91‘ N 248 2012 

Summit SW Rim 1145 12° 54.66‘ W 35° 02.60‘ N 241.5 2013 

Summit SW Rim  1145 12° 54.66‘ W 35° 02.60‘ N 241.5 2013 

Summit SW Rim 1145 12° 54.66‘ W 35° 02.60‘ N 241.5 2013 

Summit SW Rim 1145 12° 54.66‘ W 35° 02.60‘ N 241.5 2013 

North Mid Slope 1321 12° 53.58‘ W 35° 07.98‘ N 1699.1 2012 

North Mid Slope 1322 12° 53.58‘ W 35° 07.98‘ N 1707.6 2012 

East Mid Slope 1262 12° 49.76‘ W 35° 04.98‘ N 1721.4 2012 

East Mid Slope 1263 12° 49.70‘ W 35° 04.96‘ N 1735 2013 

East Mid Slope 1264 12° 49.70‘ W 35° 04.96‘ N 1725.2 2012 

South Mid Slope  1339 12° 53.64‘ W 35° 00.11‘ N 1727.1 2013 

West Mid Slope 1310 13° 10.02‘ W 35° 03.01‘ N 1937.8 2013 

West Deep slope 1306 13° 27.79‘ W 34° 55.62‘ N 3183.4 2012 

Deep Slope North 1028 12° 57.32‘ W 35° 15.37‘ N 3127.9 2012 

South Deep Slope  1109 12° 50.79‘ W 35° 03.22‘ N 1060.2 2012 

 

The inventory is calculated over the depth, where 210Pbxs was identified. As all the 

measurements from the sediments collected from both NW and SW Rim contain only 

one measurement at depth of 4 and 5 cm respectively, the inventory is estimated as 

over the whole depth from the only measurement using Equation 1-8. The inventory 

measured at deep sites (below 3000 m) shows smaller variability (1658.84 to 1696.10 

± 18.66 Bq m-2), whereas inventory at mid slopes and on the summit rim display bigger 

variability among sites (Table 4-11). 

Table 4-11. Measured 210Pbxs inventory in the sediment and flux to the sediment calculated from the 
inventory.  

Station No 210Pb 
Inventory 

Error 210Pb Flux 210Pb Flux 
error   

(Bq m-2) (Bq m-2) (Bq m-2 y-1) (Bq m-2  y-1) 

RS 959 1675.55 418.01 52.08 12.99 

RS 961 1658.84 359.94 51.56 11.19 

Summit Rim NW 1079 545.67 377.73 16.96 11.74 

Summit Rim NW 
(disturbed) 

1079 903.77 187.60 28.09 5.83 
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Station No 210Pb 
Inventory 

Error 210Pb Flux 210Pb Flux 
error   

(Bq m-2) (Bq m-2) (Bq m-2 y-1) (Bq m-2  y-1) 

Summit SW Rim 1145 974.70 990.24 30.30 30.78 

Summit SW Rim 1145 1472.63 679.63 45.77 21.12 

Summit SW Rim 1145 2018.27 549.99 62.73 17.10 

Summit SW Rim 1145 4970.72 1066.12 154.50 33.14 

MSN 1321 1857.91 332.94 57.75 10.35 

MSN 1322 1669.03 611.62 51.88 19.01 

MSE* 1262 5986.77 2317.75 186.09 72.04 

MSE 1263 3863.10 1096.77 120.08 34.09 

MSE 1264 1726.47 1142.85 53.66 35.52 

MSS 1339 1869.44 617.30 58.11 19.19 

MSW 1310 827.42 235.24 25.72 7.31 

DSW 1306 1696.10 1428.90 52.72 44.41 

DSS* 1109 11353.01 1507.12 352.88 46.85 

DSN 1028 No data    

RN  No data    

* Note: MSE (1262 core 11) efficiencies for 10g pellets on Ortec 1 unreliable so averaged efficiency value (from 

efficiencies of 5 and 15 g pellets) is used. DSS (1109 core 11) also affected, the values are estimated. Summit NW 

rim – only one measurement about 4cm depth, Summit SW rim, four stations, one measurement over 5 cm depth. 

Table 4-12. Averaged values for stations with multiple measurements. 

Station No 210Pb Inventory Error 210Pb Flux 
210Pb Flux 
E 

    (Bq m-2) (Bq m-2) (Bq m-2 y-1) (Bq m-2 y-1) 

Reference South Av 1667.19 551.63 51.82 17.15 

Summit Rim NW  Av 724.72 421.75 22.53 13.11 

Summit SW Rim Av 2359.08 1697.52 73.33 52.76 

North Mid Slope Av 1763.47 696.36 54.81 21.64 

East Mid Slope Av 3858.78 2807.31 119.94 87.26 

South Mid Slope  1339 1869.44 617.30 58.11 19.19 

West Mid Slope 1310 827.42 235.24 25.72 7.31 

West Deep slope 1306 1696.10 1428.90 52.72 44.41 

Deep Slope South 1109 11353.01 1507.12 352.88 46.85 

 

The 210Pb inventories varied between sites from 545.67 (NW Summit Rim) to 11353.01 

Bq m-2 (DSS) but also among the local sites. MSN (1321-5) displayed 210Pbxs in the 

first 3.5 cm and the profile of the excess 210Pb data was close to logarithmic suggesting 

steady sediment flux with no obvious disturbances, whereas a core collected at MSN 

site (1322-11) shows 210Pbxs in the whole profile (to 8 cm) with lesser activity in each 

layer but similar inventory. Conversely, DSS displayed high subsurface maxima at 3.5 

cm suggesting either bioturbation or other processes. The 210Pbxs activity is shown in 

Table 4-11.  
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The 210Pb water column measurements (Table 4-8) and inventories (Table 4-9) age 

graphically displayed in Figure 4-48 and compared with inventories measured in the 

sediment and with the estimated 226Ra inventories.  

 

Figure 4-48.Comparison of the water column and sediment inventories. There are no sediment data for 
DSE, DSN and RN, all multiple inventory data for stations were averaged. Except for sediment 
inventories at the summit area are the water column inventories of both 226Ra and 210Pb greater than 
the observed sediment inventories. RN values are measured only from 1500 m to the sea floor. The 
Inventory values for 226Ra are estimated from Si measurements and the 210Pb are  

 

4.2.4.5.  Sediment Grain Size 

Additionally, sediment grain size and sortable silt proportion were measured, and its 

mean size ( ) was calculated. The  was used for estimation of an approximate 

current velocity (Figure 4-50) following McCave (2017). These are compared in Figure 

4-49. There seem to be differences between samples collected from the same site, 

especially the summit rim (SRNW) and northern mid slope (MSN). The equations 

proposed by McCave (2017) is applied. As the velocity values were not validated with 

observed current in the area, the velocities are used for comparison of the environment 

among the sites. The observed velocity calculated from the  show higher values in 

greater depths (deep slopes).  
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Figure 4-49. Grain size analysis of first layers of all cores show the high proportion of coarse grained 

sediment at mid slopes and at rim. The proportion of sortable silt ( ) (orange) was used to estimate 

current velocities. Graph below shows the proportion of ( ) (in %) and the lines show the estimated 

velocities calculated from the first slice (orange) and from averaging the ( ) values from all depths of 
the core (black line).  

4.2.5. Summary and Discussion 

The Ampère Seamount area seems to be very complicated in terms of hydrodynamics 

as all three types of flows described in Chapter 1 (Seamount section) are present at 

the time of data collection: background flow, tidal oscillation and the layer of 

Mediterranean water suggest presence or remnants of a Meddy. Another source of 

eddies is the Azores Current (AC) (Fründt and Waniek, 2012). The AC is variable in 

time and strength (Fründt and Waniek, 2012), which was observed by the ADCP data 

from the subsequent years, during cruises in 2009 and 2010 and partially within the 

2010 cruise (Figure 4-12 and Figure 4-13). Ampère Seamount is located in the area of 

Meddy trajectories and the middle water column is influenced by MOW 

(Bashmachnikov et al., 2015b). 

The upper water column is dominated with strong background flow towards the south 

east (18.6 cm s-1 in average at depth of 100 m but reaching up to 35 cm s-1), tides with 

semidiurnal frequencies of M2 in particular (accounts for 70% of tidal energy and 

M2+S2 = 78%) and minimal contribution of diurnal tides. Inertial oscillation with a period 

of approximately 20 h (Figure 4-19) was observed during the second part of the cruise 

in December 2010 above the wider area of the summit and mid-slopes. There is no 

direct ADCP measurement within the layer of MOW. However, inertial oscillation with 
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a period close to 20 hrs was observed above the seamount summit and the upper 

slopes during the second part of the cruise. Meddy can affect a vortex above the 

seamount summit (Bashmachnikov and Carton, 2012), as well as this,  may be caused 

by the incoming AC or a change in its intensity.  

The near-inertial oscillation or possible other topographically induced sediment 

dynamics are influencing the sedimentation on the seamount summit. The two sites 

SW and NW rim show very different P/F ratio, indicating that the greatest focusing is 

on the SW rim (n=4) followed by NW rim (n=2). On the other hand, deeper sites (all 

measured middle slopes), DSW and also southern reference site (n=2) show signs of 

winnowing (Figure 4-51). The level of scavenging at these stations would suggest less 

vigorous fluid dynamics at the eastern side of Ampère in the long term, whereas all the 

other stations displayed 210Pb excess suggesting sediment resuspension and more 

particles in the water column above the seabed.  

Strong stratification was observed at depths of 90-100 m (Figure 4-24) and additional 

elevated values of N2 were observed in the middle column, which is influenced by 

MOW. This can influence the process of tidal conversion as the strong stratification 

and variability in stratification have an effect on the strength of the tidal beam as well 

as its direction (van Haren et al., 2010). Low and negative N2 was observed at all 

stations below 1500 m.  At that depths, the N2 was also close to M2 (turning depth for 

the M2 tidal frequency), which means that the tidal waves propagate vertically  

The results of the 234Th collected from the tidal sites of the seamount in 2 hr intervals 

are inconclusive in terms of capturing internal tide influence on particle dynamics. The 

differences in measured values (234ThP at 100 m being higher at SE tidal site, Figure 

4-34) is more likely caused by the interaction of background flow and the seamount. 

When concentrating on the local differences of these two tidal sites, the NW site is 

under stronger influence of the background flow, (there was no inference for tidal 

frequencies was found). On the other hand, more sheltered SE site is influenced by 

the semidiurnal tide.  

There are only small differences in the nutrient concentration profiles among the 

stations suggesting similarities in the nutrient distribution with depth. Nutrient profiles 

(Figure 4-26) did not show any elevation in concentration values in the upper water 

column. This is in agreement with the MODIS data for November and December 2010 
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(Figure 4-47), which indicates similar values of C production for all sites with no local 

bloom effect indicating upwelling. Moreover, the occurrence of strong stratification 

beneath the mixed layer was observed at all stations. 234Th fluxes from the euphotic 

layer (Figure 4-31) show a directional pattern with greater values towards north-west 

suggesting the influence of the flow/front. The change in the current and eddies 

position can influence the phytoplankton composition and thus have a great effect on 

carbon sink (Smythe-Wright et al., 2010). Additionally, enhanced concentration of POC 

in comparison to surrounding area can be linked to the presence of a Meddy at a 

seamount (Vilas et al., 2009). The enhanced flux was, however, influenced rather by 

the AC than by the direct Meddy-seamount interaction. 

A nutrient concentration elevation was observed above the seabed, where an influence 

of sediment resuspension likely occurs. Sediment resuspension is supported by the 

radionuclide findings: 234ThT display high disequilibria to its parent 238U at all stations 

up to 50 m above seafloor indicating sediment resuspension followed by transport on 

a timescale of days to months (Figure 4-39 and Figure 4-40). The only site (DSN) 

displaying an excess of 234ThT suggesting less vigorous conditions. The sortable silt 

mean size ( ) (Figure 4-50) indicates lower current velocities (similar DSS) in 

comparison to other deep sites. As the half-life of 234Th coincides with semidiurnal tidal 

frequency and the main axis of M2 tidal ellipsis is SW-NE direction, these two sites may 

not be affected by the main tidal current. The  derived velocity does not distinguish 

between types of currents the origin of sediment resuspension is not clear. The high 

values of  derived (McCave et al., 2017) current velocity (not adjusted for the area; 

Figure 4-50) suggests high energy environment in such depths, which is in agreement 

with P/F ratio (Figure 4-51) and earlier observation (Melnikov, 2009) with possible 

topographically induced internal tide origin (Melnikov, 2017). Melnikov (2017) also 

observed the asymmetry of this feature, which is observed from 234Th-238U 

disequilibria. Disequilibrium between 234Th and its parent 238U in the bottom waters 

may indicate the presence of a nepheloid layer (Smith et al., 2004). This is in contrary 

to the measured low background values calculated for 234Th. Additional information 

about the low water column environment i.e. turbidity at the time of sample collection 

was not available. 

The middle water column is influenced by MOW, with dissolved oxygen minima at this 

layer (Figure 4-8 and Figure 4-9) did not display any greater changes in nutrient 
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concentration as shown in previous studies. Both radionuclides, however, displayed 

disequilibria to its parent in the middle layer. Schmidt et al. (2006) showed that Meddies 

can alter the particle dynamics and 234Th-238U disequilibria can occur in or underneath 

the Meddy. Due to the distance between mid-water column samples (500 m), the 

detailed profile in/or underneath the lens of MOW cannot be supplied (see 

Appendices). The CTD profiles at the deep sites show a decline in density above and 

underneath the MOW/Meddy suggesting interaction or mixing processes above and 

underneath (see Appendices for CTD profiles). The only 234Th-238U equilibria at mid-

water column were observed at 2000 m at DSN indicating either sloping feature or 

sheltered location. This is supported by the high percentage of finer sized sediment at 

both (DSN and one of the MSN stations) locations. The higher proportion of greater 

sized particles in the sediment at mid slopes suggests higher energy environment 

(FOLK, 1966). 

The high 210Pb-226Ra disequilibria at 2000 m depth above the DSE (located in a saddle 

between Ampère and Coral Patch) and DSW stations, which is higher than above the 

rest of the deep stations, may suggest higher local sediment resuspension and 

transport at those depths on a timescale of days or months. At the same time, the 

210Pb/226Ra ratio at these sites and depth is close to one suggesting an opposite trend 

on a longer timescale of years. The situation is analogous at the DSN and DSS sites, 

where the 234Thxs is near to one but the 210Pb/226Ra ratio is high.  

Both radionuclides displayed disequilibria in the whole water column suggesting more 

complex conditions in the whole area. Additionally, 234Th displays depletion in a 

majority of the profiles, whereas 210Pb shows excess values. This trend also applies to 

the reference sites suggesting a wider extent of influence. The water column 

210Pb/226Ra ratio observed at the northern reference site (SR) and at DSE (in the saddle 

between Ampere and Coral Patch seamounts) show typical North Atlantic trend 

observed previously (Thomson et al., 1993, Colley et al., 1995) and is consistent with 

the observation in the lowest water column between 1200 – 1600 m at MSE. 
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Figure 4-50. Summary of sediment parameters and radionuclides measured 5 m above the seafloor. 
A – Grain size averaged for whole core and if there are multiple cores for a site, then averaged. B – 

As A but a proportion of sortable silt fraction ( ) in the sample. C – 234Th depletion in the lowermost 

5m above the seafloor. D – % proportion of the SS and the  in the first slice (orange) and averaged 
for core/samples collected at the station (black). E – Excess of 210Pb respective to 226Ra measured 
5 m above the seafloor.  F – 210Pb fluxes in the water column, sediment inventory and measurement 
at the first slice (axis on right). The radionuclide depletion for SW and NW rim is assumed to be 
similar to the values measured on the summit so those are displayed. 

 

The seamount effect of the Ampère Seamount may not be apparent at the time of 

sample collection due to the complex hydrodynamics similarly as observed at the 

Vercelli Seamount (Misic et al., 2012). In parallel, the seasonally occurring seamount 

effect was documented from Gorringe bank (NE from Ampère, also part of the 

Horseshoe Seamount ridge, a tall seamount with two shallow peaks); where during 

spring a Taylor Cone and tidal interaction with the Gorringe seamount in greater depths 

were observed together with isopycnal doming (associated with upwelling) (Oliveira et 

al., 2016). The high 210Pb-226Ra disequilibria in the deepest water column may be 
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evidence of a similar interaction in the deep-water column in the case of Ampère 

Seamount. 

 
Figure 4-51. The ratio of sediment derived inventories and inventories of 210Pb in the water column for 
all measured sediment profiles (A), for averaged sites (B) The ratio is compared to the water column 
210Pb and 226Ra inventories calculated for the whole water column profile. Missing values for sediment 
derived inventories are indicated with a white dot. 

As the distance between the Ampère Seamount and neighbouring seamount, the 

(Coral Patch Seamount) is smaller than its diameter, Ampère Seamount can be 

considered a part of a seamount chain rather than being isolated. This may result in 

more complex fluid dynamics and internal wave/tidal behaviour. The neighbouring 

Coral Patch Seamount on the eastern side would affect the barotropic to baroclinic 

tidal conversion, depending on the ratio of seamount slope and internal wave beam 

slope (Zhang et al., 2017).   
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4.3. Senghor Seamount 

4.3.1.  Geological and hydrological settings 

Senghor Seamount is situated in the Eastern Central Atlantic and it is a part of the 

Cape Verde archipelago (Figure 4-1. And Figure 4-2.). It is a tall conical seamount with 

steep slopes rising from the depth of about 3350 m with its summit at less than 100 m 

below the sea level. The area is important for the fishing industry. 

The area of Senghor Seamount is influenced by large scale hydrological features and 

interaction between them. The Canary Current (CC), Cape Verde Frontal Zone (CVFZ 

(Zenk et al., 1991, Lathuilière et al., 2008)) and a part of NW-African current system: 

North Equatorial Current (NEC) (Lathuilière et al., 2008) in the upper water column and 

the North Equatorial Counter Current (NECC) (Fernandes et al., 2004) (Figure 4-52). 

The area is adjacent to the cyclonic recirculation gyre in the south (Lathuilière et al., 

2008). The influence of the currents described changes seasonally as does the 

strength of upwelling on the NW coast of Africa (Fernandes et al., 2004). 

 

Figure 4-52. Map of the location of Senghor Seamount and the surrounding area. The main 
hydrographic features as North Equatorial Current (NEC), Cape Verde Frontal Zone (CVFZ) and 
Recirculation gyre are included.  (Turnewitsch et al., 2016). 

Senghor Seamount is located near the area of upwelling, between the northern and 

southern upwelling sector which have different upwelling properties and seasonal 

variations (Menna et al., 2016) of which filaments can be transported westwards 
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towards the seamount area by eddies (Pastor et al., 2008, Meunier et al., 2012). The 

previous studies don’t agree on the observations of a ‘seamount effect’ as a result of 

physical with topography; any such structure wasn’t observed (Hanel et al., 2010), in 

contrary, upwelling and enhanced POC export due to the interaction of seamount and 

physical oceanography processes were described by Turnewitsch et al. (2016).  The 

area of Azores is in the band of rough topography with high barotropic to baroclinic 

conversion rate (estimated 19-20 GW) (Simmons et al., 2004). 

Underneath the mixed layer is North Atlantic Central Water (NACW), which is 

separated from the South Atlantic Central Water (SACW) by the CVFZ (Lathuilière et 

al., 2008). The Cape Verde archipelago lays at the southernmost boundary of MOV 

extension (Zenk et al., 1991).  

The area of Senghor Seamount hosts a variety of habitats including soft sediment 

cover as well as a hard substrate (Christiansen et al., 2011). Sediment ripples as an 

indication of a strong current were observed during the 2010 cruise (Christiansen, 

2009). The variable sediment cover supports a diversity of habitats and variability in 

for example polychaetes (Chivers et al., 2013, WATSON et al., 2014). 

4.3.2. Results 

4.3.2.1.  Water Column 

The conditions in the water column in the area of Senghor Seamount change with time, 

which is shown in various reports. For example, Hanel et al. (2010) reported a sinking 

thermocline at the north-western site of Senghor and was approaching the area from 

SE direction during a cruise in 2015 (Christiansen et al., 2016). The conditions during 

the sample collection were explained in Turnewitsch at al. (2016) and the main 

characteristics were a background flow in the uppermost 200 m in a south-west 

direction, clockwise circulation around the seamount near the sea bed between 200 

and 600 m explained as Taylor column and/or tidal oscillation.   

Values of 210Pb and 210Po are displayed in Table 4-13 (problematic samples are 

summarised in Table 9-3) and the profiles are in Figure 4-55. The 226Ra was calculated 

from dissolved silica and is similar to published relationships from data collected in the 

area.  
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 .  

Figure 4-53. N2 and N observed at slopes and reference sites show the stratification of the water 
column. The f, M2, S2, K1 and O1 tidal frequencies are shown as lines to indicate the turning depth. 

The majority of the Senghor Sea mount’s slopes, including at greater depths, show 

criticality and super-criticality in respect to M2 tidal constituent (Figure 4-54) and as in 

the case of Ampère Seamount, there is spatial variability in the criticalities. The tidal 

ellipses (Figure 4-52) are SSW-NNE oriented (Turnewitsch et al., 2016). 
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Figure 4-54. Slope criticality modelled for semidiurnal M2 tidal constituent (S. Falahat).  

There is great variability among the the 210PbT and 210PbD in the case of Senghor 

seamount. It varies site location as well as with the depth of the water column. The 

Senghor summit shows 210Pb excess to 226Ra in the whole water column indicating 

sediment resuspension as well as the influence of primary productivity in the particle 

dynamics. The 210Po analysis is omitted, as in the case of Ampère Seamount, for the 

reason given previously. All stations except the summit show a 210Pb deficit in the low 

water column, which are greater above the seafloor (All available profiles are in Figure 

4-55).  

South and North slopes show high values of particulate phase of 210Pb at depth of 600 

m indicating a higher level of particulate matter at the depths.  

The effects of topographically induced export flux, as described by Turnewitsch et al. 

(2016), may be indicated by the great excess of 210Pb on the northern slope at 1000 

m. This is also with coincident with the background current direction in the area and 

may indicate a combination of processes.   
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Figure 4-55. The profiles of water column radionuclides show different trends in stations. (Particulates 
were no measured in the upper water column at the East Slope, hence the missing features in the 
graphs). Northern Slope includes collated measurements from different stations. The measurements 
made at the same depth within one profile are averaged (in red).  

The 226Ra was not measured in the area of Senghor Seamount, therefore the values 

are calculated from Si concentrations. The Si values were firstly compared to Si values 

measured during programme GA03 in the area of the Archipelago (Figure 4-56) and 

they are similar with the exception of depths below 3000 m, which are greater than 

those measured during GA03. The relationship between Si and 226Ra was used in a 

similar way as described previously and an equation (Equation 4-5) was used to 

establish the 226Ra derived values. This was also compared with data derived from 
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Bacon (1977) and used as a basis for water column inventories due to inconsistency 

in the 210Pb collected at Senghor seamount and presented earlier. 

Equation 4-5 

𝑨 = (𝟎. 𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟐𝟒𝟓 ∗ 𝑺𝒊𝟔 − 𝟎. 𝟎𝟎𝟎𝟎𝟎𝟑𝟏𝟓𝟒 ∗ 𝑺𝒊𝟓 + 𝟎. 𝟎𝟎𝟎𝟏𝟒𝟓 ∗ 𝑺𝒊𝟒 − 𝟎. 𝟎𝟎𝟑𝟐𝟓 ∗
𝑺𝒊𝟑 + 𝟎. 𝟎𝟒𝟕𝟓 ∗ 𝑺𝒊𝟐 − 𝟎. 𝟏𝟐𝟓𝟓𝟒 ∗ 𝑺𝒊 + 𝟏𝟑. 𝟔𝟖𝟓𝟐)/0.615 

Where A is the activity of the 226Ra in dpm / 100 L and Si is the Si concentration 

measured at Senghor stations. 

 

Figure 4-56. A: Silica concentration values measured during GEOTRACERS programme, section GA03 
in around the Cape Verde archipelago (circles) are compared to the Silica concentration values 
measured around Senghor Seamount during the M73-1 cruise (grey diamonds). B: Comparison of 226Ra 
values measured during GEOTRACERS GA03 in the Cape Verde region, calculations of 226Ra using 
Si-226Ra relationship as in previous section. (Grey diamonds) and re-evaluated Si-226Ra relationship 
equation as demonstrated in figure C (black triangles). Both methods give results similar to the 
measurements from GA03. C: The relationship between Si-226Ra in the Cape Verde archipelago was 
used to calculate the values of 226Ra from measured Si values. (Data from US GEOTRACES GA03 
section (Rigaud et al., 2015)). 

The 226Ra was also compared to the values calculated from Si collected and published 

previously (Bacon, 1977).  
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Figure 4-57. 226Ra profile derived from data published for a location close to Senghor Seamount 
measured during GEOTRACERS (Rigaud et al., 2015) and earlier Si measurements derived 226Ra 
published by Bacon 1997.  
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Table 4-13. Measured values of radionuclides in the water column, all data are in dpm / 100 L. This table is the base for 210Pb inventories calculations further. The 
total 210Pb, where particulate data are missing is estimated from the dissolved fraction as the particulate part is usually 7.48% and 6.69% of total 210Pb and 7.64% and 
6.64% in the upper 500 m from where the values are missing. As the profiles of NW rise and mid slope are not complete, their combination is used for the inventory 
estimation.  

      Dissolved Particulate Total  Dissolved Particulate Total  

   Depth 210Pb  1SD 210Pb  1SD 210Pb  1SD 210Po 1SD 210Po 1SD 210Po 1SD  

  Station (m) (dpm / 100 L) (dpm / 100 L) (dpm / 100 L) (dpm / 100 L) (dpm / 100 L)  

N-Ref 808 15 8.53 0.27 0.28 0.03 8.81 0.27 0.66 0.04 0.62 0.00 1.28 0.04 

  803 100 11.44 0.34 0.71 0.05 12.15 0.35 1.22 0.13 0.28 0.00 1.50 0.13 

  808 200 21.21 0.73 0.47 0.04 21.68 0.73 1.24 0.24 0.29 0.00 1.53 0.24 

  803 500 10.79 0.29 0.48 0.03 11.27 0.29 1.05 0.10 0.26 0.00 1.31 0.10 

  812 1000 10.08 0.40 0.67 0.09 10.76 0.41 3.00 0.26 0.83 0.01 3.83 0.26 

  803 1400 7.78 0.22 0.67 0.04 8.45 0.22 0.85 0.05 0.27 0.00 1.13 0.05 

  812 2400 8.95 0.26 0.71 0.05 9.66 0.27 1.07 0.08 0.39 0.00 1.46 0.08 

  812 2900 8.06 0.27 1.20 0.08 9.26 0.28 0.94 0.06 0.48 0.01 1.43 0.06 

  803 3285 7.37 0.23 1.31 0.07 8.68 0.24 0.54 0.03 0.35 0.00 0.88 0.03 
                 

NW Mid-Slope 977 15 12.21 0.38 0.60 0.08 12.81 0.39 0.75 0.09 0.43 0.01 1.19 0.09 

  977 578 13.90 0.39 0.52 0.05 14.43 0.40 1.20 0.16 0.24 0.00 1.44 0.16 

N Slope 1021 15 18.19 0.58 0.48 0.05 18.67 0.58 0.38 0.08 0.97 0.01 1.35 0.08 

  977 150 13.31 0.37 0.43 0.02 13.74 0.37 1.07 0.13 0.30 0.00 1.37 0.13 

  1021 150 2.61 0.19 1.07 0.07 3.67 0.20 32.61 1.17 1.38 0.02 34.00 1.17 

  1020 400 6.87 0.20 0.44 0.05 7.31 0.20 14.33 1.40 1.41 0.01 15.74 1.40 

  1020 700 6.98 0.21 0.39 0.04 7.36 0.21 0.93 0.05 5.44 0.04 6.37 0.06 

  885 1096 34.13 1.01 1.51 0.16 35.64 1.02 1.45 0.09 0.02 0.00 1.47 0.09 

  885 1496 21.88 0.64 1.63 0.06 23.51 0.65 1.67 0.30 -0.01 0.00 1.65 0.30 

  885 1596 8.04 0.25 1.46 0.14 9.50 0.29 1.01 0.25 0.11 0.00 1.12 0.25 

N Slope upper 911 700 7.07 0.19 0.22 0.03 7.30 0.19 1.78 0.09 0.36 0.00 2.14 0.09 
                 

E-Slope 1029 15 3.84 0.12 Sample lost or not processed  1.57 0.04 Sample lost or not processed   
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      Dissolved Particulate Total  Dissolved Particulate Total  

   Depth 210Pb  1SD 210Pb  1SD 210Pb  1SD 210Po 1SD 210Po 1SD 210Po 1SD  

  Station (m) (dpm / 100 L) (dpm / 100 L) (dpm / 100 L) (dpm / 100 L) (dpm / 100 L)  

  1029 150 4.15 0.12 Sample lost or not processed  1.66 0.04 Sample lost or not processed   

  1028 400 6.29 0.19 0.72 0.09 7.02 0.21 1.10 0.06 0.65 0.01 1.75 0.06 

  1028 700 6.62 0.20 0.57 0.08 7.19 0.21 4.10 0.28 0.52 0.01 4.62 0.28 

  858 1017 8.66 0.30 0.39 0.03 9.06 0.30 1.61 0.14 0.76 0.00 2.37 0.14 

  858 1417 10.95 0.33 0.55 0.04 11.50 0.34 0.80 0.09 0.44 0.00 1.24 0.09 

  858 1517 9.12 0.28 0.42 0.03 9.54 0.28 1.02 0.08 0.45 0.00 1.48 0.08 
                 

W-Slope 1002 15 9.18 0.25 0.65 0.06 9.83 0.26 0.97 0.08 0.47 0.01 1.44 0.08 

  150 5.32 0.16 0.79 0.06 6.12 0.17 1.75 0.06 0.31 0.00 2.06 0.06 

 1001 400 6.44 0.17 0.50 0.05 6.95 0.18 1.79 0.09 0.19 0.00 1.98 0.09 

  700 6.93 0.18 0.60 0.06 7.53 0.19 0.90 0.05 0.19 0.00 1.10 0.05 

 875 1037 8.64 0.25 0.19 0.02 8.83 0.25 1.12 0.09 0.39 0.00 1.51 0.09 

  1437 8.31 0.43 0.23 0.02 8.54 0.43 1.55 0.17 0.50 0.00 2.05 0.17 

  1537 8.37 0.31 0.37 0.03 8.74 0.31 2.62 0.23 0.49 0.00 3.10 0.23 
                 

Summit 840 5 8.16 0.25 0.25 0.03 8.41 0.26 0.56 0.04 0.68 0.00 1.23 0.04 

  15 8.66 0.29 0.51 0.05 9.17 0.30 0.37 0.03 0.69 0.01 1.05 0.03 

  50 10.57 0.34 0.49 0.06 11.07 0.34 1.21 0.13 0.70 0.01 1.90 0.14 

  105 10.33 0.35 0.65 0.05 10.98 0.35 1.27 0.14 0.40 0.00 1.68 0.14 
                 

S-Slope 999 15 14.29 0.43 Sample lost    0.21 0.03 Sample lost    

 998 149 2.97 0.08 Sample lost    3.44 0.05 Sample lost    

  449 3.23 0.09 Sample lost    3.18 0.05 Sample lost    

  751 2.72 0.08 0.31 0.03 3.03 0.09 2.37 0.04 2.25 0.01 4.61 0.04 

 896 1144 3.36 0.13 0.28 0.02 3.64 0.13 1.90 0.04 0.49 0.00 2.38 0.04 

  1544 9.97 0.40 0.32 0.03 10.29 0.40 1.19 0.09 0.46 0.00 1.65 0.09 

  1644 9.29 0.36 0.26 0.02 9.55 0.36 4.67 0.30 0.31 0.00 4.97 0.30 
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      Dissolved Particulate Total  Dissolved Particulate Total  

   Depth 210Pb  1SD 210Pb  1SD 210Pb  1SD 210Po 1SD 210Po 1SD 210Po 1SD  

  Station (m) (dpm / 100 L) (dpm / 100 L) (dpm / 100 L) (dpm / 100 L) (dpm / 100 L)  

S-Ref 1048 150 6.12 0.19 0.36 0.04 6.48 0.20 1.66 0.05 0.46 0.00 2.12 0.05 

  700 6.27 0.17 0.54 0.05 6.82 0.18 1.62 0.06 0.42 0.00 2.03 0.06 

  1400 5.68 0.17 0.44 0.05 6.12 0.17 1.14 0.05 0.21 0.00 1.35 0.05 

  2200 5.29 0.17 0.53 0.05 5.82 0.18 2.04 0.10 0.25 0.00 2.29 0.10 

  3000 4.66 0.14 0.20 0.02 4.86 0.14 2.66 0.13 0.25 0.00 2.90 0.13 
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4.3.2.2.  Sediment 

The data were collected during cruises M79-3 (2011) and P466 (2013). As the 

measurements of the M79-3 dataset from 2011 were influenced by detector failure, 

they were recounted in 2014 and 2015. For a similar reason, a dataset collected during 

cruise P466 was only partially measured. The 210Pb inventories are collated in the 

following graphs and table (Figure 4-58, Figure 4-59, Figure 4-61 and Table 4-14). 

 

Figure 4-58. 210Pb sediment inventory not averaged for sites show some variability among cores 
collected at sites, mainly tidal site, northern and eastern slope. The results are plotted on a logarithmic 
scale. Error bars display the propagated error associated with the 210Pb measurements. Orange – 
Sortable silt size. 

 

Figure 4-59. 210Pb inventories measured in sediment collected from reference site close to Senghor 
seamount. The cores were collected by one MUC and show the seafloor patchiness within a small area. 
Values of 210Pb inventories measured 226Ra (in blue) and 214Pb (in red) display 4 - 25% difference.  
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Table 4-14. Overview of 210Pbxs in the upper-most layer and cumulative 210Pb inventory measured in the 
sediment at Senghor Seamount. 

Location Station Core Water 
depth (m) 

210Pbxs in 
first slice 
(Bq kg-1) 

210Pbxs 
Error 
(Bq kg-1) 

Inventory 
210Pbxs  
(Bq m-2) 

Error 
Inventory 
210Pbxs  
(Bq m-2)  

East Mid Slope 955 
 

1656.5 93.43 14.05 3000.12 451.12 

East Mid Slope 955 Core 7 1656.5 122.70 24.20 3383.17 667.39 

East Mid Slope 955 Core 9 1656.5 39.40 13.64 1329.08 460.18 

North Mid Slope 979 Core 8 1552.7 195.50 16.32 2692.09 298.93 

North Mid Slope 979 Core 2 1552.7 334.58 17.62 6516.66 281.62 

East Rise  859 Core 12 3431.4 116.75 15.89 3452.09 752.84 

East Rise  859 Core 3 3431.4 115.62 15.25 3440.50 340.38 

Tidal Site 968 Core 7 836.1 123.27 22.32 1867.17 1511.00 

Tidal Site 968 Core 8 836.1 86.30 8.31 1418.73 333.08 

West Rise 1015 Core 10 3110.6 225.16 27.90 9605.05 2239.69 

West Rise 1015 Core 11 3110.6 241.78 12.58 7738.22 1320.21 

North Rise 916 Core 9 3241 101.50 21.66 3199.96 1665.30 

North Rise 916 Core 12 3241 108.45 16.59 4768.42 1836.11 

Reference N 835 
 

3294.4 220.73 10.76 3768.53 806.95 

Reference N 834 
 

3294.6 95.91 4.24 3626.83 310.57 

South Rise 973 Core 9 3208.6 187.85 9.99 4616.02 928.14 

South Rise 973 Core 11 3208.6 65.94 6.25 5410.09 1288.35 

West Mid Slope 953 Core 7 1431 121.12 17.92 1211.23 89.61 

West Mid Slope 953 Core 10 1431 192.51 15.81 1925.13 158.06 

West Mid Slope 953 Core 12 1431 81.75 15.95 817.46 159.54 

Southern 
Downstream ref 

1049 Core 8 3376.1 96.01 17.87 9898.21 2940.46 

Southern 
Downstream ref 

1049 Core 3 3376.1 195.10 10.32 5617.79 306.95 

446 Reference 4971  A 3294.9 247.22 15.26 3335.46 610.97 

446 Reference 4971  B 3294.9 133.09 36.01 2196.68 366.09 

446 Reference 4971  G 3294.9 53.21 24.80 1500.39 619.56 

 

The heterogeneity of sediment cover of the Senghor Seamount is also reflected in the 

collected sediment samples. Local variations (between cores collected from the same 

station) are observed in the 210Pb inventories (Table 4-14) in lesser or greater extent 

at all sites. The lowest 210Pb inventory (817.46 ± 159.54 Bq m-2) was observed at the 

West mid slope and the highest at Southern reference (9898.21 ± 2940.46 Bq m-2) and 

West rise (9605.05 ± 2239.69 Bq m-2). The West and East mid slope sediment samples 

were collected only down to a depth of about 5 cm and due to their characteristics are 

presented as one slice rather than a succession of slices. Grain size analysis shows a 

higher percentage of larger sized particles, and the 210Pbxs values are high. Similar 

characteristics but with even coarser grains were described at the summit. The 210Pb 
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measurement is also omitted from the study due to described instrument failure. The 

overall sediment 210Pb inventories show an increasing trend with greater depth as 

expected. The variability among the sites at similar depth (Figure 4-61) is apparent 

especially at the mid slopes at depth of 1500 m and between the tidal sites (TS). The 

collected samples from the TS show F/P ratio >1 indicating sediment accumulation, 

which is in contrast with their sediment characteristic. 

The particle size analysis shows differences among sites as well as between cores 

collected from the same locations, which is similar to the trend as observed in the 210Pb 

inventories. The coarsest sediment was observed at the Summit followed by the 

sediment from Eastern and Western mid slopes and Tidal site. On the other hand, 

sediment collected at both reference sites displayed higher percentage of very fine 

material. The proportion of sortable silt is highest on the East and West mid slopes. 

The grain size sediment analysis suggested local differences in the area (Figure 4-60) 

as well as differences in sortable silt proportions among sites and among locations. 

 
Figure 4-60. Sortable silt proportion in the first slice (in brown) and in the whole core displayed as weight 
percentage. The average is recalculated for the slice volume. There are visible differences among sites 
but also between the cores taken from the same site. 
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4.3.3.  Summary and Discussion 

The water column data observed around the seamount show a great variation between 

the sites in terms of 210Pb. GEOTRACERS data show extremely low 210PoPD and 

extremely high 210PoP at sites between the Senghor Seamount and the African OMZ 

(Rigaud et al., 2015), indicating a possible influence on higher fluxes at the eastern 

site of the seamount. The 234Th flux estimation around the Senghor Seamount also 

revealed enhanced POC export in the Senghor area in comparison to the reference 

sites (Turnewitsch et al., 2016).  

Due to inconsistency in the measured 210Pb data in the water column, it was decided 

to use data from literature as an approximation of the water column inventory for the 

F/P ratio. The water column derived inventory is based on 226Ra data (calculated from 

Rigaud et al, 2015 and Bacon, 1997, Figure 4-56 and Figure 4-57). The F/P ratio was 

calculated from both values – 226Ra and 210Pb and displayed the same trend with small 

variations.  

 
Figure 4-61. Sediment derived 210Pb inventory shows a general increase with depth with local variability. 
In the second graph is the F/P ratio plotted against depth and in the third are values averaged per 
collection site. TS – tidal site, SD – Southern Downstream and R – reference.  

The sediment inventories of 210Pbxs, however, display an opposite trend. Both WR and 

WS show signs of sediment winnowing, possibly being affected by flow dynamics. 

Current velocity above seafloor derived from  (McCave et al., 2017) show elevated 

values especially for Eastern and Western slopes, which is in agreement with observed 

physical conditions (Turnewitsch et al., 2016). The higher values of  recorded at the 

summit area together with the high value of mean grain size suggests high energy 
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environment due to currents and/or turbulences (FOLK, 1966). The differences of 

mean grain size with depth of each core indicate possible changes in sedimentary 

conditions/currents influence over time. West rise, where the greatest differences 

between the two cores were observed suggests strong local differences in conditions. 

 

Figure 4-62. The grain size averaged for the site (sortable silt proportion in brown). The inventories and 
first slice 210Pb activities are also averaged for the site and plotted against the velocity derived from the 

mean sortable silt ( ) value (McCave et al., 2017) but neither the Inventory nor first slice activities do 
not show correlation with either the sortable silt proportion in the sample or the velocities derived from 

. The  derived velocities are not calibrated for the area. 
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4.4. Eastern Mediterranean Sea 

The Mediterranean Sea is a semi-enclosed between African, Asian and European 

continents and is connected with the Atlantic Ocean only by the narrow Gibraltar strait 

on the west and divided geographically into two basins, the Western and the Eastern 

Mediterranean Sea. The Eastern Mediterranean Sea has more complicated geography 

as it is enclosed by an irregular coastline, includes four basins divided by sills, and 

several passages between islands (El-Geziry and Bryden, 2010). 

 

Figure 4-63. Map of the Central and Eastern Mediterranean Sea. The location of Eratosthenes and 
Anaximenes. Reference site in the Ierapetra Deep.  

4.4.1. Hydrography and Hydrology 

The water body consists of three main water masses with practically an independent 

circulation pattern (El-Geziry and Bryden, 2010), Figure 4-64. The upper 200 m 

consists of Atlantic Water (AW) and is altered to Modified Atlantic Water (MAW), where 

it sinks due to evaporation processes. The wind-driven circulation in the uppermost 

layer of the Eastern Mediterranean Sea is complex and except of cyclonic coastal 

circulation contouring the basin and meandering flow in an eastern direction in the 

middle of the basin, there are eddies created repeatedly in some areas as well as a 

persistent eddy, the Rhodes Gyre (Menna et al., 2012), a cyclonic eddy (located south 

of Anaximander seamounts), where Levantine Intermediate Water (LIW) is formed 

(Menna and Poulain, 2010).  Eddies and gyres differ inter-annually and of course 

seasonally (Menna et al., 2012). 
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Figure 4-64. The distribution of the three main water masses in the Mediterranean Sea and the two 
major sills (Gibraltar and Sicily) (http://www.grida.no/resources/5885). 

The mean kinetic energy within the Levantine Basin does not exceed 20 cm2 s-2 and 

velocity stays below 7 cm s-1 (Menna and Poulain, 2010). One of the described eddies, 

the anticyclonic semi-permanent Cyprus Eddy, is located above the Eratosthenes 

Seamount (Menna et al., 2012) and is sometimes described as Eratosthenes 

Seamount Eddy (Menna and Poulain, 2010). The speed of the eddy flow differs 

between its southern and northern parts, being weaker in the south (5 cm s-1) with 

higher intensities in the north (≈ 15-20 cm s-1) (Menna et al., 2012). The Cyprus Eddy 

consists of a core of warm and salty Levantine Intermediate water occupying depths 

between the subsurface and 400 m and does not migrate (Hayes et al., 2011). Its origin 

and mechanism are not completely clear but its generation is most likely associated 

with Eratosthenes seamount (Hayes et al., 2011). (The schematic circulation map of 

the Mediterranean Sea is in Figure 4-65 and Figure 4-66). There is not much known 

about the deep circulation, however, last century current meter data show no 

detectable deep sea current neither in the far east Levantine basin, in the Eratosthenes 

vicinity nor in the northeast and around Anaximander seamounts (Heezen and 

Hollister, 1971). Newer research shows the existence of weak currents in small East 

Mediterranean trenches (Ionian basin) with velocity less than 0.1 m s-1 in deep 

homogenous waters with week density stratification, which allows constant turbulences 
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and also the propagation of large internal waves in the vertical direction (van Haren 

and Gostiaux, 2011).  

 

Figure 4-65. Tidal ellipsis in the Eastern Mediterranean (M2 tidal constituent) showing clockwise (red) 
and anticlockwise rotation (blue) (Arabelos et al., 2011). Schema of the upper circulation in the Eastern 
Mediterranean showing the Cyprus Eddy (CE) and Rhodes Gyre (RG), which are both close to the 
seamount structures, further Cilician Current (CC), Asia Minor Current (AMC) and Mid-Mediterranean 
Jet (MMJ) (Poulain et al., 2013). 

The Eastern Mediterranean Sea has very small tidal amplitudes as a result of being a 

semi-enclosed part of the Atlantic Ocean with a narrow opening to the main basin. The 

strongest tidal constituent for the Mediterranean Sea is M2 with almost rectilinear 

currents in the Levantine basin (Lozano and Candela, 1995). All the tidal constituents 

in the area are lower than 10 cm in amplitude with the semi-diurnal tide being the 

strongest for the Levantine basin (Arabelos et al., 2011) with tidal currents smaller than 

1 cm s-1 (Poulain et al., 2013). This lack of tidal motion and weakness of deep currents 

(< 0.1 m s-1) in the area is compensated by minor stratification (N2  ≈ f) and therefore 

large internal waves can occur in the greater depth (van Haren and Gostiaux, 2011). 

The mid-layer of water is dominated by sub-inertial frequency and the uppermost and 

stratified water column occur low-frequency internal inertial motions in horizontal 

directions (van Haren and Gostiaux, 2011). 

The stratified water masses in the Eastern Mediterranean sea show their separation 

by distinctive chemical properties (nutrients, salinity) and microbial communities 

(Techtmann et al., 2015).  

The Mediterranean Sea can be considered oligotrophic as the primary productivity is 

low due to low nutrients availability. Both seamounts, Eratosthenes and Anaximenes, 

are located in the Eastern Mediterranean (Levantine basin), which is considered to be 
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one of the most oligotrophic regions (Dugdale and Wilkerson, 1988, Anderson and 

Turley, 2003).   

 

Figure 4-66. Circulation in the Mediterranean Sea (El-Geziry and Bryden, 2010). Sampling sites in red, 
AW – Atlantic Water, LIW – Levantine Intermediate Water, Deep waters: AeDW – Aegean, AdDW – 
Adriatic, TDW – Tyrrhenian and WMDW – Mediterranean. 

This is due to limited availability of phosphate (PO4
3-), unlike in most of the world’s 

oceans, where nitrate (NO3
-) limits the primary productivity (Krom et al., 2004, Krom et 

al., 1991). The nutrient depletion in the surface waters of the Mediterranean Sea 

deepens towards the East and it is greatest in the Levantine basin (Crombet et al., 

2011). The PO4
3- is removed from the upper water column by dust particles with high 

Fe- concentration (Krom et al., 1991), while the N:P ratio of the nutrient sources is 
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higher than 16:1, especially the atmospheric sources supplying the basin with particles 

of N:P ratio of 117:1 (Krom et al., 2004). The relatively small fluxes of nutrients with 

fluvial or atmospheric origin put the submarine groundwater discharge in the Eastern 

Mediterranean in the position of the major source of dissolved nutrients (Rodellas et 

al., 2015). Despite that, the nature of nutrient limitation can vary with time (Sala et al., 

2002). Silica is an additional limiting nutrient factor with an impact on the number of 

diatoms observed in the offshore waters of the Levantine basin (Crombet et al., 2011). 

As the supply of nutrients to the euphotic zone is very limited, permanent nutricline 

occurs in the area of cyclonic Rhodes Gyre, whereas it deepens at the edges of 

anticyclonic eddies. As a result, the primary productivity is low. Although there are 

differences in the published literature considering PP levels. There are also some 

changes in productivity due to the presence of gyres (Macias et al., 2015, Piroddi et 

al., 2017). The recent studies estimated the PP to be between 65.4 (YÜCEL, 2013) to 

99 g C m-2 y-2 (Moutin and Raimbault, 2002) for offshore NE Mediterranean and greater 

values in the Rhodes Gyre (YÜCEL, 2013). The Cyprus eddy has an effect on POC 

fluxes, which were observed to be ≈10 folds higher in its core than at the edge 

(Ramondenc et al., 2016). This is also reflected in low zooplankton abundance and 

biomass (Koppelmann et al., 2009). Similarly, species diversity and abundance is low 

in both macro and megafauna (Danovaro et al., 2010).  

Low production and temperature induced (abyssal water temperatures of 13°C) high 

rate of organic carbon re-mineralisation in the water column lead to very low carbon 

input to the sediment (Danovaro et al., 1999). Additionally, changes in position and 

intensity of chlorophyll maximum layer in Levantine basin implicate fluctuations in 

phytoplankton communities in the last decade (Kress et al., 2013). Sediment calculated 

palaeoproductivity estimation (12 – 88 g C m−2 y−1) is again in disparity with recent 

primary production assessed from satellite images (>100) (van Santvoort et al., 2002). 

Similarly to the primary productivity, the abyssal sediments of Eastern Mediterranean 

contain up to 4 times less bacterial density and 4 - 25 times lower meiofaunal 

abundance than the Western Mediterranean (Danovaro et al., 1999).  

A study from a deep site in the Ionian sea proposes atmospheric deposition being the 

main transport mechanism in East Mediterranean as sinking particulate matter 

composed of natural (seasonally occurring planktonic blooms, crustal matter) and of 

anthropogenic origin has identical seasonal variability (Theodosi et al., 2013). The 
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vertical flux is decreasing with depth, whereas horizontal lateral flux in the depths 

occurs at times (probably as a response to deep Adriatic water mass movements) 

(Theodosi et al., 2013). The main forces appear to be mineral matter (namely Saharan 

dust as ballast for sinking particles) and vertical mixing (Theodosi et al., 2013).  

Between 2002 – 2010 there were changes in the physical and chemical properties in 

the deeper layers in the water column of the Levantine basin (Kress et al., 2013). The 

layer of old Adriatic Deep Water overlaying Cretan Sea Outflow thinned and became 

shallower by up to 500m, which caused other changes including possibly a shift in 

phytoplankton species (Kress et al., 2013). 

4.4.2.  Sediment 

Studies of the deep (>2000 m) Eastern Mediterranean Sea (sites east from 

Eratosthenes and south-east from Anaximenes) show that organic carbon received to 

the seabed is from 60 - 80% oxidised in the upper 10 cm of the sediment with 

remineralisation rate typical for oligotrophic environment, ranging between 1.7 – 2.6 µ 

mol C cm−2 y−1 (van Santvoort et al., 2002). The mixed layer was determined to extend 

to only the uppermost 2 cm of the sediment, however, there were discovered some 

discrepancies in oxygen and organic carbon results, very likely caused by 

measurement techniques or sample handling (van Santvoort et al., 2002). Sediments 

of the Mediterranean Sea, which is locked between landmasses, show the relatively 

high percentage of organic carbon of terrestrial origin. The calculated accumulation 

rate for deep Eastern Mediterranean is between 3.1 and 4.7 cm ky-1 (van Santvoort et 

al., 2002) and between 2.6 - 2.9 cm ky-1 for Levantine basin (Slomp et al., 2002). The 

uppermost 2 cm show signs of bioturbation (Slomp et al., 2002). Biodiffusion 

coefficients (Db) calculated from 210Pbxs range between 0.010 and 0.019 cm2 y-1 (van 

Santvoort et al., 2002). 

In general the productivity in the Mediterranean Sea is lower towards the east, 

decreasing from about 94 g C m−2 y−1 in the Westernmost part down to 20-60 g C m−2 

y−1 in the east (34.675 g C m−2 y−1 mean POCp and 20.805 g C m−2 y−1 DOC in 

anticyclonic gyre corresponding with the Eratosthenes locality (López-Sandoval et al., 

2011)), all fitting the definition of oligotrophic region (Rex and Etter, 2010). In 

comparison to the western Mediterranean (Gulf of Lions and the Catalan Sea), the 

Eastern Mediterranean has a low primary production varying between 20 and 25 g C 
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m-2 d-1 (Dugdale and Wilkerson, 1988), which is the lowest in Cretan Sea (between 19-

60 mg C m-2 d-1). The mass fluxes are nearly two orders of magnitude lower in 

comparison to the western basin (Danovaro et al., 1999). As only a small proportion 

reaches the sediment (Danovaro et al., 1999). This leads to low inventories of 210Pbxs 

in the sediment with fluxes close to 0.6 dpm cm-2 y-1 supported by inefficient 210Pb 

scavenging in the uppermost water column (van Santvoort et al., 2002). The low 

productivity of the oligotrophic Eastern Mediterranean was calculated from 210Pbxs and 

range between 12 to 34 g C m−2 y−1, however, there are some discrepancies in 

productivity estimation for Eastern Mediterranean depending on the calculation 

method. These range between 21 to 88 g C m−2 y−1 when using a model or 30–33 g C 

m−2 y−1 using the oxygen utilisation approach but also productivity values exceeding 

100 g C m−2 y−1 appears in the literature (van Santvoort et al., 2002).  

Sediments in the Eastern Mediterranean are deposited under two diverse regimes (van 

Santvoort et al., 2002), warmer and wetter climate interrupted by dry and cooler spells 

around 11000-9500, 7000 (Sapropel 1), 3000-4000 years BP (De Rijk et al., 1999). 

Duration of organic carbon-rich (>2% wt) sapropel deposition takes generally 

thousands of years and is associated with upwelling or changes in climate, while 

hemipelagic sediments with low organic carbon content (<0.5 wt) are deposited over 

tens of thousands of years under oligotrophic conditions (van Santvoort et al., 2002). 

The most recent sapropel sediments are found at depths of between 22.3–28.5 cm 

from the sediment surface of the Eastern Mediterranean basin (van Santvoort et al., 

2002) and were formed in two phases between 9.0 to 6.8 cal kyr B.P., when the climate 

changed to warmer and wetter conditions with higher riverine discharge, stratification 

of the water column increased and anoxia occurred (Ariztegui et al., 2000). Anoxia, 

however, may not have been constant for all Mediterranean basins during sapropel 

(Reitz et al., 2006). Sapropel layers in the Eastern Mediterranean sediments are 

overlaid by manganese Marker Beds, two distinct manganese peaks, one just above 

S1 sapropel and second few centimetres above (Van Santvoort et al., 1996, Reitz et 

al., 2006). Their formation is unclear (Van Santvoort et al., 1996, De Lange et al., 1999) 

but may be associated with climatic changes followed by re-ventilation (De Lange et 

al., 1999) and changes in oxygen availability (Reitz et al., 2006). Within the sapropel 

S1 layer and manganese Marker Beds, there is also a found a double barium peak 

indicating the influence of nutrient-rich Nile and Black Sea freshwater floods (De Lange 
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et al., 1999). In addition, sediments already deposited were influenced by the tectonic 

activity of the region. For example, the documented Crete earthquake in 365 AD was 

followed by a tsunami and consequent megaturbidite on the order of  20-25 m thick 

(Polonia et al., 2013). The Easternmost area of the Levantine basin did not experience 

the megaturbidite influence, however, the tsunami wave dissipated energy to the sea 

floor of the continental margin obliquely (rather than vertically) causing high shear 

stresses (Polonia et al., 2013). Similar events in the Holocene and late Pleistocene are 

responsible for the redistribution of 93-95% of sedimentary cover of the Ionian Sea 

(Polonia et al., 2013). Eastern Mediterranean Sea responds also to climate-induced 

changes on a shorter timescale, such as warming of the deep waters  

The sediments of the Eastern Mediterranean Sea are dominated by lithogenic and 

biogenic carbonates by 85.4 and 66.5%, while the OC (0.15 - 1.15%) and TN (0.06 - 

0.11%) in the surface of the sediments reflect the oligotrophic condition in the area 

(Pedrosa Pàmies et al., 2015). The sources of organic matter are defined as 

autochthonous and allochthonous with local variations (Pedrosa Pàmies et al., 2015).   

 
Figure 4-67. The size and shape of the two Eastern Mediterranean Seamounts, Anaximenes and 
Eratosthenes differ despite both would be classified as tall seamounts with their summits about 300 m 
below sea level. The maps are adopted from the Atlas of the Mediterranean Seamounts and Seamount-
like Structures (Würtz et al., 2015). 
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4.5. Eratosthenes Seamount 

The flat-topped Eratosthenes Seamount (Figure 4-67), located between the north of 

the Nile delta and south of Cyprus, is a flexing continental crust bending while crashing 

into the Cyprus active margin (Mascle et al., 2000). Within the sediment, there are 

signs of greater volcanic activity from Early Mesozoic (Garfunkel, 1998). Eratosthenes 

belongs to the largest seamounts in the Eastern Mediterranean, being 120 km long, 

80 km wide and nearly 2000 m high (Mayer et al., 2011). It rises from depths of between 

3000 m - 1300 up to 900 m (700 m (Mayer et al., 2011)) and its morphologic features 

are very different to the Nile deep-sea fan seafloor, from which it is abruptly divided by 

a 400m high steep scarp (Mascle et al., 2000). Except for erosional features and east-

west orientated faults, Eratosthenes is covered in circular sinkholes in the limestone 

(their diameter varies between 10s and 100s metres and depth is between 10-30 m) 

(Mayer et al., 2011). Their existence is explained as a result of erosion during the 

Messinian era subsequent to exposure after uplift, whereas the fault is evidence of an 

active tectonic activity (Mayer et al., 2011). Steep slopes on the southwest side are 

limestone blocks, which at 950 m show brown colouration near to vertical cracks and 

signs of vent activity in the near past, including communities similar to those occupying 

hydrothermal vents (Mayer et al., 2011). The eastern slopes were formed by mass-

wasting processes therefore sharp steep gradient cuts occur (Mitchell et al., 2013). At 

depths of between 900m and 1000 m on the southeastern slope are focused regions 

of cold seeps, which are occupied with chemosynthetic communities (Mitchell et al., 

2013) but also unusual manganese-encrusted coral fossils (Mitchell et al., 2013). 

Bivalve shells (frequently empty) cover the seafloor of the base of Eratosthenes over 

several kilometres towards the southeast (Mayer et al., 2011).  

There is not much known about the biology of Eratosthenes, (Danovaro et al., 2010), 

the information is limited to grabs from the depths of about 800 m and the evidence of 

a collapse of vent community located on the southwest slope, with some species still 

alive but on the limit of their temperature range (Mayer et al., 2011). The High faunal 

diversity and density of the seamount are contrary to the assumption of low faunal 

abundance in the deep Eastern Mediterranean due to the anoxic episodes in the past 

(Galil and Zibrowius, 1998). Some species collected were first recorded in the eastern 

Mediterranean and Levant Basin (Galil and Zibrowius, 1998), which may highlight the 

importance of seamounts for biodiversity.  
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The environment in the area of the Cyprus Eddy is surpassing the oligotrophic 

conditions of the Eastern Mediterranean and is being described as being ultra-

oligotrophic (with PP as low as 0.0707 μg C L-1 h-1 and chlorophyll-a 18 ng L-1) (Psarra 

et al., 2005). The primary producers are dominated by pico- and nanoplankton (Psarra 

et al., 2005), which has an influence on the sinking speed.    

4.5.1.  Results 

 
Figure 4-68. Sampling stations at Eratosthenes (Christiansen et al., 2011) 

Table 4-15. Stations, where sediment for 210Po, 226Ra analysis, were collected cover the Eratosthenes 
by during the MSM1-14 Cruise. 

Station No Date Latitude Longitude Depth (m) Gear 

Plateau (B) 1065 17.12.09 33° 37.29‘ N 32° 38.61‘ E 807.6 MUC 

Base South (S3) 1067 19.12.09 33° 13.56‘ N 32° 32.23‘ E 3089.4 MUC 

Slope South (S2) 1070 20.12.09 33° 23.52‘ N 32° 34.42‘ E 1497.3 MUC 

Slope South (S2) 1070 20.12.09 33° 23.52‘ N 32° 34.42‘ E 1497.2 MUC 

Slope East (E2) 1076 21.12.09 33° 36.58‘ N 32° 51.51‘ E 1465 MUC 

Slope East (E2) 1076 21.12.09 33° 36.58‘ N 32° 51.51‘ E 1465.2 MUC 

Base East (E3) 1081-8 23.12.09 33° 35.59‘ N 32° 59.00‘ E 2043.2 MUC 

Slope West (W2) 1097 27.12.09 33° 37.70‘ N 32° 23.10‘ E 1528.7 MUC 

Plateau North (A1) 1100 27.12.09 33° 47.13‘ N 32° 46.11‘ E 905.7 MUC 

Slope North (N2) 1108 28.12.09 33° 54.64‘ N 32° 50.31‘ E 1482.4 MUC 

Slope North (N2) 1108 28.12.09 33° 54.64‘ N 32° 50.30‘ E 1482.4 MUC 

Base North (N3) 1125 01.01.10 34° 2.01‘ N 32° 53.01‘ E 2244.6 MUC 
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Station No Date Latitude Longitude Depth (m) Gear 

Plateau North (A1) 1139 04.01.10 33° 47.10‘ N 32° 46.10‘ E 904.6 MUC 

Base West (W3) 1153 05.01.10 33° 37.79‘ N 32° 18.01‘ E 1959 MUC 

Reference 1158-14 07.01.10 33° 39.03‘ N 31° 31.58‘ E 2420.2 MUC 

 
Table 4-16. Decay corrected 210Pb activity and inventory in the samples taken at Eratosthenes 
(measured in 2011 and re-measured in 2014).  

    
210Pbxs in 210Pbxs in Inventory Inventory Flux 

    first layer first layer 210Pb 210Pb Error 210Pb  

 No MUC Core (Bq kg-1) (Bq kg-1) (Bq m-2) (Bq m-2) (Bq m-2 –y-1) 

Plateau 1065 3 11 55.97 10.07 7279.13 1263.05 226.26 

Plateau 1065 3 12 229.27 8.60 2644.93 354.93 82.21 

Base South 1067 3 5 454.62 12.57 5126.09 524.29 159.33 

Base South 1067 3 6 413.58 18.17 3719.00 705.23 115.60 

Mid Slope South 1070 7 11 229.22 24.12 3195.46 336.22 99.32 

Mid Slope South 1070 6 11 248.69 19.56 4465.63 749.33 138.80 

Slope East 1076 2 4 180.85 15.64 3201.91 637.64 99.52 

Slope East 1076 1 6 130.47 10.15 2425.06 582.93 75.38 

Base East 1081-8 1 6 510.40 20.38 4397.14 282.37 136.68 

Base East 1081-8 1 10 428.15 16.40 6469.38 723.97 201.09 

Slope West 1097 1 8 241.55 8.15 2705.31 217.14 84.09 

Plateau North (A1) 1100 1 2 293.26 13.70 4933.18 1967.78 153.34 

Slope North (N2) 1108 1 7 164.52 30.69 2484.88 609.00 77.24 

Slope North (N2) 1108 2 9 240.29 11.24 2775.20 209.10 86.26 

Base North (N3) 1125 1 2 496.70 16.76 4611.44 421.15 143.34 

Base North (N3) 1125 1 11 209.67 9.40 1606.74 141.28 49.94 

Plateau North (A1) 1139 1 2 225.42 12.63 2684.66 232.35 83.45 

Base West (W3) 1153 1 11 544.65 19.62 3455.93 311.44 107.42 

Base West (W3) 1153 1 12 190.90 11.39 3524.77 218.85 109.56 

Reference 1158-14 1 8 259.93 24.37 2004.68 365.07 62.31 

 

The water column radionuclide measurements (Figure 4-70 and Table 4-17) are used 

mainly for estimation of the 210Pb flux and the ratio of measured sediment 210Pb 

inventory (Table 4-16) to the 210Pb inventory calculated from the water column. As 

there were no reliable 226Ra measurements in the water column, the 226Ra was 

estimated from a measurement at DYFAMED site in the Western/Central 

Mediterranean Sea (van Beek et al., 2009) and compared to the silica profiles 

measured in the Eastern Mediterranean (Krom et al., 2014) especially for the deeper 

measurements, which were decided to be constant below 2200 m. It is assumed that 

the 226Ra profiles are identical. The 210PoD values are not reliable and are omitted 

(Figure 9-6). Both reference sites, the Ierapetra Deep and East Plain show high values 

of 210Pb in comparison to the assumed 226Ra profile and the values are higher than in 

any other profile, exceeding 30 dpm 100 L-1 at the uppermost layer in Ierapetra Deep 
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site. On the other hand, both the West Slope and West Base sites show very low values 

of 210PbT through the whole water column and thus the percentage of 210PbP reach the 

highest values, 40% of the total 210Pb. 

The 210PbT profiles (Figure 4-69) show high depletion of 210Pb to 226Ra at the western 

base and western slope. All other base and slope sites show disequilibria but on a 

smaller scale, down to approximately 1400-1500 m with exception of the northern 

slope displaying disequilibria in the whole water column. In contrast, both reference 

sites show high 210Pb excess through the whole water column, which in the case of the 

East Plain site has subsurface minima at 500 m. This suggests different conditions on 

the western side of the seamount. This could be explained by the influence of semi-

permanent Cyprus eddy at the eastern site. 

 

Figure 4-69. West to east (left) and south to north (right) profiles of 210PbT, 210PbP and 210PoP at the 
Eratosthenes Seamount stations. The very low levels of 210PbT are apparent at the western stations and 
enhanced levels of both, 210PbT and 210PbP, are visible above the seamount summit.  

W                                                       E         S                                                 N 
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Figure 4-70. Eratosthenes water column radionuclides. (Graph continues on the next page) 
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Figure continued 
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Figure 4-71. Inventories of 226Ra and 210Pb at Eratosthenes  
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Table 4-17. Water column inventories of 226Ra and 210Pb (Dissolved, Particulate and Total) values show 
the inventory of radionuclide (the activity integrated over depth). The 226Ra values are derived from 
interpolated values from the DYFAMED site (van Beek et al., 2009), from 2200 m it is assumed the 
same concentration to the seafloor as there are no data. The same calculation and interpolation are 
used for 226Ra inventories calculated for Anaximenes Seamount. 

 INVENTORIES 
Max 
Depth 226Ra 

Diss. 
210Pb  1SD 

Part. 
210Pb  1SD 

Total     
210Pb  1SD 

  (m) (Bq m-2) (Bq m-2)  
(Bq   m-

2)  (Bq m-2)  

Slope west 1085 1533 2885.44 529.25 20.65 178.80 10.15 708.05 23.01 

Base West 1092 1964 3676.05 571.64 23.32 233.48 12.89 805.12 26.64 

Slope North 1129 1483 2790.69 2142.90 43.09 168.25 9.43 2311.15 44.11 

Base North 1109 2242 4140.82 3275.76 65.05 190.75 10.98 3466.51 65.97 

Slope south 1068 1499 2820.98 2171.30 58.76 164.92 8.92 2336.22 59.44 

Base South 1073 2016 3767.31 3290.78 71.91 213.57 13.43 3504.36 73.16 

Base East 1081 2043 3813.26 3416.88 76.33 203.89 13.46 3620.77 77.51 

East Plain 1144 2240 4137.91 7655.23 173.54 277.60 12.75 7932.83 174.01 
Plateau North 
1139 905 1653.74 1246.40 30.35 100.44 5.62 1346.84 30.87 
South plateau 
1065 807 1461.03 1550.28 47.11 108.48 5.57 1658.76 47.44 

Reference 1158 2419 4427.94 9142.20 217.05 322.18 19.61 9464.38 217.93 

Slope East 1076 1465      No data  
Ierapetra Deep 
1162 4353 2756.126          No data   

 

 

Figure 4-72. The F/P ratio at the Eratosthenes Seamount derived from the measured 210Pb values and 
from the estimated 226Ra values. Right: 210Pb derived sediment inventories compared with the 210Pb and 
226Ra water column derived inventories and the ratios show accumulation at the summit plateau and 
towards the western direction, whereas the reference site show sins of winnowing. The inventories are 
averaged from the samples collected at the sites. The error bars indicate the SD between those 
measurements. 
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Figure 4-73. Comparison of results of all measured 210Pb inventories of sediment profiles with the 210Pb 
inventories derived from the water column. Brown – sediment inventory; blue – water column inventory; 
grey – Water column 226Ra and 210Pb ratio. 

The CTD casts used in following graphs were processed in SBEDataProcessing 

software and only down-casts were further considered, while the two measured values 

for temperature, salinity and oxygen were averaged and outliers omitted (Figure 4-74  

and Figure 4-75). Below the surface mixed layer (upper ≈ 75 m) with a temperature of 

20°C and salinity close to 39.4 PSU the temperature and salinity rapidly decrease to 

18°C and less than 39 PSU and from 150 m the decrease in temperature and salinity 

is slowed down to 500-750 m. Below that the changes are minimal and below 1100 m 

becomes roughly constant. Despite the noise in the data, the trend in the temperature 

and salinity profiles is similar for all stations with differences only in the upper layer. 

Due to the noisy data in the upper 75 m and again at 500 m it was decided to calculate 

the N2 buoyancy frequencies with a high level of smoothing. The N2 profiles are shown 

in Figure 4-75 and in the ODV section profiles. All the CTD profiles show maximal 

values at about 75 m coinciding with the sudden change in T and S characteristics. At 

a depth of 500 m and again at approximately 2000 m the N2 values decrease to values 

similar to M2 frequencies. The cruise report indicates that the anticyclonic eddy has an 

epicentre on the eastern edge of the seamount, which is in concert with the sloping 

thermocline on the north-eastern site with a greater tilt to the east. There are also 

differences in water properties through the whole water column between the CTD casts 

in the Eratosthenes area and in the Ierapetra (reference) area, where another eddy 

occurs and which is close to where EMTW originates (Christiansen et al., 2011). 
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Figure 4-74. Salinity, Σ-theta density, Temperature and Oxygen concentrations in the south to north 
profile plotted in ODV software using weighted average gridding option. The biggest differences in the 
water properties are in the uppermost 500 m. The profiles show deepening towards the north 

 
Figure 4-75. West-East profiles from CTD taken during the cruise projected in ODV using DIVA setting 
show the dissolved oxygen, buoyancy frequency (N2) and temperature and salinity profiles along the 
transect shown on the map. TS graph for the whole domain shows the water masses: LSW – Levantine 
Surface Water, AW – Modified Atlantic Water, LIV – Levantine Intermediate Water, EMDW – Eastern 
Mediterranean Deep Water. ODV (Schlitzer, 2018). 

LIW 

EMDW 

AW 
LSW 
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4.6. Anaximenes Seamount  

The Anaximander seamounts (including Anaximander, Anaxagoras and Anaximenes 

seamounts) are located in the northern part of the Eastern Mediterranean Sea, 

between Rhodes Basin (depth > 4000 m) and Finike Basin (3000 m). The 

Anaximander Mountains Complex forms a part of the Hellenic and Cyprus double arc, 

where the African plate is subducting the Eurasian plate, which may have been once 

connected as a part of a subduction zone (ten Veen et al., 2004). The western and 

eastern part of the Anaximander seamounts group contrast lithologically as well as by 

the depth of the crust (ten Veen et al., 2004). Anaximenes and Anaximander 

correspond with the SW turkey lithological group (neritic limestone of the Bey 

Dag˘lari), whereas Anaxagoras belongs to the ophiolitic Antalya Nappe Complex  (ten 

Veen et al., 2004). Anaximenes is the smallest of the three seamounts by its area but 

the most prominent with summit rising up to a depth of 690-700 m above the basin 

(depth 1500 – 1510 m) (Würtz et al., 2015). The seamount has steep slopes, concave 

and curved asymmetrical shape (see Figure 4-76).  

 

Figure 4-76. Collection sites projected on a bathymetry map. The reference site is located northeast 
from the seamount in the region of Ierapetra Deep/Rhodes Basin. (map source (Christiansen, 2006)). 
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Anaximander Mountain is between Rhodes Gyre on the west and West Cyprus gyre 

on the east and thanks to Asia Minor Current contouring the Turkey coastline towards 

west, also Anaximander eddy. The hydrography observed during the M71-1 cruise 

was described by Peine et al., (2009) and Denda and Christiansen (2011). In general, 

the currents influence the upper water column and below 400 m the velocities 

decrease to 3-4 cm s-1 with N-W-S-E oscillation pattern (Peine et al., 2009). The tidal 

ellipsis of the predominant tidal constituent M2 (velocity < 1 cm s-1) are narrow in the 

east-west direction, whereas the tidal ellipsis of K1 in the area (0.1 cm s-1) are variable 

around the Anaximenes seamount but can reach up to 5 cm s-1 during the spring tide 

(Peine et al., 2009). The influence of the interaction of currents with the seamount in 

the upper water column had an unexpected effect as the zooplankton abundance was 

lower above the seamount and higher at the reference sites, highlighting the small 

interaction of the seamount (summit at 800 m) with the currents in the upper 400 m 

(Christiansen et al., 2011). 

In contrary to the Eastern Mediterranean, Anaximander seamounts are rich in diversity 

due to the mud volcanos, mudflows with high methane and/or sulphide levels occupied 

by seep communities including symbiont-bearing taxa (bivalves and bacteria), 

Siboglinidae polychaete, chemoautotrophic Bacteria, sponges or crabs living in 

isolation from other seep communities (Danovaro et al., 2010), chemosynthetic fauna, 

vestimentiferan worms (Lamellibrachia) and species of Lucinid not described before 

(Woodside et al., 1997). 

4.6.1.  Results 

Table 4-18. Sediment collection sites for 210Pb analysis during the cruise M71-1 in December 2006. 

Station  No Date Time Depth Latitude Longitude Gear 

   (UTC) (m) N  E   

Reference 885 14/12/2006 10:55 4429 35° 55.00‘ 28° 48.00‘ MUC 

West Slope 891-2 15/12/2006 6:30 1261 35° 28.61‘ 30° 15.13‘ MUC 

West Slope 891-1 15/12/2006 5:26 1259 35° 28.61‘ 30° 15.14‘ MUC 

East Slope 899 16/12/2006 10:49 904 35° 28.80‘ 30° 12.26‘ MUC 

East Slope 899 16/12/2006 10:49 904 35° 28.80‘ 30° 12.26‘ MUC 

East Slope 899 16/12/2006 10:49 904 35° 28.80‘ 30° 12.26‘ MUC 

Trough 917 18/12/2006 20:00 1965 35° 30.23‘ 30° 8.97‘ MUC 

Trough 918 18/12/2006 21:20 1943 35° 30.23‘ 30° 8.95‘ MUC 

West Slope 928 19/12/2006 21:50 1776 35° 29.50‘ 30° 10.07‘ MUC 

West Slope 929 19/12/2006 23:03 1786 35° 29.50‘ 30° 10.10‘ MUC 

Summit 931 20/12/2006 1:21 680 35° 26.04‘ 30° 9.90‘ MUC 
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Table 4-19. 210Pb and 226Ra were measured in 2009 at SAMS laboratory. The measurements of two 
profiles (West slope 899-3 and Trough 917) were unsuccessful due to missing peaks of both 
radionuclides at upper levels. The estimated Inventory for East Slope 899-1 is 3574.29. The activity in 
the missing layers is estimated from fitted ln function and DBD equal to the layers from the other core 
collected at station 899. 

Station  No Core  210Pbxs in 210Pbxs in Inventory Inventory 

  
  

first layer first layer 210Pb 210Pb Error 

  
  

(Bq kg-1) (Bq kg-1) (Bq m-2) (Bq m-2) 

Reference 885 8 736.49 65.40 2760.31 524.05 

West Slope 892 11 551.66 59.24 3636.54 682.19 

West Slope 892 12 185.28 15.55 4530.35 1049.08 

East Slope 899 8 203.23 10.17 1721.11* 182.71* 

East Slope 899 6 272.04 43.89 3291.25 1218.87 

Trough 917 10 1244.11 56.50 5065.84 816.86 

West Slope 928 4 227.82 33.76 2821.42 496.91 

West Slope 929 6 181.84 11.60 3893.41 507.66 

Summit 931 2 229.11 8.5112 2384.00 332.20 

 

210Pbxs was measured in 2009 at SAMS laboratory using all five working germanium 

detectors as described in Chapter 2. Only two profiles were omitted as a resulted of 

missing values at some depths. These are not included in the results table (Table 

4-19). The 210Pb and 226Ra profiles are shown in Figure 4-78. The 210Pbxs was 

identified in all profiles on average down to 6.6 cm, being the shallowest at the 

reference site (855) and the deepest at the West slope site (892), see Table 4-19. The 

activities at the upper layer varied between 181.84 ± 11.60 and 1244.11 ± 56.50 Bq 

kg-1 of dry sediment in the Trough. The inventories varied from 2384 at the summit to 

5065.84 Bq m-2 measured in the Trough. The Inventory at the reference site was lower 

than expected at a depth of more than 4000 m, reaching only to 2760 Bq m-2.  

The 210Pb profiles are shown in Figure 4-78 (and some more details Appendices 

section). There are similarities in the overall decreasing trend and high values in the 

first 0.5 cm layer. The 210Pb excess extends down to 4-6 cm with exception of one 

profile (West slope 892), whereas the reference site in the Rhodes Basin (885) shows 

210Pb excess only down to 2 cm of depth. There are some local variabilities between 

the stations of similar depths, see Table 4-19. These values were averaged for 

calculations of F/P ratios, see Table 4-21. 
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Table 4-20. Equations of functions fitted to the ln of 210Pbxs in each depth (above), flux to the sediment 
calculated from the parameters and 210Pb inventory and sediment accumulation rate of the first layer 
using CIC model. 

Location Station Core Equation R² Flux to the 

sediment 

CIC model 

first layer 

      (cm y-1) 

Reference 885  y = -1.5894x + 6.8922 0.88 85.80 0.02 

West Slope 892 2 y = -0.1857x + 5.0427 0.85 140.82 0.17 

West Slope 892 1 y = -0.3342x + 5.1382 0.7365* 111.10 0.09 

East Slope 899 1 y = -0.681x + 6.0086 0.79 113.03 0.05 

East Slope 899 2 y = -0.4618x + 5.4016 0.87 102.30 0.07 

Trough 917  y = -0.4675x + 5.9149 0.82 157.46 0.07 

West Slope 928  y = -0.5249x + 5.1235 0.86 87.70 0.06 

West Slope 929  y = -0.6243x + 5.1873 0.60 121.02 0.05 

Summit 931  y = -0.6241x + 5.2825 0.85 74.10 0.05 

 

There are no direct water column data for 210Pb/226Ra, however, the 226Ra water 

column inventories at the sites were estimated in the same was as used for the 

Eratosthenes Seamount. The F/P ratios were calculated and (Table 4-21 and Figure 

4-77) show that the sediment at all the stations collected from Anaximenes Seamount 

there is more 210Pb than would be received from the water column assuming if lateral 

processes were ignored. On the other hand, the reference site shows a very low F/P 

ratio suggesting either winnowing processes or strong lateral transport in the area. 

There are differences in the F/P in dependence of water column inventory calculation 

as 226Ra is only estimated from literature ((van Santvoort et al., 2002, van Beek et al., 

2009) as shown in Figure 4-77. 

 

Figure 4-77. 210Pb inventory calculated for all sediment profiles at Anaximenes seamount shows an 
increase with depth. The ratio predicted from (van Santvoort et al., 2002) and water column 226Ra (van 
Beek et al., 2009) derived inventory. 
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Figure 4-78. 210Pb and 226Ra profiles measured in 2009 at SAMS laboratory. Profile 899-2 has missing 
slices, therefore the inventory is estimated by using DBD equal to DBD of 899-1. 
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Figure 4-79. 210Pbxs and DBD in each profile collected in Anaximenes Seamount and the corresponding 
reference site. The excess 210Pb is assumed only in the layers (black filled circles) as the activities of 
226Ra and 210Pb beneath are similar and within the errors associated with measurements. The inventory 
is calculated only in the upper layer. The red symbols in the profile from the station 899-1, East Slope 
are the values projected and used for flux calculation. DBD – dry bulk densitiy profiles. 
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Figure 4-80. 210Pb sediment inventory calculated for all sediment profiles at Anaximenes seamount 
shows an increase with water depth (left). The F/P ratio predicted from van Santvoort et al. (2002) 
indicate higher values with depth in exception of reference site. Summit (676) and East Slope (911) 
show signs of winnowing.  

Table 4-21. Averaged sediment 210Pb inventories for sites with multiple measurements and estimated 
226Ra water column inventories. 

Inventories Inventory Inventory Water column F/P ratio 
 210Pb 210Pb Error/SD 226Ra Inventory  

 (Bq m-2) (Bq m-2) (Bq m-2)  

Reference 2760 524 7675.2 0.36 

West Slope 4083 447 3330 1.23 

East Slope 2506 758.1 1665.9 1.50 

Trough 5066 816.9 3710.7 1.37 

West Slope 3357 536 2881.6 1.17 

Summit 2384 332.2 1205.5 1.98 

 

The 234ThT measurements of samples collected during the cruise were published by 

Peine et al, 2009 and show small disequilibria (within the error bars) in the lower water 

column at both measured sites, at the trough and at the slope. Only some of these 

disequilibria with 238U are detectable, all of them below 1000 m of depth (Figure 9-8).  

Peine et al. (2009) subscribed these disequilibria to the influence of baroclinic tide with 

a velocity lower than the resuspension threshold.  
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The atmospheric 210Pb flux for the eastern Mediterranean was not measured, 

however, in the literature, it is comparable to the lower flux of the western 

Mediterranean basin.  

4.6.2.  Results comparison – The Eastern Mediterranean Sea 

 

Figure 4-81. 201Pb inventory measured in sediment collected an Eratosthenes and Anaximenes 
compared to data collected in other stations in the Mediterranean Sea and published by Barsanti et al. 
(2011), Garcia-Orleana et al. (2009), Masque et al. (2003) and Basso et al. (2004) were divided by 
location. The ratio of measured 210Pb flux to the sediment and flux estimated for Eastern Mediterranean 
(100 Bq m-2 y-1) (van Santvoort et al., 2002) for the Anaximenes and Eratosthenes sites. Fluxes were 
calculated also from 210Pbxs measurements from the Eastern Mediterranean published by Barsanti et 
al. (2011) and Garcia-Orleana et al. (2009) and Basso et al. (2004) (Grey circles and black diamonds). 

The earlier published data from Eastern Mediterranean showed an increase of 210Pb 

flux of 0.4 dpm cm-2 y-1 (66.67 Bq m-2 y-1) by 3.2 Km of depth (Basso et al., 2004). 

The most variable are the sediment inventories at the summits, which is similar to 

other seamounts, where summit sediment comprised of large grains showed diverse 

results for measured 210Pb inventories. There are also local diferencies between 210Pb 

inventories calculated from stations (Figure 4-82). 
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Figure 4-82. The ratio of sediment 210PbT inventory and 210PbT inventory of the water column and 210PbT 
inventory in the sediment and 226Ra (estimated from van Beek et al., 2009 as described previously) 
inventory in the water column. Multiple measurements in the sediment are not averaged. 

 

4.6.3.  Summary and Discussion – The Eastern Mediterranean Sea 

Both, the background flow and tidal current velocities in the areas of the Eastern 

Mediterranean are minor, especially in comparison to the energetic environment of the 

Northeast Atlantic. In general, neither of the sediment inventories and F/P ratios 

described in this section indicate different sedimentary conditions at sites. Even 

though Eratosthenes and Anaximenes are seamounts of similar height, their shape is 

very different (see Figure 4-67). This is especially noticeable from the F/P ratio 

estimated for the summit/plateau. The sediment accumulation at the Eratosthenes 

plateau is more likely a response to the large and flat summit area (comparable to the 

size of Anaximenes diameter). The elevation of both 210PbT and 210PbP above the 

summit may be, however, and effect of re-suspended sediment at the area (depth of 

500-600m). Moreover, the Eratosthenes Seamount is located between anticyclonic 

Cyprus Eddy in the west and cyclonic Rhodes gyre on the east (Zodiatis et al., 2005). 

Anticyclonic eddies in particular are important for particle dynamics, as they induce 



Chapter 4: Seamounts 

216 
 

downwelling followed by the enhanced POC flux (Zhou et al., 2013). Additionally, it 

was shown than an interaction of anticyclonic eddy with a seamount can induce 

internal waves (Clément et al., 2016) and therefore alter the sedimentary conditions 

in the area. The water column radionuclides at the Eratosthenes Seamount show 

different trends with longitude, which is in agreement with earlier statement. As the 

presence of the Cyprus Eddy is semi-permanent (Hayes et al., 2011), the differences 

in the 210Pb inventories in the water column may be variable with time. The slightly 

smaller 210Pb inventories at the western base are thus an effect of the low 210Pb in the 

overlaying water column and/or the influence of the anticyclonic eddy on the eastern 

side of the seamount, which according to Zhou et al. (2013) can enhance the 

downward flux. It seems as namely the Cyprus eddy had the biggest influence on the 

sediment deposition at Eratosthenes Seamount.  

The estimated particle sinking rate for the Ionian Sea was more than 200 m day-1 

despite vertical velocities being 1 m day-1 on average and may be connected to 

episodical Saharan dust deposition followed by aggregation of sinking particles or 

bursts in primary productivity followed by biogenic flux to the deep sea (Patara et al., 

2009).  

Earlier observations of Anaximenes Seamount didn’t show conclusive results during 

234Th investigations. The disequilibria between 234Th-238U were not confirmed but it 

was stated that this may be an effect of weaker tidal currents below the resuspension 

threshold (Peine et al. 2009). Similarly, the 210Pb sedimentary inventories do not show 

alteration of the fluxes. 

4.7. Discussion and Conclusions 

The effect of the interaction of hydrodynamics with seamounts is a complex 

phenomenon. It has an impact at different levels of carbon sequestration and/or their 

loops. Firstly, sediment re-suspension is followed by enhanced biological processes 

in the benthic layer. As a second step, the input of nutrients derived from the re-

suspension to the water column (upwelling effect) can cause a local enhancement in 

primary productivity.  The re-suspended sediment may also act as a ballast for the PP 

and increase the flux from the euphotic zone. Even small topographical elevations 

(≈10-100 m) can influence the amount of food supply to the benthos and influence the 

megafaunal biomass (Morris et al., 2016).  
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The 210Pb in the water column would be expected to be in equilibrium with its parent, 

226Ra, with the exception of higher levels of 210Pb in the uppermost layer, where it is 

influenced by the atmospheric input (Henderson and Maier-Reimer, 2002).  Due to its 

particle affinity the 210Pb is scavenged by biogenic (Henderson and Maier-Reimer, 

2002) or sediment particles (Spencer et al., 1981). 

There are apparent differences especially in the lower water column between the 

measured 210Pb/226Ra profiles at the two seamount sites in the northeast Atlantic. Most 

of the profiles around the Ampère seamount experience high disequilibria with high 

210Pb excess below 2000 m, with the exception of the eastern sites and the southern 

reference. This mirrors processes on a scale of months and years and may reflect the 

position of the seamount as being affected by the MOW and related sediment 

processes described by Shanmugam (2018). These are associated with the 

Mediterranean outflow but in the sense of sediment resuspension (Shanmugam, 

2018) in general rather than the hydrodynamics processes itself. The sites, which do 

not display such large disequilibria at these depths are located downstream of the 

MOW and sheltered by a neighbouring seamount. A similar trend of 210Pb was 

observed during GEOTRACERS measurements at the Northeast Atlantic sites north 

of the Horseshoe Seamount chain at depths of 3000 – 4000 m (Tang et al., 2018), 

however, not with such large values as measured at Ampère seamount.  

When considering sediment supply, firstly, PP will be discussed. There is no clear 

relationship between the PP and the 210Pb, which was already discussed in the 

literature. There is a slight pattern in the latitudinal variance of the 210Pb sediment 

inventories, but this could be a result of a combination of sampling bias and variation 

in PP. 210Pb inventory is, in general, greater with depth. This is, however, not shown 

during this study (Figure 4-83 A). When considering sediment supply, seamounts 

located in the areas with high PP (Ampère and Senghor) should show higher sediment 

210Pb inventory, which is disproved by the data (Figure 4-83 A). Other factors, such as 

delivery of additional nutrients or dust as ballast play also a role in the sediment 

deposition. As Senghor is located in the area of higher productivity and episodically 

influenced by Saharan dust input, higher values of 210Pb inventories would be 

expected. Also enhanced 210Pb was reported from Mauritanian area (Hayes et al., 

2018). Similar input of Saharan dust is reported for the Eastern Mediterranean, which 

may have an effect on particle sinking speed and may affect the sedimentary 
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processes on Eratosthenes. As F/P ratio at most of the sites at Eratosthenes is >1 

suggesting sediment accumulation, there is no clear process leading to such high 

sediment inventories and the observed elevated faunal assemblages would not be 

expected under oligotrophic conditions (Galil and Zibrowius, 1998). The uneven 

surface of the seamount can also influence the inventories locally by slides or 

turbidites. As the accumulation conditions seem to have a preference to the west, the 

presence of mesoscale hydrological features: Cyprus Eddy and Rhodes Gyre  

(Poulain et al., 2013) is most likely the explanation. The indication of changes in the 

POC supply to the benthic fauna is suggested by empty bivalve shells observed in the 

area (Mayer et al., 2011).  

The influence of lateral input due to hydrodynamics was shown in the F/P 210Pb ratios 

observed in the Bay of Biscay and partially due to advection of sediment in the area 

(Schmidt et al., 2009). 

 

Figure 4-83. Sediment derived 210Pb inventories A -measured at all four seamounts show an overall 
trend of increase with depth, however as shown, there are local differences. B -The 210Pb sediment 
inventories are compared with published data from Northeast Atlantic and Mediterranean locations (Zuo 
et al., 1991, Zuo et al., 1997, Radakovitsch et al., 1998, Buscail et al., 1997, Abbasi et al., 1998, 
Radakovitsch et al., 2003, Miraleles et al., 2005, Barsanti et al., 2011, Masque et al., 2003, Garcia-
Orleana, et al., 2009, Basso, 2004, Calvalho et al., 2011, Thomson, 1993, Le Moigne, et al., 2013). C 
– The same data plotted against local Coriolis frequency (hrs). 

The observed seamounts are further compared to other published data collated in 

Figure 4-83 (Zuo et al., 1991, Thomson et al., 1993, Zuo et al., 1997, Buscail et al., 

1997, Radakovitch et al., 1999, Radakovitch et al., 2003, Masqué et al., 2003, Basso 

et al., 2004, Miralles et al., 2005, Garcia-Orellana et al., 2009, Carvalho et al., 2011, 
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Le Moigne et al., 2013). There is a small latitudinal difference in the inventories, 

however, there does not seem to be a clear trend when considering basic factors as 

depth, Coriolis frequency, which emphasize the influence of combination of factors.  

All the seamount summits showed variability in the 210Pb inventories and grain size 

distribution among sediment profiles collected from the same area; and greater grain 

size, where measured, which would indicate higher current velocities. This supports 

the theory of energy concentrating above the seamount summits (Roden, 2013).  

However, the F/P ratio (> 1) indicates sediment accumulation. As the atmospheric 

input was ignored due to its behaviour and the fact it can affect the uppermost 200-

500 m of the water column, its value (0.51 ± 0.08 dpm cm-2 y-1 (Turekian et al., 1977)) 

may account for the difference. This shouldn’t, however, have such an impact on the 

variability of inventory values seen at the sites. The Mediterranean seamounts have 

their summit below this depth and should not display this behaviour. The ratio 

calculated for the Eratosthenes Seamount summit indicated signs of accumulation. 

However, this may be an effect of the size of the plateau and topographical variations. 

The sediments collected at the Anaximenes Seamount comply with the winnowing 

effect. 

Despite the fact that the intensification of diurnal tides over an isolated seamount was 

theoretically supported for symmetrical features of different sizes (Chapman, 1989) 

the presence of such feature was detected only in the case of Senghor seamount 

(Turnewitsch et al., 2016). This is mainly due to the complexity of the environment and 

change in physical dynamic over time as also described in the case of Seine and Sedlo 

seamounts, which are both located in the East Atlantic. As the circulation is very 

complex in the area, the mesoscale patterns are believed to influence the possible 

seamount effects and observed microbial communities and biomass (Mendonça et al., 

2012). And the differences in the circulation in the upper water column are supported 

by Ampère Seamount appears to play a role as an obstacle for vertical migration of 

zooplankton, which is in contrast to Senghor Seamount and the overall zooplankton 

distribution in the area mirrors oligotrophic NE Atlantic waters (Denda and 

Christiansen, 2014).  

 According to the results from the Ampère Seamount, there is a greater effect on 

sedimentary conditions at greater depths. The ADCP data are, however only recorded 
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for the uppermost 400-600 m. In addition, Ampère Seamounts should be considered 

more a part of seamount chain, rather than isolated seamount, as the proximity of the 

neighbouring Coral Patch Seamount is smaller or similar to the W-E diameter of the 

seamount.  

Only 50% of surveyed seamounts showed isotherm doming above the summit 

indicating a seamount effect (Genin and Boehlert, 1985). The time of data collection 

or observation is crucial as the pycnocline as well as the current change their positions, 

for example, the upper layer circulation is stronger in the autumn season as well as 

the mixed layer is deepening. Seasonal variability proved to have an effect on POC 

fluxes, however, the changes in the fluxes did not correspond to the changes in the 

environment (Lampitt and al, 2010) suggesting additional factors. In addition, an 

example of a spread of oxygen production rates along vertical profiles around Seine 

and Sedlo seamounts did not appear to be contingent on mixed layer depth (Arístegui 

et al., 2009b). 

Topographically induced upwelling was observed at Ampère (Kaufmann, 2004) and 

at NW site of Senghor Seamount by Turnewitsch et al (2016) in 2012, these features 

were not present during some other cruises. Similarly, temporal and spatial variability 

of hydrographical features were described around two Atlantic seamounts, Seine and 

Sedlo (Arístegui et al., 2009b). Despite enhanced upwelling as a topographically 

induced feature is being only a temporary feature (Genin, 2004), and occurs under 

distinct conditions, its imprint is perceptible from the radionuclide water disequilibria. 

Consistent and/or episodical winnowing due to currents is also deduced from the F/P 

ratios. Similarly, examples from Seine seamount showed accumulation of production 

and constant tidal and mean anticyclonic flow in one instance (Vilas et al., 2009), 

whereas a change in flow was documented at the same location (Bashmachnikov et 

al., 2009). 

The importance of the critical latitudes for internal tide propagation is a complex 

phenomenon and the behaviour of internal tides can be influenced by seamount 

parameters and water column properties so the criticalities for its occurrence may be 

altered. The behaviour of internal waves was shown to experience irregularities as 

discussed by Robertson et al. (2017).  
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As the NE Atlantic has a wide layer of wsBBL (close to 2500 m if depth in places), 

which spreads below 4000 m towards the sea bed (Banyte et al., 2018), the bottom 

disequilibria of 234Th-238U disequilibria observed at Ampère Seamount indicated 

complexity of physical dynamics in the area as well as higher current velocity close to 

the seafloor. The existence of BNL is unclear as the high 210Pb are in contrary to the 

234Th observations. 

 

  

Figure 4-84. Simplified east to west and south to north profiles of the seamounts shows the differences 
in the height and shape of the four discussed seamounts. The horizontal line indicates the depth of the 

deepest observed mixed layer (100m). The depth of the ocean at the locations is parametrised to 1 
for better comparison and the width is parametrised to the same scale.  

Three out of four observed seamounts showed some deviations from the expected 

F/R ratio in the sense of sediment accumulation or re-suspension measured via 210Pb. 

Upwelling and consequent enhancement in PP followed by greater export fluxes 

locally were observed at  Senghor Seamount (Turnewitsch et al., 2016), while the data 

collected around Ampère Seamount suggest high currents at great depths and inertial 

oscillation above the seamount summit and higher slopes. The F/R ratio calculated for 

Ampère Seamount stations also indicates winnowing at depths of 1500 m and below. 

This can be however an effect of the very high concentrations of 210Pb in the water 

column. Eratosthenes display some differences between the eastern and western 

slopes indicating the influence of the eddy located on the east in sense of altered 

210Pb/226Ra in the water column. Also, elevated benthic assemblages were reported 
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from the area despite being oligotrophic with low PP (Galil and Zibrowius, 1998). 

Anaximenes Seamount, on the other hand, shows growth of 210Pb sediment inventory 

with depth. Also, the observation of 234Th at slopes and in the trough was inconclusive 

as the tidal current does not exceed the threshold needed for resuspension (Peine et 

al., 2009). Still, the topographic feature has an impact on zooplankton (Denda and 

Christiansen, 2011).  The influence of topographically induced hydrodynamics as 

described by Turnewitsh et al. (2013) and due to the vast number of abyssal features 

(Wessel et al., 2010) affects biochemical fluxes and local sediment deposition 

(Turnewitsch et al., 2017), alters carbon pump, biochemistry and deep-sea biology 

(Morris et al., 2016). 

Additionally, for a better understanding of the environment, measuring the particulate 

234Th in the lowest water column followed by estimation of residual β activity (Lin et 

al., 2016) may be advantageous for estimation of the re-suspended sediment in the 

benthic layer. 

As the seamounts differ in dimensions, shape (Figure 4-83), steepness of the slopes 

and other factors, the interaction of internal waves and tides would differ as proposed 

for example by Dettner et al., (2013). The distance of the top to the stratified ocean 

and the environmental conditions of the ocean greatly differ at the time of sample 

collection (N2 particularly). To resolve these issues, a modelling approach such as 

showed by Robertson et al. (2017) may reveal information about the importance and 

dependence of these factors for occurrence and strength of topographically induced / 

seamount related physical dynamics. 

  



Chapter 5: Hadal Trenches 
 

223 
 

Chapter 5: Hadal Trenches 

5 Hadal Trenches 

The Pacific Ocean holds in its hadal depths about 75% of the 37 known trenches, 

including the deepest place on Earth (Challenger Deep), all located in the western part 

of ‘The ring of fire’ (Jamieson et al., 2010).   

The temperature in the Pacific at hadal depth is rather low; ranges between 1.0 – 2.5 

°C and is constant in contrast to other marine environments. In general temperature 

increases towards the north as cold water is spreading from the south (Jamieson et 

al., 2010). Similarly, salinity in the deep sea (including abyssal and hadal depths) does 

not display big fluctuations and is approximately 35‰ (Ramirez-Llodra et al., 2010). 

The salinity profile measurements in the Pacific hadal trenches (Japan, Izu-Bonin, 

Mariana, Tonga and Kermadec Trenches) were identical, 34.7‰, varying only by 0.2‰ 

(Jamieson, 2015). On the other hand, dissolved oxygen levels differ among hadal 

trenches as well as within trench areas (Jamieson, 2015), nonetheless the existence 

of oxic water layer above the sediment is an indication of a motion (Beliaev and 

Brueggeman, 1989). 

The main limiting abiotic factors for the life in the hadal depths seem to be hydrostatic 

pressure (Jamieson, 2015) and CaCO3 under-saturation below the carbonate 

compensation depth (CCD), which is reported for the depths of less than 4000 m 

(above calcite lysocline) in the Pacific Ocean (Anderson, 1994). Below the CCD it is 

impossible for ossification to be carried out by calcifying foraminifera species (Todo et 

al., 2005). Despite these restricting factors, many life forms are documented from the 

hadal trenches, including microbial communities (Glud et al., 2013), meiofauna 

(Zeppilli et al., 2017) together with various foraminifera (Todo et al., 2005, Gooday et 

al., 2008), macro- and megafaunal species (Ichino et al., 2015) representing all trophic 

levels and feeding modes (Jamieson, 2015).  

The overall hydrography of the Pacific Ocean, where all four trench sites studied are 

located (Figure 5-1), is complicated but well described by Kawabe and Fujio (2010) 

down to the abyssal depths (this includes all main currents and gyres, which are for 

simplification divided into three levels according to depth, Figure 5-1). These currents 
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can re-distribute both phytoplankton and nutrients or isolate other regions. The deepest 

layer of water in the Mariana’s Challenger Deep is Lower Circumpolar Deep Water 

originating in the Southern Ocean (Tarn et al., 2016).  

As mentioned in Chapter 1 on the big scale, the Antarctic Circumpolar Current 

accesses the deep Pacific basin and contours the western basin while branching 

(Kawabe and Fujio, 2010) from the Western Boundary Current (Sokolov and Rintoul, 

2000). The Deep Western Boundary Current continues along Kermadec and Tonga 

ridges at depths of between 2000 to 5000 m (Carter et al., 2004) and in complicated 

pathways and branching enters the Northern Pacific and only 2 Sv progresses 

northwards along Ogasawara Plateau and Izu-Ogasawara and Japan Trenches 

(Kawabe and Fujio, 2010). There is seasonal variability in the depth of the flow, which 

contours the eastern slope of the Japan Trench (Ando et al., 2013). The current 

continues towards the northeast where it joins with another branch, gaining another 4 

Sv before flowing along the Kuril and Aleutian Trenches (Kawabe and Fujio, 2010). 

Nutrient data indicates the presence of the Lower Circumpolar Deep Water (with origin 

near Antarctica) as far as the Mariana Trench, in a nepheloid layer collected at 

Challenger Deep and Sirena Deep (Tarn et al., 2016). Another important flow 

component in the North West part of the Ring of Fire is the Kuroshio Current.  

The previously assumed stagnancy of water in the hadal trenches was disproved as 

ventilation of trench water and circulation over the trenches was documented 

(Johnson, 1998). Moreover, trench water residency time for the Japan and the Bonin 

Trench was estimated to be shorter than 5 years (Nozaki et al., 1998b). Further 

discoveries proved the opposite to the supposed motionlessness: near bottom currents 

of 10 cm s-1 were documented in the Kuril-Kamchatka and the Izu-Bonin Trenches and 

current with maximum velocity of 31.7 cm s-1 in the Phillippine Trench (Beliaev and 

Brueggeman, 1989); circulation was detected below 7000 m in the Izu-Ogasawara 

Trench (Fujio et al., 2000), at a depth of 10900 m in the Mariana Trench (Taira et al., 

2004) and a flow parallel to the trench axis (1-5 cm s-1) was measured at the bottom of 

the Puerto Rico Trench (8350 m) (Schmidt and Siegel, 2011). In addition, trenches are 

located in areas with rough topography, where internal waves and tides are generated 

and these (when progressing to the greater depth) have an impact on sediment 

dynamics (Turnewitsch and Graf, 2003, Turnewitsch et al., 2008, Peine et al., 2009, 

Turnewitsch et al., 2014, Turnewitsch et al., 2016). 
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Figure 5-1. Circulation in the Pacific Ocean 
(Kawabe and Fujio, 2010). Study sites are 
projected on a map of circulation: KKT – Kuril-
Kamchatka Trench, JIOT – Japan-Izu-Ogasawara 
Trench, MT – Mariana Trench and TT – Tonga 
Trench. The transport (black circles with numbers) 
is in Sv. A – upper-intermediate layer, B – upper 
deep layer and C – deep layer.  Water masses: 
AAIW – Antarctic Intermediate Water, NPDW – 
North Pacific Deep Water, UCDW – Upper 
Circumpolar Deep Water, LCDW – Lower 
Circumpolar Deep Water. Source: (Kawabe and 
Fujio, 2010). The northernmost sites, Kuril-
Kamchatka and Japan-Izu-Ogasawara Trenches 
are under big currents, Oyashio and Kuroshio, 
whereas Mariana and Tonga Trenches are located 
under subtropical gyres. Deep Boundary Current, 

which brings LCDW water from the south and contours the topography along trenches. 

The rough bottom topography in the western and central Pacific is favourable for 

internal tide origination (Niwa and Hibiya, 2001) by interactions of barotropic tides and 

topographical features. These internal tides, when formed in the right conditions 

(barotropic tidal frequency ω < Coriolis frequency f), can become bottom-trapped 

internal tides and influence vertical mixing in the ocean (Falahat and Nycander, 2015). 

The Pacific ocean is thought to have the highest energies associated with trapped and 

free diurnal waves (Falahat and Nycander, 2015). K1 and O1 diurnal lunar constituents 

are important in the area of the Western Pacific (the Kuril Islands in particular), Arctic 

and Southern Oceans (Falahat and Nycander, 2015). The M2 tidal constituent is the 

third globally important baroclinic tidal constituent but can be more significant locally 

(Falahat and Nycander, 2015), mainly in the North-western Pacific (energy flux = 15 

GW, Figure 5-2) (Tian et al., 2003). The highest energy associated with M2 baroclinic 

tide is estimated to be 4 kW m-1 in the Ryukyu Trench area  (Tian et al., 2003).  
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Figure 5-2. Map of Northwestern Pacific, where M2 baroclinic internal tides play an important role. The 
energy generated by these internal tides and the general direction of their propagation are represented 
by black arrows. The three study sites, which fall in this area, are in red circles: KKT – Kuril-Kamchatka 
Trench, JIOT – Japan-Izu-Ogasawara Trench, MT-Mariana Trench. The map is reproduced from Tien 
et al. (2003). 

Despite the great distance between the surface ocean and the hadal depth a presence 

of freshly deposited material with primary production origin has been reported in trench 

sediment (Danovaro et al., 2003, Gooday et al., 2010, Glud et al., 2013, Oguri et al., 

2013) suggesting hydrographical processes controlling the speed of deposition with 

both, delayed and rapid deposition being observed. 

 

 

 

 

 

 

Case Studies 

Samples for all four hadal trench case studies were collected in the Pacific (Figure 5-3) 

during four independent cruises between 2010 and 2015, from which the first three are 

part of the HADES program (Table 5-1). More detailed information about the individual 

datasets used for analysis are collated in Table 2-1 and Table 2-2. 
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Figure 5-3. Map of study sites. All stations are located in areas recognised as displaying prominent 
topographic features important for baroclinic tide formation by Niwa and Hibia (2011), namely Kuril 
Islands, Izu-Ogasawara Ridge and Solomon Islands regions. 

Table 5-1. Data collection took place during the years 2010 – 2016, during four cruises lead by 
international scientific teams on board of RV Yokosuka and Sonne. The dates and titles of the individual 
cruises are: 

Location R/V Cruise  
number 

Date 
 

Cruise Title 

Mariana 
Trench 

Yokosuka YK 10-16 20.11.-
6.12.2010 

JAMSTEC 
 

Biogeosciences at the Challenger 
Deep, the deepest point of the world: 
relict organisms and their relations to 
biogeochemical cycles 

Triple junction/ 
Japan/ Izu-
Ogasawara  

Yokosuka YK 12-9 14.-
21.6.2012 

JAMSTEC Biodiversity and Biogeochemical Cycles 
in Ultra Deep Trench 

Tonga Trench Yokosuka YK 13-10 6.-
21.10.2013 

JAMSTEC QUELLE Quest4 - Tonga Trench 

Kuril-
Kamchatka 
Trench 

Sonne SO 250 16.8.-
26.9.2016 

 
KuramBio II. - Kurile Kamchatka 
Biodiversity Study II. 
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5.1 Mariana Trench 

In the area of the Mariana and Izu-Bonin trenches the Pacific Oceanic Plate is covered 

by 0.5 – 2 km of sediment and is being subducted under the Philippine Sea Plate 

(Oakley et al., 2008) at a rate of 1.6 cm yr-1 in the southern part (Jaxybulatov et al., 

2013, DeMets et al., 2010). However, the reported rates differ in the literature 

(Jaxybulatov et al., 2013). The subduction of seamounts (del Cano Guyot) is 

documented in the northern part of the Mariana Trench (Oakley et al., 2008). 

The deepest place on the earth, the Challenger Deep, is located in the eastern part of 

the Mariana Trench and its depth is estimated to 10,920 ± 5 m (Nakanishi and 

Hashimoto, 2011). Challenger Deep itself is formed by three depressions lateral to the 

trench axis, all deeper than 10,850 m, 2 km wide and 6-10 km long with very soft 

sediment on the bottom (Nakanishi and Hashimoto, 2011). The trench axis (N85°E), 

where the Pacific plate is subducted underneath the Philippine Sea plate, is not parallel 

to the depressions on the seaward site (N70°E), as these are the result of plate bending 

(Nakanishi and Hashimoto, 2011).  

Although the conditions, in particular pressure, are limiting in the hadal trenches, 

foraminifera seems to be abundant in the sediment in the Challenger Deep and Sirena 

Deep (Tarn et al., 2016). Despite the Mariana Trench being overlaid with oligotrophic 

waters, where the primary production is low (about 4.2 mol C m-2 yr-1) (Glud et al., 

2013), barophilic bacteria were found coexisting with planktonic marine archaea (Kato 

et al., 1997). Also a common bacteria genus Pseudomonas was observed within 

sediments from the deepest parts of the Mariana Trench (from depth 10 898 m in 

particular) (Kato et al., 1997) and planctic microbial communities dominating the water 

column at approximately 5000 m are an important factor at 7000 m (Nunoura et al., 

2015). Sediments from the Challenger Deep also revealed new species of agglutinated 

foraminifers, even though the depth and isolation from clastic sediments make the 

environment extreme for these organisms (Gooday et al., 2010). Surprisingly, the 

sediments in the deepest part of Mariana Trench display twice the consumption rate 

of oxygen than in ‘shallower’ trench sites (6000 m), more organic carbon content and 

denser microbial community throughout the oxic zone was also observed (Glud et al., 

2013). Microbial communities in the surface sediments of the Challenger Deep were 

found in higher abundance than chemolithotrophs (Nunoura et al., 2015). Both, 
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heterotrophic particle-associated and free-living bacteria were also documented from 

the waters in the benthic boundary layer (BBL) in two deep basins of Mariana Trench 

with hadal enrichment pattern (Tarn et al., 2016). 

Recently, organic pollutants (PCBs and PBDEs) were observed in the uppermost 2 cm 

layers of sediment collected from the southern part of the Mariana Trench, with PCBs 

in higher concentrations than were measured at abyssal depths (Dasgupta et al., 

2018). 

 
Figure 5-4. Bathymetry map of Mariana Trench section and indication of the sample sites (red circles) 
reproduced from Glud et al., 2013 (Supporting information file). 

Even though it is very challenging to make current measurements due to the extreme 

conditions in such deep environments, bottom currents above a 10915 m deep site in 

the Challenger Deep (11°22’N, 142°35’E) were observed (Taira et al., 2004).  Despite 

the very weak stratification, which reaches the lowest values between 6500 - 8500 m 

(N = 2.5 f), the origination of near-inertial and tidal baroclinic waves can be supported. 

This idea is supported by the presence of turbulence above the bottom boundary layer 

(BBL) (van Haren et al., 2017). The flow appears to be a combination of tides, inertial 

oscillation and varies on a longer time-scale, reaching velocities of 8.1 cm s-1, even 

though for approximately 37.5% of the time it seems to be motionless (Taira et al., 

2004). A cyclonic circulation over the Challenger Deep below 3000 db was calculated 

from CTD measurements in the area (Taira et al., 2005). The measurements above 
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three sites (142°35’E) revealed westward mean flow and periodicity of currents (100 

days and less significant at 28-32 and 14-15 days) with small current velocities above 

the Mariana Trench in general (0.7 cm s-1 and 0.5 cm s-1 at sites located 24.9 km N 

and 40.9 km S from the deepest site) (Taira et al., 2004). CTD measurements in the 

Mariana Trench show salinity increase between 9500 db and 11197 db, which may 

result in stratification (Taira et al., 2005).  

Table 5-2. Mariana Trench sample collection sites.  

Sample Site Collection date Latitude (N) Longitude (E) Depth (m) 

Rim 21/11/2010 10° 50.772' 142° 33.768' 6032 

Challenger Deep 23/11/2010 11° 21.981' 142° 25.868' 10850 

5.1.1 Results 

5.1.1.1   210Pb 

 
Figure 5-5.210Pb excess profiles of both measured Mariana Trench sites: black – Challenger Deep and 
white – reference site. Measurements from both laboratories are shown: square – SAMS, triangle – 
JAMSTEC. (Published in Turnewitsch et al., 2014). 

210Pb results are the mean values of measurements made on parallel cores, one 

measured at SAMS laboratory and second by JAMSTEC. Results were published 

previously (Table 2-2) and profiles of 210Pb in this chapter are reproduced from these 

data. 210Pbxs (Figure 5-5) and 210Pb inventories differ for the two sites investigated in 

the Mariana Trench. The measured 210Pb activity in the surface sediment observed at 

the Challenger Deep site (11000 m), reaching a value of 6.03 ± 0.81 Bq g-1 of dry 

sediment, as well as the high inventory of 50459 ± 7967 Bq m-2, contrasts with the 

reference site located 58 km south on the trench slope. The highest measured 210Pbxs 

activity was 0.87 ± 0.29 Bq g-1, and the mean inventory is 17880 ± 933 Bq m-2.  
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The 210Pbxs was detected in the uppermost 5 cm of the sediment in both cases 

(Challenger Deep and Reference site) and similarly, there are sub-surface maxima of 

210Pb activity in both profiles (between 2-3 cm and at 4 cm).  

5.1.1.2   234Th 

234Th data used in this chapter were part of a publication (Table 5-3) (Turnewitsch et 

al., 2014). To make the results comparable to the rest of the study, the raw dataset 

was re-calculated using the same method applied to all trench datasets (described 

closely in Chapter 2 and 3, results shown in Table 5-4). Despite some differences 

between the results, all are within the error range indicated by individual calculations 

and the overall trend has not changed (Figure 5-6).  

Table 5-3. 234Th excess values and inventory values in bold. The excess values are integrated into the 
depth of 5 cm. High errors are mainly results of the time spent between sample collection and 
measurement, which was between 42.8 and 44.2 days (1.8 half-lives of 234Th).  

    234Thxs 234Thxs  234Thxs  234Thxs   

  Depth Activity  Error Inventory 1SD   

  (cm) (dpm g-1) (dpm g-1) (dpm cm-2) (dpm cm-2) 

C
h
a

lle
n

g
e

r 
D

e
e

p
 

0.5 71.9 60.3 19.62 16.43  

1.5 57.7 34.0 25.23 14.86  

2.5 53.0 46.0 27.22 23.65  

3.5 16.0 29.0 7.23 13.10  

4.5 8.1 36.6 1.93 8.71  

    81.23 36.03  

 R
e
fe

re
n
c
e

 S
it
e
 0.5 12.7 10.5 4.21 3.49  

1.5 79.6 29.6 24.99 9.28  

2.5 53.1 27.1 17.93 9.15  

3.5 53.0 34.7 16.34 10.72  

4.5 16.5 10.3 5.01 3.12  

    68.48 17.51  

Table 5-4. Re-calculated values using Levenberg-Marquart regression and raw data with the same data 
quality control as used initially: 

    234Thxs 234Thxs  234Thxs  234Thxs   

  Depth Activity  Error Inventory 1SD   

  (cm) (dpm g-1) (dpm g-1) (dpm cm-2) (dpm cm-2) 

C
h
a

lle
n

g
e

r 
D

e
e

p
 

0.50 61.53 17.19 16.78 4.69   

1.50 59.71 12.48 26.10 5.46   

2.50 45.74 10.60 23.50 5.45   

3.50 36.22 13.09 16.39 5.92   

4.50 17.68 11.08 4.20 2.64   

      86.97 11.11 13% 

 R
e
fe

re
n
c
e

 S
it
e

 0.50 14.57 14.53 4.83 4.81   

1.50 65.41 13.49 20.54 4.23   

2.50 53.54 12.46 18.08 4.21   

3.50 53.83 12.53 16.61 3.87   

4.50 20.39 13.40 6.18 4.06   

      66.24 9.50 14% 

*In both cases, the activity of 238U is negligible, approximately 5.7x10-5 dpm g-1 of dry sediment.   



Chapter 5: Hadal Trenches 
 

232 
 

 
Figure 5-6. 234Thxs result differences due to the calculation method. Black circles - Levenberg-Marquardt 
least square method applied to raw data, red squares – linear regression applied to transformed means 
of measurements (results published by Turnewitsch at al., 2014). The difference between the two sets 
of results is within the error bars. The main difference between the used methods is in this particular 
case in the size of error bars (grey – LMLS, orange – LR, more method description and comparison in 
Chapter 2 and 3). 

234Thxs was detected through the whole uppermost 5 cm of sediment. Both results show 

high 234Th activities in the upper 3 cm. The activity decreases with depth through the 

profile in the case of Challenger Deep, whereas it has very high subsurface maxima at 

the reference site.  

The 234Thxs/210Pbxs (Figure 5-7) ratio is similar in the uppermost layer of the sediment, 

however it differs for the rest of the profiles for the Challenger deep site and the 

reference site. 

 

Figure 5-7. Radionuclide ratios in the upper 5 cm of sediment show similarities in the upper 1 cm.  
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5.1.1.3  Carbon and Nitrogen 

The total organic carbon (TOC) investigated in the Mariana Trench sites show similar 

levels of OC ranging from 0.21% weight to 0.47% in the Challenger Deep site and from 

0.19 to 0.41% at the Reference site, the TOC levels are decreasing with depth in 

general (Figure 5-8) but in a chaotic manner at Challenger Deep site. (The results were 

published previously in Glud et al., 2013 and Turnewitsch et al., 2014; Table 2-2) 

 

Figure 5-8. Organic Carbon measured for the whole depth of samples collected in both sites of the 
Mariana Trench.  

5.1.1.4  Grain size 

The proportional fraction of clay particles (0.0399-0.3417 μm) is unknown due to an 

instrument failure described in 2.1.2. The results are displayed in Figure 5-9 and Figure 

5-10 and show similar properties and high percentage of silt sized grains. 

 
Figure 5-9. Mariana Trench particle distribution in the Challenger Deep and rim cores. The < 10 μm 
size, which includes clay and very fine silt displays cohesive behaviour (McCave et al., 2017). The 
percentage of the sortable silt (y axis on the left) and the mean size of the sortable silt (y axis on the 
right) in the first slice is plotted in the right diagram. This shows a small difference in the mean size of 
sortable silt.  
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For comparison, clay particles accounted for approximately 2.35% of the sediment 

investigated as shown in the Tonga Trench sample (ranging between 5.50% in the 

trench axis to 0.10% at the rim sample).  

 

Figure 5-10. Particle sizes in measured depth profile at both sites. 

The mean and medium particle size in the uppermost 2 cm is higher in the case of 

Challenger Deep. In contrary, there is higher percentage of clay particles and sortable 

silt in the axis location. The mean sortable silt particle size is greater at the rim.  

5.1.1.5   Photographic evidence 

Both photographs, Figure 5-11 (rim site) and Figure 5-12 (trench bottom) show 

evidence of local depressions in form of possible megafaunal burrows in the sediment 

and presence of amphipod swimming in the lower water column. Ripple like structures 

can be seen at the photograph obtained at the Challenger Deep site (Figure 5-12), 

whereas the rim site/reference site (Figure 5-11) shows clumps of sediment material 

scattered on the surface. 

Medium Particle size Mean Particle size 
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Figure 5-11. Photograph of the seafloor at a reference site in depth of 6038 m shows an uneven surface 
with signs of biological activity as localised protrusions or burrows are detectable. The surface sediment 
seems to be covered with clumped material and very little or none signs of ripple structures. This 
photograph was taken during the sea floor video recording during YK-10-16 and is part of the cruise 
report. 

 

Figure 5-12. Sediment photographed in depth of 10900 m shows unevenness of the sea bottom with 
localised protrusions or burrows probably due to biological activity and feeble ripple structures 
suggesting an influence of hydrodynamics. The picture is part of the YK-10-16 report.  
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5.1.1.6   M2 Internal tide models 

The Mariana Trench is in an area, where barotropic tidal frequencies are transferred 

into baroclinic tide due to topographic features. Modelled data for the whole Pacific 

was published in 2015 by Falahat and Nycander. The area of Izu-Ogasawara and 

Mariana Trenches seems to be under a strong influence from internal tides (Figure 

5-13). However, models of tide conversion usually assume a mean stratification and 

thus may not be applicable to all locations (Kerry et al., 2013). 

 

 
Figure 5-13. Tidal models for the area of Mariana Trench (Kerry et al., 2013) shows high baroclinic 
energy flux in the area of Mariana Trench.  

An important requirement for the propagation of baroclinic tides (more detailed 

description in Chapter 1) is the stratification, N2 in particular. The stratification 

calculated from CTD-casts in the deepest 550 m above the seafloor is not as weak as 
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seen at depths between 6500 and 8500 m (van Haren et al., 2017), which may allow 

internal tide propagation (Figure 5-14).  

 
Figure 5-14. CTD profiles from Challenger Deep (D – down and U – up), showing a- theta, b – salinity 
and c – Potential density anomaly profiles below 5000 db with reference to 8000 db. As the CTD were 
6 h apart data are limited. The N (d) is compared to the Puerto Rico Trench ‘PRT’ measurements (van 
Haren, 2015) at adequate depth as well as is f (local Coriolis parameter) and M2 semidiurnal tidal 
frequency (van Haren et al., 2017). 

5.1.2  Summary and Discussion 

The overall higher 210Pbxs in the deepest part of the Mariana Trench would be expected 

as it will accumulate sedimentary material from the overlying ocean and also from the 

walls. However, the higher 234Thxs in the trench axis site is a sign of greater 

accumulation of freshly deposited material. This is in agreement with the chaotic TOC 

profile at the Challenger Deep site suggesting ‘rapid sediment deposition’  (Glud et al., 

2013) and with findings of Guan et al (2018), who emphasised the importance of lateral 

rather than vertical processes. The sediment at the reference site (6000 m) shows 

signs of organic carbon depletion under the sediment-water boundary and the organic 

carbon is older overall (Glud et al., 2013). The TOC levels are comparable to findings 

of Luo et al (2017) and are lower than found in other trenches. 

The 210Pbxs inventory suggests focused sedimentation and burial along the trench axis 

(Glud et al., 2013).  210Pbxs measured in the sediment is higher than that measured at 

the ocean-ward rim, which is in agreement with the theory of enhanced sedimentation 

with depth. The CTD measurements at the Challenger Deep suggest M2 internal tide 

propagation at depths below 6500 m (van Haren et al., 2017). The 234Th sediment 

inventories are high in Challenger Deep and the reference site, exceeding values 
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previously observed at abyssal depths (Turnewitsch et al., 2014). The presence of 

234Thxs in the water column and the sediment is a sign of resuspension and 

sedimentation of freshly re-suspended sediment. The high subsurface maxima 

detected at the reference site are suggesting possible bioturbation.  

Both, the Challenger Deep and Reference sites, show high percentage of silt and sand 

(Figure 5-10), which is slightly different to the findings of Luo et al. (2017), who 

analysed sediments collected from the slope and rim of the Mariana Trench and found 

that the major components were clay and silt (Luo et al., 2017).  Except for the omitted 

part of the sample, the differences can be partially explained by the site’s locations, 

which are at the ocean-ward slope and rim. The sortable silt means size (as in Chapter 

4) important for investigation of current properties (McCave et al., 2017) was calculated 

for both cores (Figure 5-9) and displays small differences between the sites (Trench: 

25.98 μm and Rim: 27.56 μm). Despite both sites are at hadal depths (D > 6 km), the 

depth difference between them is close to ≈ 5 km, which may have an influence on the 

properties of current and mean sortable silt relationship as shown for the sites in North 

Atlantic (McCave et al., 2017).  

The general assumption about the sediment grain size diminishing with depth has not 

been tested for hadal depths (Jamieson, 2015). The grain size results suggest that the 

sediment distribution as a proxy for flow as used in abyssal depths (Turnewitsch et al., 

2004) seems not to be appropriate for hadal environments as the overall sediment 

grain size <63 μm is close to 70% for MT and JIOT and well over 90% for TT. The 

sortable silt section (10 – 63 μm) of the sediments was used as a proxy for current 

approximation in deep-sea environments (McCave et al., 1995, McCave et al., 2017) 

but was not tested for hadal depths. The issue is complex as selective deposition, 

winnowing and/or particle shape play a role aside from the flow (McCave and Hall, 

2006). 

Guan et al. (2018) suggested differences in local current dynamics due to topography. 

Tarn et al. (2016) highlighted the high microbial population but also the differences in 

these between deep MT basins. Are the predicted dissimilarities in chemical conditions 

at the deepest sites of MT, Challenger Deep and Sirena Deep (Tarn et al., 2016) a sign 

of their physical isolation or local differences in physical properties?   
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5.2 Japan/Izu-Ogasawara Triple Junction  

The data collected by Aoki and Kohyama (1992) in the area of the southern Japan 

Trench revealed different pathways of lithogenic particles (supplied from Japan 

islands) at different depths, where sediment traps were positioned. The shallower trap 

(4000 m) revealed wind-borne particles, whereas the trap at 9000 m contained a 

mixture of wind and water-borne particles arriving at the location by turbidity currents 

via canyons and troughs (Aoki and Kohyama, 1992).  

Strong flow in a northern direction was observed above the eastern slope (142° East) 

at depths of approximately 6000 m reaching up to 15.6 cm s-1 with a weaker current in 

the opposite direction along the western slope (Taira, 2006). This is in accordance with 

previous current observations (Fujio et al., 2000). Additionally, the frequency of 

changes in the strength of the currents corresponds with those expected for 

topographic Rossby waves (Fujio et al., 2000). The presence of saline water in the 

trench axis is explained as having originated from the south (Fujio et al., 2000). Taira 

(2006) proposes that the mixing in the trench is stronger than mixing in the Challenger 

Deep in the Mariana trench. This is supported by an earlier finding, suggesting the 

trench water renewal is shorter than 5 years (Nozaki et al., 1998b). Signs of geothermal 

heating in the axis area of Japan-Izu-Ogasawara Trench causing ground water outflow 

was discribed (Taira, 2006). 

The sediment accumulation in the Japan-Izu-Ogasawara Trench is approximately 0.5 

cm per 103 y, which is slower than in the northern part of the Japan trench (Nozaki and 

Ohta, 1993). Deposition of turbidites in the Izu-Ogasawara Trench axis is considered 

frequent and the source of the deposited sediment seems to vary in time (Nozaki and 

Ohta, 1993). Recent turbidity current triggered by an earthquake (Tohoku-Oki event in 

2011 with an epicentre on the landward slope of Japan Trench) and consequent 

tsunami redistributed sediment to a distance larger than 100 km (Arai et al., 2013). 

226Ra concentrations at the surface are similar to the values measured in the Pacific, 

however, the values in the deep layers up to 1000 m above the sea floor reach a 

minimum (below 34 dpm per 100 kg) on the western side of North Pacific basin (33.2 

dpm per 100 kg measured near Japan) (CHUNG and CRAIG, 1980). The averaged 

values for waters below 2000 m depth are again lower than the North East Pacific 

maxima (reaching 37.5 dpm per 100 kg), reaching about 32 dpm per 100 kg and 
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increasing southwards along the Japan archipelago (CHUNG and CRAIG, 1980). 

There is a rapid increase in 226Ra concentration from the surface waters to 1000 m 

followed by a slower rate of increase and from 2500 m the concentration of about 32 

dpm per 100 kg is approximately constant (CHUNG and CRAIG, 1980).  

 

Figure 5-15.  Map of sample collection. JIO – Japan / Izu Ogawasara Trench 

5.2.1 Results 

Sediment samples for this study were collected by JAMSTEC (Japan Agency for 

Marine-Earth Science and Technology) during Yokosuka YK 12-09 cruise from trench 

axis locations of Japan-Izu-Ogasawara Triple Junction trench in June 2012. (See map 

Figure 5-15, Table 5-5 and for data availability Table 2-2). Sediment profiles from 3 

different cores in the trench axis with the depth below 9000 m were sampled and sliced 

in 1 cm intervals down to 10 cm and then in 2 cm intervals to a depth of 20 cm. Due to 

small quantity of sediment grain size analysis were measured only in profile C2.  
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Table 5-5. Sample sites and sampling dates from Japan-Izu-Ogasawara Triple Junction Trench 

Sample 
Site Collection date Latitude (N) Longitude (E) Depth (m) 

C1 15/06/2012 34° 0.1782' 142° 0.0855' 9261.5 
C2 15/06/2012 34° 0.1782' 142° 0.0855' 9261.5 
C2-3 16/06/2012 34° 0.1017' 142° 0.0255' 9260.4 
C3 18/06/2012 34° 0.2156' 142° 0.1069' 9149.4 

5.2.1.1  210Pb 

Due to a low availability of sediment from the upper layers, it was not possible to 

process and measure the activity of 210Pb in the sediment samples of all profiles. As 

the smallest mass of a standard pellet for both Canberra and Ortec well spectrometers 

is 5 g, sediments from the same depths but different cores were pooled (Table 9-4). 

Even though this brings some inaccuracy into the calculation and we were able to gain 

only an overview about the overall excess 210Pb activities, it enabled the estimation of 

the 210Pbxs and approximate 210Pb inventories of the whole profiles and the depth to 

which the 210Pbxs is apparent (Table 5-6 and more details in Table 9-6).  

The overview of the 210Pbxs excess is in Figure 5-16, where there are measurements 

from JAMSTEC included. The excess was detectable to the depths of 10 (C1) to 20 

cm (C2, C2-3 and C3) (Figure 5-16 and Figure 5-17), even though the values at the 

depths of 8-10 cm are small. As the upper 7 cm contains composites of the sediments, 

the calculated inventories are similar (Table 5-6).  

 

Figure 5-16. Published graph of 210Pbxs measurements from the trench axis location in the Japan / Izu-
Ogasawara Triple Junction (Turnewitsch et al., 2014). 



Chapter 5: Hadal Trenches 
 

242 
 

 
Figure 5-17. Profiles of measured 210Pbxs in the sediment in all collected profiles. The horizontal dashed 
lines show sediment composites due to unavailability of the sediment. The excess 210Pbxs is measurable 
to the depth of 8-10 cm in the C1,C2 and C2-3 samples, whereas only down to 6 cm in profile C3. 

Table 5-6. 210Pbxs calculated inventories for profiles C1, C2 and C3. Upper 0-2 cm are based on 
measurements of pooled sediment for all three profiles and 2-7 cm layer in C1 and C2 profiles originate 
again from the composite sediment. For comparison is added a measurement made by Kazumasa 
(YK12-09 CS1) in italics. The Inventory for C3 is estimated as two slices in the upper layer, where there 
is still excess found in the other cores, are missing. 

Sample Site 210Pb inventory 
210Pb inventory 
error 

Depth of 210Pbxs 

  (Bq cm-2) (Bq cm-2) (cm) 

C1 4.16 0.28 10.00 
C2 4.42 0.31 12.00 
C2-3      
C3 3.74 0.30 14.00 

YK12-09 CS1 4.28 0.04  

All the 210Pbxs inventories exceed the expected values of 2.13 ± 0.80 Bq cm-2 

(Turnewitsch et al., 2014) by reaching approximately double the activity estimated from 

the overlaying water column. The artificial radionuclide 137Cs was also detected in the 

two upper layers (0-2 cm) of the pooled sediment (C1+C2+C3) with higher activity at 

1-2 cm depth. Small 137Cs activity was detected again at the depth of 7-8 cm 

(composite C1+C2) and 4-5 cm (C3) (Table 9-6).  
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5.2.1.2  234Th 

All four sediment profiles were investigated for 234Thxs to a depth of 10 cm. As this 

dataset was challenging (due to instrumental issue and the earlier described issues 

with measurements of 234Th in the sediment), the 234Thxs calculations are a base to 

parts of Chapter 3. The first measurements of activity were done between 15 and 32 

days after collection, which can also have an influence on data quality, however, this 

should affect mainly the errors associated with the initial activity calculation rather than 

the result itself (Table 9-5 and Chapter 3 for more details). 

All the 234Th sediment profiles show 234Thxs to some extent. All were collected from the 

trench axis from depths below 9000 m. All profiles display high inventories ranging 

from 205 to 1106 dpm cm-2 (Table 5-7, Figure 5-18). Most of these excess values are 

in the subsurface at depths of around 4 or 5 cm and continue to lower depths, the most 

plausible reason is bioturbation caused by larger organisms burrowing to these depths. 

This conclusion may be supported by the photographs of the seafloor, where 

numerous crustaceans are captured (Figure 5-25). However, the 234Th inventories are 

high and would easily exceed the downward flux of particles from the upper water 

column originating from the primary productivity. As this trend is found at all three 

sample sites and all four samples, it seems that this is the general feature of the area.   

 

Figure 5-18. 234Thxs profile and 234Th/210Pb excess ratio. The 234Thxs profile displays subsurface maxima 
in all observed suggesting some biological processes. The 234Th/210Pb ratio displays very low values in 
the first four centimetres of depth with high values in the lower depths suggesting some biological 
processes in these depths. 
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Table 5-7. Japan-Izu-Ogasawara Trench 234Thxs results. The results for the first layers of C2 and C3 
(*) are calculated as a weighted average of measured values (details in Chapter 3).   

    234Thxs 234Thxs Background       
  Depth Activity  Error 234Th Activity  Error Inventory 1SD   
  (cm) (dpm g-1) (dpm g-1) (dpm g-1) (dpm g-1) (dpm cm-2) (dpm cm-2) 

                  

C
1

 

0.50 24.84 8.92 207.53 2.12 41.40 14.87   

1.50 3.06 10.35 209.30 2.35 4.39 14.87   

2.50 13.21 7.60 122.80 1.72 22.68 13.06   

3.50 17.97 7.59 120.50 1.72 36.52 15.43   

4.50 26.66 6.65 93.50 1.52 51.44 12.83   

5.50 11.52 6.59 81.88 1.24 23.75 13.60   

6.50 0.00 7.43 77.51 1.06 0.00 13.84   

7.50 8.75 6.47 69.98 0.91 17.57 13.00   

8.50 0.00 6.82 75.28 0.98 0.00 13.38   

9.50 3.20 7.29 83.68 1.04 6.84 15.56   

          204.60 44.52 22% 

           

C
2

 

0.50 30.55* 3.96* 148.34 0.64 57.51 7.45   

1.50 75.97 10.85 181.03 2.04 120.57 0.00   

2.50 46.54 8.65 137.21 1.63 88.69 16.49   

3.50 39.91 9.02 152.45 1.70 69.90 15.80   

4.50 92.40 10.75 109.74 1.58 167.58 19.50   

5.50 98.46 10.59 97.69 1.54 185.76 19.97   

6.50 67.92 8.85 75.23 1.30 125.57 16.37   

7.50 53.60 8.88 76.55 1.30 107.85 17.87   

8.50 51.98 8.91 79.01 1.30 96.10 16.48   

9.50 6.18 7.19 78.37 1.03 12.48 14.51   

            1032.01 49.25 5% 

           

C
2

-3
 

0.50 8.49 10.20 233.81 1.60 14.77 17.76   

1.50 11.54 10.14 201.19 1.75 17.16 15.09   

2.50 0.00 8.74 168.36 1.52 0.00 14.76   

3.50 3.48 7.79 132.36 1.35 5.82 13.04   

4.50 96.51 7.37 93.11 1.27 180.35 13.77   

5.50 47.39 10.06 87.85 1.59 84.72 17.99   

6.50 11.70 9.65 81.09 1.53 20.50 16.92   

7.50 20.60 9.55 81.24 1.51 37.67 17.47   

8.50 0.00 9.06 75.46 1.43 0.00 15.39   

9.50 0.00 9.31 82.04 1.47 0.00 18.08   

            360.99 50.98 14% 

           

C
3

 

0.50 27.58* 2.45* 202.31 0.37 44.48 3.95   

1.50 25.22 7.03 210.97 1.64 37.39 10.43   

2.50 40.00 6.17 169.64 1.44 69.57 10.73   

3.50 0.00 5.23 123.85 1.20 0.00 9.97   

4.50 9.48 4.38 94.23 1.02 11.64 5.38   

5.50 12.59 4.95 84.02 1.17 23.65 9.30   

6.50 13.83 4.99 79.49 1.17 26.68 9.62   

7.50 3.50 4.56 72.74 1.07 7.11 9.27   

8.50 3.24 4.74 77.09 1.11 6.20 9.06   

9.50 0.00 4.83 81.47 1.14 0.00 10.42   

            226.72 28.70 13% 
 

 
 

 



Chapter 5: Hadal Trenches 
 

245 
 

5.2.1.3   Carbon and Nitrogen in the Sediment 

The Marine sediments are thought to store the highest proportion of organic carbon 

(Dittmar and Stubbins, 2014). Organic carbon content was measured in all profiles, but 

total carbon content was due to small sediment availability measured only in profile C3 

(Figure 5-19) and its values were similar to those of organic carbon. The organic 

carbon content ranges between 0.78 and 1.14% (0.65 - 0.95 mmol OC g-1) and 

nitrogen content between 0.10 - 0.17% (0.071-0.12 mmol N g-1) of the dry weight of 

the sample. The differences among the individual profiles are small (Figure 5-20); 

however, there are variations within the depths of individual profiles displaying similar 

trend (Figure 5-20 and Figure 5-21). The highest carbon content was measured in the 

uppermost layer of the sediment, reaching up to 1.14%, between 8 and 10 cm of depth 

and again between 16 and 20 cm (slightly differs among cores), where the values are 

only slightly lower. The minima are between 4 and 8 cm and again between 13 and 16 

cm. Nitrogen content shows a similar trend with two subsurface maxima between 8-10 

cm and 18-20 cm. However, the minima are reached in slightly different depths in 

comparison to the minima in the organic carbon content, which is more obvious in the 

OC/N ratio (Figure 5-22). 

 

Figure 5-19. Organic and Total carbon content in profile C3 shows little differences. Error bars show 
SD of triplicate measurement of carbon content measurements in depths, where were provided triple 
measurements. 
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Figure 5-20. Organic carbon content in Japan-Izu-Ogasawara Trench 

 

Figure 5-21. Nitrogen in the Japan-Izu-Ogasawara Trench sediment 

 

Figure 5-22. TOC/N ratio in all four collected sediment profiles.  
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Table 5-8. Organic Carbon and Nitrogen measured in each profile displays the percentual amount of 
each element in the weight of sediment and the molar ratio of OC to N. 

C
o

re
 

Sediment 
Depth 

Organic 
Carbon 
Weight  

Nitrogen 
Weight OC:N C

o
re

 

Sediment 
Depth 

Organic Carbon 
Weight (%) 

Nitrogen 
Weight OC:N 

  

(cm) (%) (%) 
Molar 
Ratio   (cm) (%) (%) 

Molar 
Ratio 

C
1

 

0-1 1.08 0.17 7.54 

C
2

-3
 

0-1 1.12 0.16 8.20 

1-2 1.01 0.15 7.84 1-2 1.05 0.17 7.23 

2-3 0.96 0.15 7.40 2-3 0.97 0.14 7.94 

3-4 0.87 0.14 7.42 3-4 0.87 0.13 8.09 

4-5 0.85 0.13 7.41 4-5 0.87 0.12 8.25 

5-6 0.86 0.13 7.66 5-6 0.87 0.10 10.24 

6-7 0.83 0.12 7.94 6-7 0.82 0.11 8.98 

7-8 1.04 0.14 8.52 7-8 0.87 0.11 9.04 

8-9 1.09 0.14 8.77 8-9 1.11 0.14 9.19 

9-10 1.08 0.14 8.69 9-10 1.11 0.14 9.50 

10-12 0.91 0.11 9.27 10-12 1.07 0.13 9.48 

12-14 0.86 0.11 8.92 12-14 0.90 0.11 9.80 

14-16 0.88 0.12 8.66 14-16 0.90 0.11 9.44 

16-18 1.00 0.13 9.05 16-18 1.13 0.14 9.54 

C
2

 

0-1 1.14 0.16 8.14 18-20 1.10 0.14 9.38 

1-2 0.90 0.13 8.07 

C
3

 

0-1 1.10 0.15 8.53 

2-3 0.90 0.13 8.37 1-2 0.94 0.13 8.56 

3-4 0.87 0.12 8.17 2-3 0.86 0.12 8.31 

4-5 0.83 0.12 7.99 3-4 0.81 0.11 8.48 

5-6 0.78 0.12 7.66 4-5 0.78 0.11 8.43 

6-7 0.79 0.12 7.80 5-6 0.80 0.11 8.27 

7-8 0.83 0.12 7.96 6-7 0.80 0.11 8.26 

8-9 1.02 0.14 8.66 7-8 1.00 0.13 9.14 

9-10 1.07 0.15 8.55 8-9 1.06 0.14 9.06 

10-12 0.98 0.13 8.66 9-10 1.05 0.14 9.03 

12-14 0.89 0.12 8.59 10-12 0.97 0.13 8.81 

14-16 0.78 0.11 8.64 12-14 0.84 0.12 8.47 

16-18 0.91 0.12 8.65 14-16 0.83 0.12 8.43 

18-20 1.06 0.15 8.43 16-18 0.90 0.12 8.60 

     18-20 1.08 0.14 8.82 

 

5.2.1.4  Particle Size 

Due to circumstances described previously a part of clay fraction sediments (0.0399-

0.3417μm) are missing from the analysis and only the C2 profile was investigated in 

grain size analysis (Figure 5-23). The sediment appears to be mainly silt and the 

proportion of sortable silt in the sediment is 26.63% in average and is smallest in the 

uppermost layer of C2 profile. The percentage of the smallest grain size (< 10 μm) is 

greater with the depth of the sediment. 
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Figure 5-23. A - Grain size analysis revealed slightly coarser material in the trench axis in comparison 
to Mariana and Tonga Trenches. Despite part of clay fraction of the sample reading is missing, the fine 
grain clay and fine silt (<10 μm) are more than 25% of the sample. B - Particle sizes profile in core C2. 
The profile may consist from the smallest fraction, clay, in more than is displayed in the diagram. This 
is due to instrument failure described earlier.  

5.2.1.5   M2 Internal Tides 

The sampled location of JIO trench are in close proximity to the Japan Island, where 

tides of M2 tides are generated. The current measurements published by Fujio et al. 

(2000) were re-visited by Turnewitsch et al. (2014) in order to compare the flow 

components with the observations. Differences between the current behaviour were 

additionally observed between the western and eastern trench axis ~ 15 km apart 

(Turnewitsch et al., 2014). These sites seem to be two seafloor areas of a single tidal 

beam reflection incoming from the landward slope, which is supported by the observed 

horizontal motion of particles above the seabed (Turnewitsch et al., 2014).  

5.2.1.6   Photographic Evidence 

The large swimming amphipod, Princaxelia jamiesoni, was documented in Izu-

Ogasawara, Tonga, Japan, Kermadec (Jamieson, 2015) and Kuril-Kamchatka 

Trenches. The sediment at station CS1 (Figure 5-24) shows churned sediment 

(lebensspuren) covered in a smooth layer with no obvious ripple structures. Similarly, 

the sediment observed at station CS2 (Figure 5-25) display a layer of a smooth matter 

over a churned sediment.  
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Figure 5-24. Image of station CS1 (where sediment core C1 was collected) (9261.5 m depth) showing 
smooth surface over churned sediment. No ripple structures are visible on this photograph. In the 
overlying water, suspended filamentous particles and swimming amphipods are observed. (Toyofuku et 
al., 2012) 

 

Figure 5-25. Station CS2 in 9260 m of depth, where core C2-3 was collected, shows a presence of 
numerous swimming amphipods. Sediment surface is very similar to the sediment in station CS1, with 
an uneven surface covered by a smooth layer. At this station more fauna was documented due to a 
bated trap. (Toyofuku et al., 2012) 
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5.2.2   Summary and Discussion 

The homogeneity of hydrographic water properties below 7000 m observed and the 

identical concentrations of nutrients at these depths suggests well mixed environment 

in the Izu-Ogasawara Trench (Kawagucci et al., 2018), however, this contradicted by 

the variability of methane concentrations are a sign of local sediment re-suspension 

(Kawagucci et al., 2018), which may be due to internal waves. The CTD derived data 

for the hadal depth collected from a profile of the IOT shows currents at the deepest 

stations (Fujio et al., 2000). Turnewitsch et al. (2014) diferenciate between the 

movements at the eastern and western side of the trench and suggests these locations 

as possible reflection sites for a tidal beam. As there is 234Thxs observed in the 

sediment, resuspension and sedimentation is proposed on a short timescale. 234Thxs 

in the sediment is detected to the depth of ~ 10 cm, however, in smaller quantities than 

at MT. This may be an effect of the lebensspuren observed at the seafloor and may 

consequently suggest biodifussion. The biological activity is supported by the higher 

oxygen consumption rate in the waters of hadal depths in comparison to the deep 

Pacific seawater (Kawagucci et al., 2018) as this is explained by introduction of labile 

organic coumpounds to the water column above seafloor by re-suspended sediment 

(Nunoura et al., 2013, Wenzhöfer et al., 2016). 

This finding together with the indication of differences in 210Pbxs profile would suggest 

variation in sediment dynamics across the trench floor and slower sedimentation rate 

or bioturbation in C3. As 137Cs enters the environment only as a result of nuclear tests 

(Yang et al., 1986) and/or nuclear accidents, its occurrence in the sediment is episodic 

rather than continuous (Cochran, 1985) and can be used as a time marker, tool for 

mixing (Buesseler et al., 1991) or an additional tool for sedimentation rate calculation. 

The presence of 137Cs in the lower layer, while there are no obvious changes in the 

210Pbxs profiles, may suggest transport due to biological and/or chemical processes or 

detection of a source other than the 137Cs in the uppermost layers. This may also be 

explained by differences in the mobility of 137Cs and 210Pb within the sediment (Yang 

et al., 1986) due to the weak particle reactivity of 137Cs. The most probable origin of 

the 137Cs presence in the upper sediment is the recent Fukushima Nuclear Accident 

(11/3/2011). The radionuclide was detected in the upper ocean layers as far south as 

21.5N (Men et al., 2015) and it had reached the eastern side of North Pacific 

(Kaeriyama, 2017). It was also documented in subsurface mode water layers in a 
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southwards direction (Kaeriyama, 2017). This would suggest a rapid transport in both, 

vertical and horizontal directions. Accelerated horizontal transport of the radionuclide 

may be explained by Tohoku-Oki earthquake-induced tsunami wave and the gyres and 

eddies in the area. A very fast transport of 137Cs to the hadal depth of the Japan trench 

was observed only four months after the earthquake and may be explained by an algal 

bloom following the radionuclide release to the ocean (Oguri et al., 2013). Additionally, 

part of the radioactive contaminant was released straight to the upper water colum 

(Kaeriyama, 2017), without being delayed by atmospheric pathway. As our samples 

were collected more than a year after the Fukushima Daiichi accident, we could not 

detect any 134Cs (T1/2 + 2.06 years) in the sediment as it would be nearly decayed and 

under the detection limit of the instrument unless locally in higher concentrations. This 

would confirm the source to be 137Cs. 

The abrupt change in profile of both OC and N at 8 - 10 cm is also reflected by a slight 

increase of 210Pbxs in the sediment and may reflect different origin of the layer. There 

is however no clear trend in the OC:N ratio (Figure 5-22). This may similarly to the 

case of Mariana Trench indicate local differences in the deposition. By using the OC:N 

ratio, it is possible to distinguish among the sources of carbon to the sediment. The 

observed OC:N ratio values are between 7.23 and 10.24 with mean 8.52 ± 0.64, which 

exceeds the planktonic Redfield C:N ratio (6,63) (Redfield, 1958) and all are higher 

than median values for the global ocean (Martiny et al., 2014). C:N ratio can vary also 

as a result of the size of diatoms, with planktonic genotypes and phenotypes, which 

can result in latitudinal zonation (Martiny et al., 2013). The C:N ratio can be influenced 

by the type of sediment and sediment grain size. For example, clay minerals can affect 

the OC:N ratio in the deep sea sediments as they are comprised from both organic 

carbon and total nitrogen (depending on exact mineral composition), sandy sediments 

on the other hand display increased C:N ratio (Müller, 1977). 
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5.3 Tonga Trench 

Tonga and Kermadec Trenches create a border between two differently aged 

provinces, the older Western Pacific Plate with smooth topography and the younger 

Eastern Marginal Basin (Burns and Andrews, 1973). The Tonga Trench was probably 

established during the Neogene (Burns and Andrews, 1973) and since then dark brown 

clay has been accumulating on Western Pacific Plate’s abyss at a rate of 4-5 m per my 

(0.4 – 0.5 cm ky-1) (Burns and Andrews, 1973). Tonga Trench is on the most 

seismically active zone (with tectonically active forearc and landward slope (Wright et 

al., 2000)), on a convergent margin, where the Pacific plate is subducted under the 

Indo-Australian plate and in its northern section has the highest observed speed of 240 

mm yr-1 (whereas the subduction in the southern part is 164 mm yr-1) (Bevis et al., 

1995), and other observation estimated 150 mm yr-1 on average,  (Wright et al., 2000). 

In the past, four million years the Tonga Trench migrated eastwards due to continuous 

71 mm yr-1 plate movement (Koppers et al., 2008). The process of fast subduction is 

connected to frequent earthquakes (Bevis et al., 1995) and tsunamis. 

The oblique northern part of Tonga trench Upper slope is morphologically different from 

the southern part. Numerous normal faults are found in the Tonga trench and are 

aligned with the trench axis as well as being perpendicular to the axis (Wright et al., 

2000). On the central and eastern landward slope, there are canyons, which carry 

sediments from the upper trench to the lower depths (Wright et al., 2000). Louisville 

Ridge (Osbourn Seamount in particular), located on the Pacific plate and dividing 

Kermadec from Tonga trench by a saddle-like topographical feature (Gnibidenko et al., 

1985), is continuously subducted together with other topographical features, which 

may be the cause of a discontinuity of the trench axis as well as being a possible 

explanation for variable morphology of the trench (Wright et al., 2000).  

The Antarctic Circumpolar Current (ACC) is dispersed to the western Pacific basin 

through Deep Western Boundary Current (DWBC) (Sokolov and Rintoul, 2000) 

overcoming Macquarie Ridge, contouring eastwards along the Campbell Plateau 

before merging with DWBC and reaching 50 Sv and 70 cm s-1 (Carter et al., 2004). 

These currents divide again at about 46°S, where the ACC continues towards the east 

and DWBC streams in depths between 2000-5000 m towards the north (Carter et al., 

2004) along Tonga and Kermadec Ridge, where it reaches maximal mean velocity of 
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9.6 cm s-1 and exceeding 5 cm s-1 near the bottom (Zenk, 2001). The DWBC continues 

via the Samoa Passage to the North Pacific (Sokolov and Rintoul, 2000) (Carter et al., 

2004).  

The surface circulation (0-1000 m) in the South Pacific is convoluted due to complex 

topography forming regional jets breaking off the main South Equatorial Current 

(Webb, 2000). The cold Deep Western Boundary Current originating around Antarctica 

flows into the Pacific Ocean together with the Antarctic Circumpolar Current and 

continues in a north-eastern direction along the east coast of New Zealand, where the 

ACC branches off in a series of currents flowing towards the east. The Deep Western 

Boundary Current continues north-westwards at depths ranging from 4500 to 2000 m 

along Kermadec and Tonga trench.  

The ocean primary productivity in the waters overlying Tonga Trench ranges between 

200-400 mg C m-2 day-1 annually according to CbPM and Eppley-VGPM models with 

values exceeding 650 mg C m-2 day-1 according to updated Carbon based Production 

Model (O'Malley, 2010).  

226Ra concentrations measured in surface waters near Tonga, above the axis of 

Tonga-Kermadec Trench (1758’ S, 172 01’ W) reach values of 4.7 µg kg-1 and 

increases with depth (Bacon and Edmond, 1972). At 2974 m deep the value reaches 

a maximum (18.4 µg kg-1) and then abruptly decreases to the minimum of 14 µg kg-1 

showing the signature of Deep Western Boundary Current (Bacon and Edmond, 1972). 

The oceanographic characteristics of the water masses show Pacific waters (salinity 

maxima in the thermocline 200 m = 35.84 PSU and salinity minima in 800 m = 34.39 

PSU) overlaying Antarctic Intermediate water (salinity maxima in 3989 m = 34.71 PSU) 

and DWBC (underneath AIW, salinity = 34.70 PSU) (Bacon and Edmond, 1972). The 

South Pacific Deep Water is wedged between the described salinity minima (Bacon 

and Edmond, 1972). There is a signature of advection from the middle of DWBC but 

with no clear origin (Bacon and Edmond, 1972).  

Differences between the 226Ra values in the bottom layer are due to diverse levels of 

mixing and due to deep circulation and locally being strongly influenced by sediment 

sources especially in the NE Pacific region (CHUNG and CRAIG, 1980).  
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Figure 5-26. Location of sampling stations C1, C2 (trench axis), C3 and C4 ocean-ward trench slope 
near to the rim. Detailed bathymetry map after (Wright et al., 2000).   

Table 5-9.Sediment and water samples collection sites. Water samples were taken from 2 or 9 mab 
above the sediment sampling sites.  

Sample 
Site 

Collection date 
(UTC) Latitude (S) Longitude (W) Depth (m) 

C1 11/10/2013 23° 16.4294' 174° 17.9826' 10817 
Water    10815 
C2 13/10/2013 23° 16.5085' 174° 45.1347' 10807 
Water    10805 
C4, C6 15/10/2013 23° 36.7727' 174° 17.3064' 6254 
Water    6245 

The axis sediment samples C1 and C2 and samples from the overlaying water were 

taken in the southern part of the trench, near the deepest part of the trench, Horizon 

Deep. The rim sediment (C4 and C6) samples and the overlaying water was collected 

from the lower ocean-ward rim, close to the axis sampling sites (see Table 5-9 and 

Figure 5-26). Both sites are located less than 300 km from where the seamounts of 

Louisville Ridge are being subducted together with the Pacific plate (Wright et al., 

2000). 
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5.3.1 Results 

5.3.1.1  Hydrography 

 

Figure 5-27. TS water column profiles from both measurements: 1370 (6400 m) and 1310 (11200 m) 
display greatest changes in the upper 2000 m with relatively constant water properties below 3000 m. 
Both profiles are showing properties of Western South Pacific Central Water (WSPCW) in the upper 
1000 m, salinity minima due to Antarctic Intermediate Waters (AAIW) (Tomczak, 2007) in the 1000 – 
1500 m depth and the Deep Circumpolar Water (DCW) beneath (Emery, 2001), The differences in the 
potential temperature and salinity values in the deepest depths of trench profile may be caused by 
instrumental failure due to pressure as this occurs at the greatest depths. 

 

Figure 5-28. CTD profiles comparing data measured in stations 1310 and 1370. The small offset in 
salinity measures is most likely caused by different instruments usage.  

The CTD profiles were taken at two stations and the results are presented in Figure 

5-27 and Figure 5-28. After comparison with Pacific water masses (Figure 5-29) it was 

concluded that three main water masses are present under the mixed water layer: 

Western South Pacific Central Water (WSPCW) in the uppermost 1000 m, Antarctic 

Intermediate Water AAIW) (Tomczak, 2007) and Deep Circumpolar Water (CDW) 

approximately below 2000 m (Emery, 2001). There was a change in the TS profile in 
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the greatest depth close to 10000 m, which was concluded to be an effect of the depth 

on the instrument (Figure 5-27). The Oxygen concentration in the water column is 

presented in Figure 5-30 and shows subsurface minima at about 500 m and again at 

about 2500 m. The oxygen concentration maximum is reached between 900-1000 m 

deep.  

 

Figure 5-29. Temperature-Salinity (TS) profile from CTD readings collected in Tonga trench sampling 
sites (in grey colours) compared to TS (temperature-salinity) diagrams from South Pacific (Tomczak, 
2007). 

 

Figure 5-30. CTD profile of station 1370 showing Oxygen concentrations in the water column (red) and 
Sigma-T density at 0°C (black).   
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Figure 5-31. N2 calculated from CTD collected at Tonga Trench shallower site shows strong 
stratification in the uppermost layer but also the N2 close to 600. The second figure shows a close up to 
the dept below 3000 m so the depth, where the N2 is smaller than M2 tidal frequency. There is no 
smoothing applied and the calculation derive from both down and up CTD measurements. 

 

5.3.1.2  234Th 

For investigation of 234Thxs in the sediment pellets containing approximately 2 g of dry 

homogenised sediment were used for representative depths. The pellets were 

measured in the same way as the sediment filters in the previous cases and the choice 

of method and details of measurement are described into detail in Chapter 3 and 

section 2.2.3. For comparison, two calculation methods of the initial 234Th activity at 

the time of sampling were used and are shown in Figure 5-32. Higher 234Th excess 

activities were observed in the trench axis area (Figure 5-33, Table 5-10).  234Th excess 

activity was also detected from the two stations at the trench rim at 6254 m (Figure 

5-34). 
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Figure 5-32. The 234Th activities were calculated using LSR and LM fitting function in a fitting software. 
The results of the two methods are similar. There is a difference in the background beta activity 
measured in the rim and in the trench axis.   

 

Table 5-10. 234Th excess measured in the sediment collected in Tonga Trench 

    234Thxs 234Thxs Background       
  Depth Activity  Error 234Th Activity  Error Inventory 1SD   
  (cm) (dpm g-1) (dpm g-1) (dpm g-1) (dpm g-1) (dpm cm-2) (dpm cm-2) 

C
1

 

0.5 6.86 0.48 71.80 0.07 2.62 0.18   

1.5 2.75 0.60 73.58 0.09 1.13 0.25   

2.5 4.89 0.77 72.24 0.12 2.10 0.33   

3.5 3.72 0.49 69.47 0.07 1.65 0.22   

4.5 1.91 0.87 66.93 0.11 0.87 0.40   

5.5 1.31 0.86 66.33 0.11 0.61 0.40   

          8.97 0.75 8.39% 

C
2

 

0.5 3.38 0.77 74.46 0.09 2.02 0.31   

1.5 3.04 0.62 68.64 0.11 2.06 0.28   

2.5 4.40 0.66 69.29 0.08 3.19 0.32   

3.5 1.49 0.70 74.42 0.14 1.10 0.35   

          8.38 0.63 7.50% 

C
4

 

0.5 1.54 0.39 57.43 0.06 0.51 0.13   

1.5 1.15 0.49 41.16 0.09 0.39 0.17   

2.5 2.41 0.51 40.71 0.07 1.07 0.23   

3.5 2.53 0.51 43.33 0.07 1.16 0.23   

4.5 1.91 0.62 42.85 0.09 0.92 0.30   

5.5 2.18 0.47 41.85 0.10 1.16 0.25   

6.5 1.02 0.44 38.41 0.09 0.51 0.22   

7.5 2.61 0.50 41.15 0.07 1.36 0.26   

          7.08 0.65 9.14% 

C
6

 

0.5 3.06 0.42 51.05 0.07 1.09 0.15   

1.5 1.40 0.45 42.85 0.09 0.61 0.20   

2.5 3.21 0.54 46.25 0.10 1.46 0.25   

3.5 2.67 0.47 41.50 0.06 1.22 0.21   

4.5 2.49 0.60 41.80 0.09 1.19 0.29   

5.5 2.61 0.65 43.84 0.10 1.28 0.32   

6.5 3.23 0.47 41.64 0.10 1.57 0.23   

7.5 3.34 0.51 43.25 0.07 1.66 0.25   

            10.08 0.68 6.79% 
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Figure 5-33. Activity of 234Thxss measured in sediment in the axis location (C1, depth 10817 m and C2, 
depth 10807 m) adjusted for the 234Th activity originated from salinity (0.0036 – 0.0042 dpm g-1). Error 
bars are associated with the uncertainty due to calculation.  

 

Figure 5-34. Activity of 234Thxss measured in the samples collected in the ocean-ward rim station (C4 
and C6, 6254 m of depth). Activities measured within the rim profiles are smaller in comparison to 
activities measured in the trench axis. 

Three water samples were collected at depths 6245, 10805 and 10815 m (9, 2 and 2 

m above seafloor) for measurements of 234Thxs (Table 5-11 and Figure 5-35). The 

measurements were compared to those made previously in that area of the south 

Pacific and published by Amin et al (1974). Both sets of results show disequilibria 

between 238U and its daughter product 234Th.  
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Table 5-11. Water measurements above seafloor at Tonga Trench and measurements from a station in 
South Pacific collected during Antipode Expedition Leg 15 (in italics) (Amin et al., 1974). 

Latitude Longitude 
Max 
depth Depth 

Height 
above 
seafloor 234Th Error 238U Error 

(°S) (°W) (m) (m) (m) (dpm l-1)  (dpm l-1)  
23.61 174.29 6245 6247 9 1.31 0.04 2.42 0.047 
23.28 174.75 10805 10800 2 2.32 0.06 2.41 0.047 
23.27 174.75 10815 10811 2 2.05 0.06 2.41 0.047 

17.97 172.02 5694 4500 1194 2.50  2.41  

   4900 794 2.10  2.41  

   5479 215 2.60  2.41  

   5519 175 2.30  2.41  

   5549 145 2.35  2.41  

   5579 115 2.15  2.41  

   5609 85 2.40  2.41  

   5659 35 2.10  2.41  

   5679 15 2.20  2.41  

 

 

Figure 5-35. Comparison of 234Th and 238U measurements in the area of Tonga Trench (Table 5-11). 
The full red circles show the measurements made at the trench axis, whereas the red empty circle shows 
the measurement made 9 m above the rim seafloor. Previous measurements show disequilibria at great 
depths measured by Amin et al. (1974)  

7Be was detected in the surface (0-1 cm) sediment in the rim sample C6 one month 

after sample collection. The 2 g pellet (prepared for 234Th measurements in Risø Low-

Level Beta GM-25-5 Multicounter) was measured in a gamma spectrometer Ortec, and 

a peak of 477.75 keV was observed during the first measurement. The peak is most 

likely the evidence of 7Be in the sediment sample (477 keV, half-life of 53 days), rather 

than an occurrence of so-called Compton edge of 137Cs at the same energy 

(Papastefanou, 2009), as there was no 137Cs detected in the sediment samples. As 

the sample was measured over a long period of time (630000 s rather than usual 9000 

or 18000 s) it is likely that this observation is real.    
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5.3.1.3   210Pb 

The 210Pb was measured in one sediment profile collected in the trench axis (C1; depth 

= 10817 m) and two profiles collected at the rim (C4 and C6; depths = 6254 m). Excess 

activity of 210Pb in relation to its parent 226Ra or 214Pb was found at every depth 

measured (Figure 5-37  

    214Pb 214Pb 210Pb 210Pb       
  Depth Activity  Error Activity  Error Inventory 1SD   
  (cm) (Bq Kg-1) (Bq Kg-1) (Bq g-1) (Bq g-1) (Bq m-2) (Bq m-2) 

C
1

  

    

0.5 47.46 10.26 2154.42 40.97 9164.35 183.69   
1.5 27.76 11.54 2222.48 68.05 10214.15 321.22   
2.5 36.18 6.41 2222.38 64.47 10595.65 314.00   
3.5 46.09 10.97 2083.25 68.89 10176.07 348.46   
4.5 37.46 10.58 2176.94 37.87 11032.31 202.75   
5.5 37.81 10.71 2036.68 93.77 10390.16 490.58   

            61572.69 1860.71 3.02% 

C
4

  

  

0.5 1041.86 21.80 123.22 10.57 3233.55 85.27   
1.5 397.27 17.77 132.83 11.75 963.60 77.61   
2.5 284.47 17.36 124.44 13.44 753.89 103.40   
3.5 323.47 15.05 152.08 11.30 838.47 92.08   
4.5 324.42 15.09 152.52 11.33 874.60 96.04   
5.5 347.87 18.16 177.96 15.70 956.87 135.21   
6.5 273.28 13.54 108.30 9.94 876.32 89.21   
7.5 274.53 18.28 147.98 12.88 702.00 124.05   

            9199.30 802.87 8.73% 

C
6
  

  
  

0.5 816.13 17.47 109.36 25.90 6633.74 293.24   
1.5 452.69 12.09 160.48 10.93 1426.95 79.56   
2.5 324.84 8.09 72.29 17.19 1271.18 95.61   
3.5 354.59 12.95 170.51 13.03 954.48 95.25   
4.5 275.69 8.56 196.14 9.15 416.64 65.61   
5.5 257.96 7.33 178.33 7.89 586.72 79.34   
6.5 269.06 6.48 199.10 12.55 664.57 134.12   

            11954.28 842.72 7.05% 

 

As there were issues with the gamma detectors previously, both, the 226Ra and 214Pb 

were measured and used for calculation of the 210Pb excess values (Figure 5-36). The 

samples processed in the JAMSTEC laboratory showed the same effect of 210Pbxs 

behaviour in the sediment and this trend progressing to the depth below 20 cm 

(personal communication) supporting the idea of re-deposited bulk of sediment.  
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Figure 5-36. 210Pb excess was found in all measured cores. Sample collected from the trench axis does 
not demonstrate strong decrease in the 210Pb activity suggesting a turbidite or a slump. 

 

Figure 5-37. Sediment collected in Japan Trench redrawn and re-calculated from Yoshikawa et al 
(2016) shows similarities with the trench axis profile collected in Tonga Trench (above).  

5.3.1.4   Photographic Evidence 

Videos taken at the depths of trench axis show the presence of ripple-like structures 

at a depth of 10811 m but it is not apparent on a picture taken at 10817 (Figure 5-38, 

Figure 5-39). The presence of macrofaunal assemblages was documented at all hadal 

depths, as well as at the shallower (620 m) site and in the trench axis 

(http://www.godac.jamstec.go.jp/catalog/data/doc_catalog/media/YK13-10_all.pdf). 
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 Macrofaunal presence and activity was documented to the depth of 10 cm in the 

sediment samples collected at the trench rim and at the Horizon Deep sites (Leduc et 

al., 2016). 

 

Figure 5-38. Churned sediment with no obvious ripples recorded at depth of 10817 m by HDTV camera 
shows the presence of swimming amphipods. Photo is part of the YK13-10 YOKOSUKA report 
(http://www.godac.jamstec.go.jp/catalog/data/doc_catalog/media/YK13-10_all.pdf)  

 

Figure 5-39. Sea floor at 10811 m displays ripple-like structures. The presence of macrofauna is 
documented: holohurians and swimming amphipods. Photo is part of the YK13-10 YOKOSUKA report 
(http://www.godac.jamstec.go.jp/catalog/data/doc_catalog/media/YK13-10_all.pdf)  

http://www.godac.jamstec.go.jp/catalog/data/doc_catalog/media/YK13-10_all.pdf
http://www.godac.jamstec.go.jp/catalog/data/doc_catalog/media/YK13-10_all.pdf
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5.3.1.5   Grain Size 

Only a small amount of ‘leftover’ sediment was used for the grain size analysis as 

described in Chapter 2, which can skew the results towards finer size spectra. The 

sample was investigated in the same way and results are presented in Figure 5-40.  

Despite the data being skewed towards finer grains thanks to the small sample 

availability (phi ranging from 6.89 to 7.71; mean from 8.56 to 20.60 μm) the description 

of them is similar to that previously found in the Tonga Trench sediments as being 

‘very fine-grained’ (8.2 phi units / 3.4 μm) with seawater-like acoustic impedance 

(Barclay and Buckingham, 2014) in previous research and from > 90% silt (Leduc et 

al., 2016). About 70% of the sample weight are particles smaller than 10 µm with the 

rim samples containing more coarse-grained sediment. 

 

Figure 5-40. All analysed samples collected from trench axis (black circles (C1), black empty circles 
(C2) and from the rim stations (grey (C4) and empty grey (C6)) are characterised as silt with less than 
10% of sand, while the rim samples are coarser.  

 

Figure 5-41. The sediments collected in the Tonga Trench axis and at the rim show high percentage 
fine sediments: clay and silts. The Sortable silt (size 10 – 63 μm) proportion is shown in the right graph 
together with the mean sortable silt size.  
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5.3.1.6   M2 Internal Tides 

As in the other cases of trench systems, Tonga trench is located near Tonga and 

Kermadek archipelago, tall underwater ridges, from where internal tides are generated 

and from where they also propagate (Arbic et al., 2018). According to HYCOM tidal 

model, TT is parts of the high energy area.  

 

Figure 5-42. The magnitude (A) of M2 energy fluxes in the whole equatorial Pacific includes the three 
discussed trenches, which all are overlaid with waters influenced highly by the internal tides. B – the 
incoherence, which is more pronounced at the equator and away from the internal tide generation sites 
(Buijsman et al., 2017) (Arbic et al., 2018) 

As the internal waves are able to propagate long distances, there may be a 

superposition of internal waves propagating from different regions. An acoustic study 

in the bottom of the Tonga Trench interpreted some observed frequencies as a result 

of a weak current in the depth of 8515 m in the Tonga Trench axis (Barclay and 

Buckingham, 2014). Additionally, a presence of 7Be was detected in the during gamma 

measurement (28 days after the sample collection) at the rim station, which may 

suggest advection processes connected to the ocean surface. 
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5.3.2  Summary and Discussion 

234Th-238U disequilibria were observed at the depths below 4000 m, which is unlikely 

associated with primary productivity but it is rather an effect of scavenging by re-

suspended sediment. The disequilibria found above the trench axis and above the 

trench rim supports the evidence of scavenging processes. Similar secular 

disequilibrium was also observed by Amin et al (1974) at the ocean-ward rim at a site 

located north-westerly to the collection sites. The disequilibrium observed at the trench 

rim reached the highest value and can be associated with the along trench current 

described earlier. Disequilibria between 234Th and 238U were observed close to the 

seafloor. Disequilibria were also found at 800 m above the seafloor (Amin et al., 1974) 

and this can be explained by the location of the data collection (downstream of a 

seamount). As described in the previous chapter, seamounts affect the physical 

properties and the sediment re-suspension in a region, which may be reflected by this 

234Th-238U disequilibria. The disequilibria observed at the trench axis in Tonga Trench 

(Figure 5-35) are smaller in size but in the case of C2 (shallower) higher than those 

observed by Amin at al. (1974). It is not clear if the difference in the 234Th activity in the 

lower water column is related to the difference in depth, location or in tidal phase. The 

difference in the 234Th inventory in the sediment between the sites is small. The highest 

234Th activity was measured at site C1. The value is more than double in the 

comparison to the rim site (C3 and C4) and nearly twice as high as the value measured 

at the uppermost layer at trench axis (C2). The measurable inventories at these hadal 

depth sites are a sign of settled particles on a short time scale but also can reflect 

biological activity within the sediment. This may be in agreement with higher 

abundance and biomass of nematode species was found in the trench axis sites in 

comparison to the trench rim (6200 m) (Leduc et al., 2016), which may be another 

indication of supply of re-suspended nutritious particles made available to macrofauna. 

The 210Pb analysis suggest a possible remnants of a slump or a turbidity current but 

older than similar sediment collected from the slope of Japan Trench (Yoshikawa et 

al., 2016), which may also be a result of a possible subduction activity. Such activity 

was reported in 2009 or previously in 1917, another with localized tsunami waves in 

1919 (Clark et al., 2011). There is also evidence of such phenomena from prehistory 

(Clark et al., 2011), which has an effect on the sediment deposition.  
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5.4 Kuril-Kamchatka Trench 

Kuril-Kamchatka Trench (KKT) is connected to the Aleutian Trench on the northeast 

and Japan trench on the southwest. KKT is adjacent to the Kuril island arc, it is located 

on the Kuril subduction zone, where Pacific Plate is subducted beneath the Okhotsk 

Plate by a rate of 8 cm yr-1 (Noda et al., 2008). Earthquakes associated with the 

subduction processes are responsible for slump events as well as tsunamis further 

inducing turbidites in the area (Noda et al., 2008).  

The close proximity to the land influences the sediment supply to the seafloor in this 

area, which consists of pelagic source from productive overlying waters as well as 

sediments of terrestrial and volcanic origin and is controlled mainly by hydrology and 

tectonics (Sattarova and Artemova, 2015). The strong seasonality, including the 

presence of ice especially, is reflected in the diatom distribution in sediments of some 

areas (Sattarova and Artemova, 2015).  

KKT belongs to the three trenches receiving more POC originated from the upper 

ocean than all other trench environments (Jamieson, 2015). Analysis of settling 

particles from a nearby station showed strong seasonality with high fluxes in the 

summer and that biogenic opal is the main component (50%) of the flux (Kuroyanagi 

et al., 2002). The organic carbon flux efficiency with depth was estimated to 5.5% (1000 

m), 3.4% (3000 m) and 2.1% to 5000 m (Honda et al., 2002). 

The hydrology of the area is intricate as two surface currents, Kamchatka Current and 

Oyashio Current progress southwest-wards while deep boundary current flows in the 

opposite direction (Figure 5-43). The deep sea current (measured below 4000m) 

contours the landward slope of the Japan Trench, progressing southwards from the 

KKT by an average speed of 3-7 m s-1, while the current on the ocean-ward slope flows 

in the opposite direction (Mitsuzawa and Holloway, 1998). The speed of this current is 

influenced by M2 tidal constituents (Mitsuzawa and Holloway, 1998). The straits 

between the islands allow an exchange of waters between the Sea of Okhotsk and the 

North West Pacific resulting in anticyclonic eddies of mesoscale size (100-300 km), 

which occur regularly above the KKT, south of Bussol Strait (Rabinovich et al., 2002). 

Bussol Strait is particularly important for water exchange between the Sea of Okhotsk 

and North West Pacific Ocean, with a diapyclinal mixing causing water mass 
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transformation (Ono et al., 2007). The currents associated with the exchange of water 

masses between the Pacific Ocean and Sea of Okhotsk in Kruzenshtern Strait are 0.2 

– 0.3 m s-1 on average, with an oscillatory component of 0.4 m s-1 associated with 

internal wave generation over the sill (Nakamura et al., 2010). 

 

Figure 5-43. A: Schematic view of surface current directions (red) and deep sea currents (green) 
(Mitsuzawa and Holloway, 1998). B: the position of eddies generated near the Bussol Strait (Rabinovich 
et al., 2002). 

The Kuril Islands, are important topographical features in internal wave production, 

where the diurnal tidal constituents (K1 and O1) having a bigger effect than the 

constituents semidiurnal (M2 and S2) (Niwa and Hibiya, 2011). Kuril straits, and the  

Bussol strait in particular are important for an exchange of waters between the Sea of 

Okhotsk and the Pacific ocean and for the formation of North Pacific water masses 

(Tanaka et al., 2010). The mixing processes between the Sea of Okhotsk and Pacific 

Ocean water masses are controlled mainly by tides (Nakamura and Awaji, 2004). The 

straits also play a very important role in clockwise propagating internal topographically 

trapped wave production due to K1 barotropic tide (Tanaka et al., 2010, Nakamura and 

Awaji, 2004) and eddy generation (Nakamura and Awaji, 2004). Even though Falahat 

and Nycander (2015) found lower energy flux produced by K1 and O1 tidal constituents 

of internal tides generated by interaction of diurnal barotropic tides and topography in 

the area of Kuril Island chain (For values see Figure 5-45), the Kuril Island Chain 

structures seem to have a significant effect on the physical properties of waters 

overlying the KKT.  
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Water masses in the KKT area consist mainly of North Pacific Intermediate Water 

(NPIW) with its salinity minima at density 26.8 σᶱ (Figure 5-44), which is influenced in 

the upper layer by Oyashio Intermediate Water (OYIW) mixing in the strait areas with 

Okhotsk Sea Intermediate Water (OSIW) (Itoh, 2003, Yasuda et al., 2002). The 

bottom-most water mass has a signature of Lower Circumpolar Deep Water (LCDW), 

which enters the area at a depth of approximately 5000 m from the southwest (Kawabe 

and Fujio, 2010). 

 

Figure 5-44. CTD measurement (Multinet) from station A6 (in colours) is showing the characteristics of 
NPW from the area for most of the depths (in grey). The upper layer seems to be a mixture of Okhotsk 
water mass (in black) and North Pacific Intermediate Water (NPIW). The TS diagram is plotted to TS 
plot showing the main differences in properties of the two water masses (Itoh, 2003). The low salinity 
and temperature are a sign of the Subarctic Gyre Water (Kawakami et al., 2004). 

For this part of the study sediments collected during the project KuramBioII, SO250 

cruise in August-September 2015 were used (Brandt et al., 2016). As the CTD 

deployments were used mainly for mapping purposes (calibration) and thus reach only 

a depth of 1000 m with the exception of station A6. Additional CTD measurement was 

acquired with Multinet and in most cases, reaches 5000-6000 m. Unfortunately, there 

are no 210Pb measurements due to the short time available and instrument 

inaccessibility. Only the upper 6 cm from the sediment profiles collected at stations A2, 

A7, A9, A10 and A11 were used for 234Thxs analysis (Figure 5-46, Table 5-12). 
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Figure 5-45. Investigated sites projected on energy originated from bottom-trapped internal tide 
constituents K1 and O1 in the vicinity of Kuril Islands. Map source: Falahat and Nycander (2015). 

 

Figure 5-46. Map of all stations, from which sediment profiles were collected. For this study, only 
stations A2, A7, A9, A10 and A11 were used. A7, A9 and A11 (two subsamples for this station) are 
located in the trench axis and stations A2 and A10 are in the opposite slopes both near to station A9. 

The 234Thxs were investigated by filtering 40-50 mg of dry sediment and inventories 

were calculated after dry bulk density measurements produced later. The inventory for 

profile A7 was only estimated using mean bulk densities as the sediment for station A7 

was not processed. As there were no CTD casts bellow 1000 m and the Multinet CTD 

did not reach bellow 5000 m, implicit values for salinity and temperature according to 

WOCE Atlas were used for further calculations assuming homogeneity of water in the 
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hadal depths. Similarly, pressure (in db) was calculated from known depth (m) and 

latitude using the Seawater tool in Matlab. Concentrations of Nitrogen, total and 

organic Carbon were measured for these stations and CaCO3 was calculated using 

Equation 5-1: 

Equation 5-1 

CaCO3 (%) = (TC – TOC) * 8.33 

Where TC is total carbon and TOC is total organic carbon. 

The olivine black layers, which were detected in most of the retrieved sediment cores 

have most likely a volcanic origin as KKT is in the vicinity of the volcanically productive 

area of Kamchatka Peninsula and the Kuril Islands. Kamchatka’s volcanism is the main 

supply of volcanoclastic deposition in the North Pacific Ocean (Pettke et al., 2000). 

Kamchatka and Kuril Islands are contribute to the particles of lithogenic origin in the 

area of north-west Pacific by approximately 84% at 1000 m and decreases with depth 

(Otosaka et al., 2004). 

Table 5-12. Sample collection sites. The distance between sample sites A11-1 and A11-2 is 6.2 m 
(calculated from GPS position using Seawater tool in Matlab). 

Sample Site Collection date Latitude (N) Longitude (E) Depth (m) 

A11 1 21/09/2016 44° 12.388'   150° 36.013'   9540.2 

A11 2  20/09/2016 44° 12.391'   150° 36.015'   9538.6 

A7 14/09/2016 45°12.943' 152°42.821' 9448.9 

A9 16/09/2016 44°39.862' 151°28.103' 8224 

A2 18/09/2016 44° 6.850'   151° 25.560'   6517.5 

A10 15/09/2016 45°1.356' 151°2.901' 5211.3 

5.4.1 Results 

5.4.1.1  Sites and sediment description 

Stations A7, A9 and A11 are located in the trench axis. A7 is in the north of the KKT 

near to the Bussol Strait, underneath a canyon fan and it is in one of the deepest 

depressions of KKT. The sediment at this station was very dense and carried signs of 

layering similar to other stations. These layers, the coarse black sediment, in particular 

were, however, below 9 cm of depth, whereas they occurred in the upper layers in 

other profiles. All sediment profiles collected along the trench axis have grey plastic 

clay layers below approximately 12 cm of depth. Box corer, as well as the benthic 

sledge and trawl equipment, uncovered many macro and meiofaunal species including 
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foraminifera, polychaetes, holothurians and bivalves. These were found despite the 

high CaCO3 dissolution rate in the Pacific Ocean, with lysocline in less than 4000 m 

(Anderson, 1994) and the calcite saturation depth in the area of KKT can be as low as 

250 m (Feely et al., 2002). The calculated CaCO3 in the sediment is generally very low 

and varies between 0.56 - 2.86% of dry weight.  

Stations A2 was sampled from the upper oceanward slope and consisted of a shorter 

layered profile, including black silty/sandy material. Numerous animals and smaller 

stones were found. The sample from area A10 (landward slope) was again a shorter 

profile of dense sediment. About a 1 cm layer of black sandy material (5-6 cm of depth, 

included in the analysis) was very noticeable, between upper brown sediment and very 

plastic grey clay sediment containing less obvious layers. Stones were recorded within 

the sandy layer. Other instruments in the area reported the presence of stronger 

currents, unfortunately, the exact speed and direction could not be measured. Stones, 

sandy and gravely material was collected by sledges and trawl together with numerous 

faunae. See Figure 5-59 and Figure 5-60. 

5.4.1.2  234Th in the Sediment 

 

 

Figure 5-47. 234Th measurements at the rim stations: A2 – oceanward slope and A10 – landward slope. 

The 234Th excess was detected in all investigated profiles and the measured values varied 
between 0 and 71.62 dpm g-1 (0 and 0.151 Bq g-1,  

Table 5-13), with the greatest value at the deepest axis station (A11-1). There are local 

differences detected on the scale of metres (A11-1 and A11-2) as well as among 
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stations. Only A7 does not show any disturbances within the depth profile and the 

detected 234Thxs is in a logarithmic decline with depth (Figure 5-48 and Figure 5-47).   

The 234Th inventories ranged between 4.37 (A11-2) and 17.36 (A9) dpm cm-2 (0.073 (A11-2) to 0.289 
(A9) Bq cm-2) (Table 5-7,  

Table 5-13 and Figure 5-49). The activity originated from 238U in pore water of the 

sediment were subtracted from the results. The 234Th activity profiles and inventory 

comparison is displayed in Figure 5-49. 

 

Figure 5-48. 234Th measurements of the trench axis stations. The deepest station A11 (9540 and 9538 
m) shows measurable excess in the upper 2 cm and at A7 (9449 m) down to 5 cm, with indication of 2 
cm mixed layer and A9 ( m). The size of the errors associated with the calculation mirror the time 
between the sample collection and measurement, while the sample A11-1 was measured 13 days after 
collection, A11-2 27 days (longer than a half-life of 234Th) and A7 22 days after sample collection. High 
sub-surface maxima were documented in about 1 cm depth in A11-1 and again very small excess 
activity between 4 and 5 cm from both stations A11-1 and A11-2. 234Th excess activity in profile A9 (8224 
m) from the trench axis shows again the excess of 234Th in the upper layers of the sediment. 
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Table 5-13. 234Thxs values and inventories of 234Th measured in the uppermost 6 cm of sediment at KKT. 

  
234Thxs 234Thxs Background    

 Depth Activity Error 234Th Activity Error Inventory 1SD  

 (cm) (dpm g-1) (dpm g-1) (dpm g-1) (dpm g-1) (dpm cm-2) (dpm cm-2) 
A

1
1

-1
 

0.25 37.09 3.45 202.33 0.80 3.77 0.35  
0.75 0.29 3.40 204.90 0.79 0.04 0.41  
1.25 71.62 4.04 167.61 1.01 9.08 0.51  
1.75 10.28 4.04 184.66 1.02 1.42 0.56  
2.50 0.00 3.80 188.42 0.96 0.00 1.17  
3.50 1.63 2.46 93.38 0.77 0.55 0.84  
4.50 1.92 2.66 109.65 0.83 0.66 0.92  

5.50 1.92 2.65 98.65 0.82 0.65 0.89  

 

     16.18 2.14 13% 

A
1

1
-2

 

     

0.50 18.01 6.15 177.16 1.20 3.94 1.34  
1.50 0.00 4.86 88.68 0.95 0.00 1.24  
2.50 0.00 5.90 165.07 1.15 0.00 1.76  
3.50 0.00 4.91 110.22 0.96 0.00 1.58  
4.50 1.24 4.91 99.28 0.96 0.43 1.72  
5.50 0.00 3.70 97.24 0.67 0.00 1.22  

      4.37 3.66 84% 

A
9

 

     

0.50 28.17 5.67 188.15 1.28 6.20 1.25  
1.50 18.72 5.21 159.57 1.18 5.45 1.52  
2.50 0.00 3.96 103.43 0.91 0.00 1.26  
3.50 11.98 4.01 85.62 0.86 4.24 1.42  
4.50 0.81 3.60 69.13 0.77 0.33 1.48  
5.50 2.58 2.50 36.74 0.54 1.14 1.10  

      17.36 3.30 19% 

A
7

 

     

0.50 16.96 5.26 204.74 0.83 3.80 1.18  
1.50 11.22 4.75 165.52 0.75 3.27 1.38  
2.50 4.85 3.60 84.95 0.57 1.56 1.16  
3.50 1.42 2.70 55.26 0.52 0.50 0.96  
4.50 0.71 2.60 42.38 0.50 0.28 1.03  
5.50 0.11 2.17 31.80 0.42 0.04 0.81  

      9.46 2.70 29% 

A
2

 

     

0.50 15.67 3.74 110.62 0.80 4.04 0.97  
1.50 1.75 2.83 109.35 0.80 0.57 0.92  
2.50 0.00 2.62 81.56 0.74 0.00 0.89  
3.50 0.00 3.74 80.43 0.80 0.00 1.34  
4.50 13.96 4.36 97.55 0.93 5.23 1.63  
5.50 3.56 3.12 83.92 0.63 1.37 1.20  

      11.20 2.91 26% 

A
1
0

 

     

0.50 17.85 3.95 183.52 0.68 3.92 0.87  
1.50 21.64 3.48 121.95 0.64 7.45 1.20  
2.50 4.60 4.44 114.28 0.96 1.83 1.76  
3.50 0.00 3.26 90.71 0.64 0.00 1.51  
4.50 0.00 2.51 52.65 0.49 0.00 1.37  
5.50 0.00 1.92 24.36 0.35 0.00 1.99  

      13.20 3.66 28% 

Net primary productivity measurements and POC fluxes estimation to 100 m of depth 

from the area near to KKT (263-732 mg C m-2 d-1 and 14-284 mg C m-2 d-1 respectively) 

show seasonality and variability within season (Kawakami et al., 2015) The 

measurements were carried out between spring and early summer 2006, which would 

correspond with the time of sediment sample collection (late summer – autumn). 



Chapter 5: Hadal Trenches 
 

275 
 

Earlier study from an area closer to the location show seasonal, interannual and local 

variability in 234Th and POC fluxes (23-120 mg C m-2 d-1 at KNOT station and 12-560 

mg C m-2 d-1 in the area of NW Pacific)  (Kawakami et al., 2004) and overall lower 

values for two year period averages (1998-2000) reaching 218 ± 13 mg C m-2 d-1  

(Honda et al., 2002).  

 

Figure 5-49. Comparison of 234Thxs sediment activity profiles in all stations (left) and 234Th activity 

inventories (right) measured to the depth of 6 cm, plotted against depth of overlying water column. Black 

markers – trench axis, white markers – trench slopes. The error bars show the uncertainties due to 

calculations and error propagation. 

A study in the area indicates that the observed 234Th fluxes ranged between 240 and 

5430 dpm m-2d-1 and showed depletion in the upper 100 m and the disequilibria with 

238U below 100 m reduced; also POC was constant below 100 m (Kawakami et al., 

2015). These observations were used for estimations of particle fluxes to the seafloor 

in the Kuril-Kamchatka Trench (Figure 5-51 and Table 5-14). As the KKT sampling 

sites are located closer to the island chain (Figure 5-50) and are not in the Western 

Subarctic Gyre, the net primary productivity was estimated higher by the factor of 

between 1.25 – 1.44 using modelled values published by DeVries et al., (2017). These 

values were applied to estimate more accurately the inventory derived from the water 

column. Further, the efficiencies modelled for the transport to 1000 m (0.12-0.24 for 

KKT locations) and the efficiency of transport between 1000 and 2000 m (0.36-0.6 for 

KKT locations) (DeVries and Weber, 2017). Even the values calculated to the depth of 

2000 m are smaller than the inventories measured in the sediment. As the efficiency 

of the flux (unlike the velocity of the transport itself) is influenced by temperature 

(Iversen and Ploug, 2013) and the temperature in the interior ocean is low and near to 
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constant, the value of 0.9 transport efficiency for each 1000 m of depth was speculated 

and the final low and high inventories were estimated (Figure 5-52).  

 

Figure 5-50. Sample site position in relation to the sampling site K2, which was used to estimate fluxes 
to the seafloor. Map after Kawakami et al., 2015. An earlier POC measurement at site KNOT was 
estimated to reach slightly smaller values, however, this represents a 2-years mean (Honda et al., 2002). 

 

 
Figure 5-51. Measured inventories (black circles) exceed the inventories calculated from the euphotic 
zone using results from Kawakami et al., 2015. Low (blue square) and high (red square) estimation of 
net primary flux to the depths do not consider flux efficiencies and are only functions of free fall velocity 
of particles (150 m d-1 (Iversen and Ploug, 2013)) and radioactive decay.  
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Table 5-14. The table shows inventory calculated from the net primary productivity at site K2 (Kawakami 
et al., 2015) at 100 m (*) only influenced by free-fall and measured inventories. 

Site Depth 

Time to 
reach 
floor 

Low 
Transport 

High 
Transport 

Measured 
inventory Error 

  (m) (d) (dpm m-2 d-1) (dpm m-2 d-1) (dpm m-2 d-1) (dpm m-2 d-1) 

      240* 5430*     

A10 5211.30 34.08 92.88 2101.39 3795.75 1052.63 

A2 6517.50 42.78 72.87 1648.71 3221.52 836.76 

A9 8224.00 54.16 53.08 1200.86 4993.32 947.87 

A7 9448.90 62.33 42.28 956.51 2719.43 776.77 

A11 2  9538.60 62.92 41.58 940.71 1256.97 1053.16 

A11 1 9540.20 62.93 41.57 940.43 4651.98 615.10 

A11 average     2954.48 1219.63 

 

 
Figure 5-52. 234Thxs inventory values measured in the KKT sediment (black circles) are plotted against 
depth together with low and high inventories calculated from 234Th export measurements (W) and 
applying findings of DeVries (2017). The blue and red squares show the first 2000 m efficiencies and 
further assuming no changes to the transported material, except of the radionulicde decay. The dotted 
lines consider further loss even though efficiencies are high but < 1. 

5.4.1.3   Carbon and Nitrogen in the Sediment 

Organic carbon content ranges from 0.14 (in the 5 cm depth) to 1.23% and the profiles 

in the upper 6cm of the sediment seem to have very similar trends, decreasing with 

depth (Figure 5-53). The decline is more rapid in the case of the ocean-ward rim 

sample (A2) and the axis samples (A7 and A9). Similarly, the nitrogen content is quite 

low and there is a transition trend visible between samples A10 – A9 – A2, which are 

on a transect line over the trench (Figure 5-54).  

Nitrogen content in the sediment is generally declining with the depth of the sediment 

in the axis samples, whereas it is slightly greater with depth in ocean ward sample and 

in the landward sample it shows subsurface maxima between 3 and 4 cm before 
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declines to the lowest walue measured (Figure 5-53). This layer of sediment (A10, 5-6 

cm) has the lowest measured values of organic carbon and nitrogen and also differs 

in colour and structure from any other measured layers. 

 

Figure 5-53. Organic carbon in Trench axis profiles (left). Both profiles collected in the southernmost 
area A11 have a very similar trend, whereas the northern stations show more rapid OC decrease. 
Organic carbon content in the slope stations (right) A10 (landward) and A2 (oceanward). The stations 
create a profile across the trench with A9 being in the trench axis. A9 (black triangles in the previous 
figure) has a very similar, parallel trend to profile A10 from the depth of 1 cm. The OC values are lower 
in the A10 profile. The deepest measured layer of A10, 5-6 cm contains olive black coarse material. 
Profile A2 shows more similarities with A11 and A11-2 profiles 

 

Figure 5-54. Nitrogen content in % in trench axis (left) samples shows a very similar trend, whereas 
Nitrogen in samples collected from oceanward (A2) and landward (A10) slopes (right) shows some 
differences in lower layers 

Total carbon (Figure 5-55) shows similar profile to organic carbon content (Figure 5-53) 

and seems to be influenced mainly by the distance from the land. The OC:N ratios 

(Figure 5-56, which are very similar to the total carbon Figure 5-55) show similar trend 

in the uppermost 3 cm of the axis samples but below that sediment collected closest 
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to the canyon (A7) displays the lowest measured OC:N values. The sediment collected 

from the landward slope shows similarities with the trench axis sediments and the 

ocean ward sediment differs the most with very high OC:N ratio in the uppermost layer, 

lowest value at 3 - 4 cm and second highest value at depth of 5 – 6 cm.  In Figure 5-57 

the OC content is plotted against TC:N ratio. The ocean ward site (A10) seem to show 

the highest variability in the age of the OC material. 

 

Figure 5-55. Depth profiles of Total Carbon : Nitrogen ratio in samples collected from the axis stations 
(left) display similarities among themselves and among the depths unlike the TC:N ratios profiles 
collected at slopes (right). The sample collected from the oceanward slope (A2) displays more 
similarities with the trench axis TC:N profiles, whereas the landward sample (A10) contains greater ratio 
in its uppermost layer. 

 

Figure 5-56. TOC:N ratio for sediments collected in the trench axis (left): A7 is the northern-most sample 
and A11 and A11-2 are both collected in the southern-most section of the trench. TOC:N ratio measured 
in sediment profiles collected from the ocean-ward (A2) and island-ward (A10) rims of the KKT (right)  
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Figure 5-57. OC content is plotted to TC:N ratio. Measurements from station A10 are the most spread 
suggesting variability of the carbon source within the profile, whereas Stations A11 and A11-2 seem to 
display similar properties within the individual profiles. Station A2 shows smaller variability among the 
profile and less terrestrial influence in comparison to A11. Stations A7 and A9 display greater variability 
in OC content, whereas the TC:N ratio stays similar. This suggests variability in the age of the OC 
material. 

The grain size of the sediment samples collected during the KKT expedition were not 

measured, similarly no data are available yet for 210Pb inventory in the sediment. 

However, published data collected during So250 reveal clayey-silty character and the 

character of the sediments from the trench axis show similarities with the Tonga Trench 

sediments, where the < 63 μm fraction is responsible for more than 90% of the 

sediment (Figure 5-58).  

 

Figure 5-58. KKT sediment grain size redrawn from Sattarova et al (2017). Stations are from the 
oceanward abyssal plain (A8), rim (A3) and slope (A2); A1, A4, A7, A9 and A11 were collected in the 
trench axis (from NE to SW) and landward slope (A5) and rim (A6 and A10).   
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5.4.1.4  Photographic Evidence 

 

Figure 5-59. Station A10, depth 5265 m, the width of the frame is about 2 m. The seafloor is without 
visible signs of small ripples or obviously disturbed by biological (burrows), however there are animals 
in the sediment. The figure is a part of the scientific cruise report (Brandt et al., 2016), courtesy of N. 
Brenke. 

 

Figure 5-60. 1 m wide seafloor image of A10 (5492 m) with “foraminiferal forest”. The figure is a part of 
the scientific cruise report (Brandt et al., 2016), photo courtesy of N. Brenke.  

A video recorder was mounted on an epibenthic sledge together with Seaguard 

CTD/RCM and used for recording the seafloor environment. Unfortunately, the 

functionality was limited to a depth of 600 bar (Brandt et al., 2016), therefore only the 
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‘shallower’ stations A8, A3 (both ocean-ward rim/abyssal plain) and A10 (for A10 see 

Figure 5-60 and Figure 5-60) were observed and recorded. Many macrofaunal species 

were observed in the abyssal and hadal depths (Brandt et al., 2016) and for 

comparison to the previous case studies, giant anthropods were observed also at 

trench axis, site A9. 

There seem to be an undulation at the site A10 (Figure 4-64), however, it is not clear 

if that is due to the light, the equipment itself or due to other reasons.   

5.4.2  Summary and Discussion 

The calculated values of 234Thxs and 234Th inventories are higher than the assumed 

POM flux from the upper water column and higher than abyssal 234Thxs inventory 

values. This would suggest resuspension of sediment material as a source of the 234Th 

excess observed in the sediment. There are local differences in the measured activities 

as well as differences along the trench axis. The highest measured value is in the 

sediment profile collected was at site A9, whereas the northernmost site (A7), located 

underneath a canyon, and has the lowest inventory value. Sites A11-1 and A11-2 were 

collected by consecutive multicorers while the distance between them was about 6 m, 

the results show strong spatial gradients. There is a layering present in the sediment 

profiles with presence of olive black coarse sediment layers suggesting changes in 

sediment origin. No information about the possible occurrence of turbidites has been 

retrieved yet. The presence of 234Thxs in the uppermost 5 cm, however, suggests a 

recent rapid sediment or particle deposition on the scale of days or weeks. 

There are differences between the landward and oceanward slopes 234Thxs profiles, 

despite similar observed values of the maximal activity and inventory. The oceanward 

slope shows subsurface maxima between 4 and 5 cnm whereas the landward slope 

shows rapid decline in 234Thxs from its subsurface maxima at 1 – 2 cm.  

The existing 234Thxs in the sediment supports the theory of a more dynamic 

environment in the deepest locations of the ocean and possibly the existence and 

reflection of internal tides at the walls of hadal trenches as proposed by (Turnewitsch 

et al., 2014). There is only limited information about other parameters influencing the 

tidal conversion and propagation available and the observation of the internal waves 

in the Kuril Straits is limited (Nakamura et al., 2010).   
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According to Men et al. (2015), the pollutants from Fukushima Daiichi disaster in 2011, 

namely 137Cs, are still detectable in the waters of Northwest Pacific Ocean. It would be 

intriguing to investigate the KKT sediment profiles using gamma spectrometry, 

especially as 137Cs from pre-1963 are detected in the slope sediment profiles (Noda et 

al., 2008). 

5.5 Results Comparison 

Firstly, the individual trenches differ in location, thus the latitude and Coriolis factor, 

consequently, the criticalities and the potential for the internal tides to propagate vary 

as well. Geographical and latitudinal differences bring also change in primary 

productivity in these regions as well as seasonality, which is strong in the case of KKT 

in comparison to the other sites with 264 g C m-2 y-1 based on PP in provinces 

(Longhurst, 2007) and belongs to a different cluster based on relative isolation (Stewart 

and Jamieson, 2018). Due to high latitude (greater than critical latitudes for K1 and O1), 

the internal tides may become topographically trapped (Falahat and Nycander, 2015). 

For K1 internal tide, f is more important than N, which is contradictory to the 

requirements for M2 internal tide propagation (Li et al., 2017). Further differences are 

in axis orientation, steepness and local smaller topographical features within the 

trenches, which all play a role in the possible propagation of internal tidal waves and 

the local currents.  

The data collated for trench comparison are in Table 5-15 and Table 5-18, which are 

continuations of tables published by Turnewitsch et al. (2014), expanding upon it with 

234Thxs results and grain size data. The water column derived 210Pb is calculated from 

previously published data as mentioned by Turnewitsch et al (2014) (Figure 5-61) and 

propagated with depth to derive the ratio of 210Pb expected from water column to 210Pb 

inventory of the sediment. This ratio is important for assessing the 

deposition/resuspension conditions. 

The main source of the sediment in the trenches is marine snow (phytodetritus and 

faecal pellets) from the overlaying ocean. The distance from the landmass (as a 

possible sediment supply) differs slightly among the observed trenches, with the 

exception of JIOT (close to Japan mainland). Resuspension of the unconsolidated 

sediment layer containing mainly marine snow (Gardner et al., 1985) can occur due to 
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the presence of a current of velocities exceeding 7 cm s-1 (Lampitt, 1985) or  > 10 cm 

s-1 (Gardner et al., 2017). This can cause a formation of a BNL (Gardner et al., 2017). 

Considering the observed 234Th – 238U disequilibria in the water column and observed 

234Th inventories at all hadal stations, resuspension followed by transport of the 

sediment is a possibility. The mechanism was described by Turnewitsch at al. (2014) 

and it would require a current velocity exceeding 7 cm s-1 (Lampitt, 1985).  

Figure 5-61 Predictions of 210Pb inventory in 
the sediment is based on measurements of 
226Ra and 210Pb collated from literature in the 
North Pacific as used by Turnewitsch et al. 
(2014). These measurements include those 
published previously (CHUNG and CRAIG, 
1980, Gamo and Horibe, 1984, Nozaki et al., 
1998a). 

 

 

 

 

The slope is an important parameter for the propagation of internal tides. As there can 

be an abrupt change in the slope angle (as shown for example in the Japan Trench 

(Yoshikawa et al., 2016)). The steepness of the slopes also influences the depositional 

environments even within a small O (1 km) area. The generation and propagation of 

baroclinic tides to the greater depths is very complex phenomena (Chapter 1) and it 

depends on local conditions (stratification, topographical features as well as 

steepness) and global parameters. It is virtually impossible to resolve a proportion of 

baroclinic tides reaching the hadal depths without a model supported by accurate 

bathymetry. The 234Th measurements, however, support the theory proposed by 

Turnewitch et al (2014).  

The 234Thxs / 210Pbxs ratio in Figure 5-64 shows difference between the rim and the 

trench axis conditions. In general, the ratio is higher at the rim, mirroring the effect of 

increased 210Pbxs with depth. MT displays the highest ratio in the upper sediment 

despite being collected at the greatest depth, highlighting the effect of local 

resuspension followed by sedimentation of these particles. Similar trends are shown 
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in the case of the Tonga Trench axis, this may be, however more complex due to the 

effect of sediment slumps.  

 

Figure 5-62. TOC inter-comparison. MT reference site shows the lowest values of TOC from all 
measured profiles followed by the chaotic profile of TOC measured at Challenger Deep. The highest 
TOC values were measured in the JIOT, whereas the TOC measured at site A10 (KKT) shows the 
greatest extremes among all profiles. Profiles collected at KKT axis show relatively high TOC, 
comparable with the JIOT values. 

TOC measurements (Figure 5-62) suggest different conditions at MT in comparison 

to the other sites. This is in combination with the highest sediment 234Thxs and 

inventory suggesting settling resuspended sediment particles due to flow rather than 

to animal activity. Figure 5-63 and Figure 5-64 show the two measured radionuclides 

(234Th and 210Pb). When compared to the abyssal values collated by Lauerman et al., 

1997 from North Pacific, the uppermost sediment collected at Challenger deep (Figure 

5-64) show higher values of both radionuclides. 
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Figure 5-63. 234Thxs / 210Pbxs ratios in the first 5 cm in the sediment calculated from available 
measurements. The dark symbols are used for trench axis measurements and the non-filled symbols 
show the measurements collected from the rim or slope stations (located generally 3-4 km above the 
axis stations). JIOT – Japan Izu-Ogasawara Trench, MT – Mariana Trench, TT – Tonga Trench. For 
Kuril-Kamchatka Trench are the 210Pb measurements not available yet. 

 

 

Figure 5-64. Measured 210Pbxs and 234Thxs activity in the trench (filled) and rim sediment samples (in 
blue and green) compared to measurements collected in abyssal North Pacific at 34°50’N and 123°W 
(4100 m) – black circles, and in the material collected by traps (Lauerman et al., 1997). The uppermost 
layer of sediment in indicated in blue, deeper layers are in green. The values of the uppermost 0-0.5 
cm  
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Table 5-15. Comparison of measurements from samples collected in Pacific trenches. Table was published by Turnewitsch et al. (2014) and contain 210Pbxs values (in 
bold) measured as a part of this study. 234Thxs and sortable silt values are  

Site Coordinates 

(°N)              (°E) 

depth 

(m) 

measured 
210Pbxs 

inventory 

(kBq m-2) 

expected 
210Pbxs 

inventory 

(kBq m-2) 14 

ratio depth-integrated 

kinetic energy of M2 

internal tide (J m-2) 6a 

[sea surface 

amplitude due to 

propagating M2 

internal tide, (mm)] 6b 

POC flux to 

the seafloor at 

depths 

between 3.5 

and 6.5 km 

(g m-2yr-1) 15 

measured 
234Thxs 

inventory (kBq 

m-2) 

Sortable 

Silt 

mean 

size 

(first 

layer) 

(µm) 

Sortable Silt 

derived velocity 

(approximate 

values after 

McCave 

(2017))      (cm 

s-1) 

Kuril Kamchatka 

Trench 

45°1,4' 151°2,9' 5211.3  9.1±1.2   ~ 0.4-2 2.2±0.6   

45°12,9' 152°42,8' 9448.9  18.2±0.5   ~0.4-2 1.6±0.5   

44°39,9' 151°28,1' 8224  22.3±0.6   ~0.4-2 2.9±0.5   

 44° 12,4'  150° 36,0'  9540.2  22.3±0.5   ~0.4-2 2.7±0.4 (1.7 –

average) 

  

 44° 12,4'  150° 36,0'  9538.6  22.3±0.5   ~0.4-2 0.7±0.6    

 44°  6,9'  151° 25,6'  6517.5  12.2±0.9   ~ 0.9-2 1.9±0.5   

northernmost 

Japan Trench 1 

39°12.2’ 142°56.6’ 1860 7a 19.1 1.8±0.2 10.6 101.0-101.5 [2-4] ~ 3-6    

39°6.4’ 143°39.8’ 3700 7b 15.1 5.6±1.6 2.7 101.0-101.5 [2-4] ~ 3-6    

38°29.0’ 143°46.8’ 5600 7c 16.5 10.2±3.8 1.6 101.0-101.5 [2-4] ~ 3-6    

38°50.5’ 144°9.36’ 7540 7d 66.9 16.2±6.1 4.1 101.0-101.5 [2-4] ~ 3-6    

38°57.7’ 144°31.4’ 6140 7e 16.3 11.9±4.5 1.4 101.0-101.5 [2-4] ~ 3-6    

38°58.3’ 144°57.5’ 5560 7f 21.0 10.1±3.8 2.1 101.0-101.5 [2-4] ~ 3-6    

northern Japan 

Trench 2 

38°5.1’ 144°2.6’ 7261 8a 38.9 15.3±5.8 2.5 101.5-102.0 [4-7] ~ 3-6    

38°5.2’ 143°59.5’ 7553 8b 29.3 8c 16.5±6.1 1.8 
8c 

101.5-102.0 [4-7] ~ 3-6    

Trench at 

Japan/Izu-

Ogasawara 

Triple Junction 3 

34°0.2’ 142°0.1’ 9200 9 40.5±4.3 

SAMS 

42.8 

JAMSTEC 

21.3±8.0 

 

1.9 

 

2.0 

102.5 [9-12] ~ 1-2 76.0±65.016 21.82 24.4 

central Izu-

Ogasawara 

Trench 4 

26°56.9’ 142°55.2’ 4310 10 6.3 6.9±2.3 0.9 103.0 [22-23] ~ 0.3-1    

28°28.3’ 143°19.6’ 8260  10.0 11a 

12.8 11b 

18.4±6.9 0.5 

0.7 

103.0 [22-23] ~ 0.3-1    

Mariana Trench 5 10°50.3’ 142°34.3’ 6035 12 17.9±0.9 11.5±4.3 1.6 102.5 [7-12] ~ 0.1-0.5 11.0±3.5 27.56 27.5 

11°22.0’ 142°25.6’ 10850 13 50.5±8.0 26.4±10.0 1.9 102.5 [7-12] ~ 0.1-0.5 14.5±4.0 25.98 26.4 
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Site Coordinates 

(°N)              (°E) 

depth 

(m) 

measured 
210Pbxs 

inventory 

(kBq m-2) 

expected 
210Pbxs 

inventory 

(kBq m-2) 14 

ratio depth-integrated 

kinetic energy of M2 

internal tide (J m-2) 6a 

[sea surface 

amplitude due to 

propagating M2 

internal tide, (mm)] 6b 

POC flux to 

the seafloor at 

depths 

between 3.5 

and 6.5 km 

(g m-2yr-1) 15 

measured 
234Thxs 

inventory (kBq 

m-2) 

Sortable 

Silt 

mean 

size 

(first 

layer) 

(µm) 

Sortable Silt 

derived velocity 

(approximate 

values after 

McCave 

(2017))      (cm 

s-1) 

Tonga Trench 18 -23° 16.4' -174° 18' 10817 61.6±1.9 26.3±4.3 2.3  ~ 0.1-117 1.5±0.1 20.62 16.4 

-23° 16.5' -174° 45.1' 10807  26.3±4.3    1.4±0.1 19.49 16.6 

-23° 36.8' -174° 17.3' 6254 10.58±1.9 12.2±2.1 0.9   1.4±0.4 22.30 19.1 
1 recalculated after Mohamed et al. (1996) 
2 based on Oguri et al. (2013) 
3 Turnewitsch et al. (2014) 
4 Yamada et al. (1983); Swinbanks and Shirayama (1986) 
5 Glud et al. (2013) 
6 a: Niwa and Hibiya (2001): their Plate 2; b: Arbic et al. (2012) 
7 a,b,c: upper, mid, lower western trench slope; d: trench axis; e: mid eastern trench slope; f: eastern trench rim 
8 a: a few kilometers east of the trench axis which has a maximum water depth of ~ 7550 m; b: in the trench axis, but strongly affected freshly deposited turbidite 

sediments (see Section 5.1 of the Online Supplement for details); c: likely to be underestimates (see Section 5.1 of the Online Supplement for details) 
9 trench axis 
10 southwestern rim of the trench 
11 a few kilometers west of the trench axis which has a maximum water depth of > 9000 m; a: Swinbanks and Shirayama (1986); b: Yamada et al. (1983) 
12 southern trench rim 
13 Challenger Deep 
14 uncertainties give the range of inventories calculated based on minimum and maximum estimates for the cumulative vertical 210Pb flux through the water column to 

the seafloor, derived from water-column 210Pb/226Ra disequilibria 
15 from Lutz et al. (2007) 
16 JIOT 234Th inventories measured down to 9-10 cm; possible over/underestimation as described earlier, averaged value for 4 measurements and error display the 

standard deviation among those measurements 
17 TT in on a border of provinces and the values for PP differ greatly witht model or interpretation (as mentioned earlier) 
18 210Pb inventory calculated for TT may be skewed by recent slump 
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Table 5-16. The comparisson of data collected from hadal trenches and some environmental factors important for sedimentation and sediment resuspension. The 
table was published by Turnewitsch et al. (2014) and includes 210Pb measurements from this thesis (KKT, JIOT, MT and TT). Station of KKT (A7) was collected in the 
trench axis, underneath an underwater canyon. 

site Coordinates depth (m) ratio propagating M2 
internal tide: kinetic 
energy (J m-2) [sea 
surface amplitude 
(mm)] 

Sortable Silt 
derived velocity 
(approximate 
values after 
McCave (2017))      
(cm s-1) 

measured 
234Thxs 
inventory (kBq 
m-2) 

Max current speed observed 
(cm s-1) 

 north east       

Kuril Kamchatka 
Trench 

45°1,4' 151°2,9' 6517.5  102.0-103.0  2.2±0.6 4.3 (W) at 4000 m 1 

Tidal currents from straits 2 

45°12,9' 152°42,8' 9448.9  102.0-103.0  1.6±0.5  

44°39,9' 151°28,1' 8224  102-102.5  2.9±0.5  

 44°12,4'  150°36,0'  9540.2  101.5-102.5  2.7±0.4 (1.7 –
average) 

 

 44°12,4'  150°36,0'  9538.6  101.5-102.5  0.7±0.6   

 44°  6,9'  151°25,6'  6517.5  101.5-102.5  1.9±0.5 8.1 (E) , parallel to axis 

northernmost Japan 
Trench 

38°29.0’ 143°46.8’ 5600 1.6 101.0-101.5 [2-4]    

38°50.5’ 144°9.36’ 7540 4.1 101.0-101.5 [2-4]    

38°57.7’ 144°31.4’ 6140 1.4 101.0-101.5 [2-4]    

northern Japan Trench 38°5.1’ 144°2.6’ 7261 2.5 101.5-102.0 [4-7]    

38°5.2’ 143°59.5’ 7553 1.8 101.5-102.0 [4-7]    

Trench at Japan/Izu-
Ogasawara Triple 
Junction 

34°0.2’ 142°0.1’ 9200 1.9 
2.0 

102.5 [9-12] 24.4 76.0±65.016  

central Izu-Ogasawara 
Trench 

28°28.3’ 143°19.6’ 8260 0.7 103.0 [22-23]    

Mariana Trench 10°50.3’ 142°34.3’ 6035 1.6 102.5 [7-12] 27.5 11.0±3.5  

11°22.0’ 142°25.6’ 10850 1.9 102.5 [7-12] 26.4 14.5±4.0  

Tonga Trench -23°16.4' -174°18' 10817 2.3 102.0-103.0 16.4 1.5±0.1  

-23°16.5' -174°45.1' 10807  102.0-103.0 16.6 1.4±0.1  

-23°36.8' -174°17.3' 6254 0.9 102.0-103.0 19.1 1.4±0.4  

 
1 Johnson, 1998, 2 Shevchenko et al., K1 – 25 cm s-1, M2 – 12 cm s-1  
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5.6 Discussion and Conclusions 

The existence of internal tides in a trench was recently confirmed by observation: CTD  

data collected across Yap Trench (138.5 E, 9.88 N) which revealed an existing eddy 

in the surface layer, bottom currents and presence of both semidiurnal and diurnal 

internal tidal frequencies in the deeper part of the Trench (Liu et al., 2018). Liu et al. 

(2018) observed turbulent mixing due to this tide on a central part of the slope as 

theoretically projected earlier by Turnewitsch et al. (2014) as a possible diffraction 

point. Although the Yap Trench does not reach the same depths as trenches in this 

study, the occurrence of internal tide in a hadal depth stands as a supporting evidence 

for the theory of topographically induced internal tides propagating to the hadal depths. 

Semidiurnal (M2) tidal energy fluxes (Figure 5-42 in section 5.3.) described by Buijsman 

et al (2017) and Arbic et al. (2018) show the energy generated by the island chains in 

the equatorial Pacific (Figure 5-42). All the trenches studied (JIOT, MT, TT and KKT) 

are overlaid by waters influenced by baroclinic tides generated over the steep 

topography of the island chains. The baroclinic tides generated at the Izu-Ogasawara 

Ridge and the Mariana Islands are shown to propagate long distances due to their high 

coherence (Arbic et al., 2018). The energy generated by these tides differs between 

areas, with the MT and IOT being the highest. The KKT differs from the other three 

locations by its high latitude and thus the M2 tidal frequency is not as important as the 

K1 and O1 frequencies. Robertson et al (2017) also show possible shifts in the critical 

latitudes due to topography. As there are no measurements or observations of internal 

tides at such depths to support or dismiss the theory, we can only draw attention to the 

234Th inventories measured in the sediments of the trench axis. As the activity values 

were measurable in all cases, we can confirm the presence of particles in the sediment, 

which were suspended within a short timescale. The size of the inventory varies with 

trench location rather than with depth suggesting different sedimentary or physical 

conditions in the individual trenches. The comparison of the results with 234Th activity 

and inventory measurements collected in abyssal depths does not show a clear 

relationship with depth and inventory (Figure 5-65).  

As the energy produced by bathymetry induced internal tides (its M2 component in 

particular) is thought to be important for abyssal mixing processes in the western 



Chapter 5: Hadal Trenches 
 

291 
 

Pacific (Niwa and Hibiya, 2001), it may be also influencing re-suspension of sediments 

and be at least partially responsible for the high observed values of 210Pbxs and 234Thxs 

 

Figure 5-65. 234Thxs activities (diamonds, measured in water column; 2 on y axis and sediment; 1-2 on 
y axis) and 234Th inventories (squares, measured in sediment; 0-1 on y axis) measured at the stations 
in the four trench sites compared to abyssal data (black diamonds) and water column data (grey 
diamonds).  

Turnewitsch et al. (2014) has shown a relationship between 210Pb based F/P ratio and 

the depth-integrated kinetic energy of internal tide (M2). As the half-life of 234Th 

coincides with the tidal period, the results of measured maximal 234Thxs activity and the 

234Th inventory (Figure 5-66) were compared to the M2 and K1 projected for Pacific by 

Niwa and Hibiya (2001). The relationship between these is, however, unclear and 

additional factor may play an important role. The 234Thxs and 234Th inventory measured 

at the sediments are higher than those measured at abyssal depth (Figure 5-65). In 

addition, there seem to be a positive relationship between 234Th inventories and 

sortable silt derived velocities. When the 234Th and 210Pb inventories are plotted against 

the sortable silt derived velocities (Figure 5-69) the 234Th inventories suggest weak 

positive correlation (R=0.51), implying influence of flow on the sediment deposition. 

210Pb does not display any correlation to the sortable silt derived velocities.  
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Figure 5-66. The predicted M2 and K1 tidal energy plotted towards the measured 234Th inventory does 
not show a clear correlation.  

Enhanced microbial activities were observed in the hadal depths in comparison to the 

abyssal Pacific are found in Mariana, Tonga and IOT trenches (Wenzhöfer et al., 2016, 

Nunoura et al., 2013, Kawagucci et al., 2018). The percentage of OC in the sediment 

is correlated to the ratio of sedentary to mobile lifeforms living in the sediment (Young 

et al., 1985).  The photographic evidence as well as literature documents burrows 

and/or epibenthic megafaunal species in all hadal sites, which may contribute to the 

resuspension and the 234Thxs 238U secular disequilibria in the water column and the 

high 234Thxs values in the sediment observed. In contrast, suspension feeders 

contribute to particle deposition (Rutgers van der Loeff et al., 2002). The proportion of 

biodiffusivity and biologically induced deposition in the trenches is unknown. Rutgers 

van der Loeff et al. (2002) used epifaunal densities as a measure of additional 
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deposition. Similarly, the knowledge about the biological influence can help to assign 

the ratio of 234Thxs to hydrological related processes. A sediment transport model 

shows that the enhanced 234Th activity due to resuspension and biodiffusion has an 

impact on enhanced 234Th inventory in the sediment (Birchler et al., 2018). 

As other investigations in the hadal trenches show, the environment does not appear 

stagnant. The investigated mean size of sortable silt is associated with current speed 

as described by McCave previously (McCave et al., 1995, McCave et al., 2017). The 

relationship between the percentage of sortable silt and its mean size shows negative 

correlation (Figure 5-67) unlike that expected and shown in McCave et al (2017) even 

when adding 5 - 20% of the small sized particles to the cases, where the Counter 

Coulter was not working properly. As the SS mean size and velocity of a current are 

related (McCave et al., 2017), two equations for current prediction calibrated to sites 

of different depths were applied to the sites (Figure 5-68) so the environment of the 

trenches can be evaluated. The depth differences and distances between the sites 

would suggest that one calibration may not be representative for all hadal trenches. 

Still, the Challenger Deep (MT, 10850 m) and Horizon Deep (TT, 10817 and 10807 m) 

are the most comparable considering depth. Both the 234Thxs and the SS mean size 

derived velocities support that the deepest part of the Mariana Trench is a more 

energetic environment than the Tonga Trench.  

 

Figure 5-67. The Sortable Silt grain size properties measured in all investigated trench sites. There is a 
negative correlation between the two properties.  
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Figure 5-68. Sortable Silt mean size (in μm) and Current velocities (right axis, in cm s-1) calculated by 
using two correlation equations introduced by McCave (2017): U is the velocity calculated by using the 
main correlation and Ud calibrated for deep sites and Rockall Trough.  As the study did not include hadal 
depth and the current velocities are not calibrated to the sites. (MT CD – Mariana Trench, Challenger 
Deep, MT r – Mariana Trench, rim, JIO – Japan Izu-Ogasawara Trench, TT – Tonga Trench, C1 and 
C1 –trench; C4 and C6 - rim).  

 
Figure 5-69. Calculated inventory for both radionuclides plotted against the current velocity deduced 
from the mean size of sortable silt. There is only a small sample size (n=7 and n=6) available for each 
radionuclide. 
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Chapter 6  

6 Discussion 

The following aspects were explored and discussed in this thesis:  

 A method for 234Thxs in sediment  

 A method for calculation of 234Th  

 The environment at four Atlantic seamounts  

 The aspect of possible baroclinic wave propagation in Pacific hadal trenches. 

Four Atlantic seamounts and four Pacific hadal trenches were investigated in terms of 

hydrodynamics and the response of the flow that leads to changes in the sedimentary 

environment. The results have a wide application as there are more than 25 million 

seamounts globally (Wessel et al., 2010) and even small elevations can have an 

impact on local fluid dynamics as observed by Turnewitsch et al. 2008. Despite the 

belief that most ocean circulation is driven by the interaction between the upper water 

column and the atmosphere (wind-driven circulation), and the fact that deep sea 

dissipative processes and their relationship to the upper water column are not 

completely understood (de Lavergne et al., 2016), awareness of the importance of 

interaction of fluid dynamics with topography is increasing.  

Recent work on the fine-scale parameterization of models highlighted the importance 

of including enough smaller-scale waves for modelling internal tides in areas with 

rough topographies as the interaction of wave and topography may create rather 

energetic internal waves (Liang et al., 2018). From the perspective of seafloor 

heterogeneity, the Mariana and Kermadec trenches include complex features (Stewart 

and Jamieson, 2018) and their shape and position may play as important a role for the 

fluid dynamics and reflection of tidal beams as it does for the shapes of seamounts 

(1.1.3.). Comparable features and subducting seamounts within these trenches have 

also been found in, for example the Tonga Trench. Similarly to the trenches, 

seamounts are also more complex in terms of slope criticalities and shape. The 

combination of subcritical and critical slopes within a single topographical feature adds 

to the complexity. The path of the internal tide can be influenced by refractions and 

looped (Guo and Holmes-Cerfon, 2015). All the Pacific trenches and two of the Atlantic 
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seamounts under investigation are in an area where high energy is transferred from 

barotrophic to baroclinic M2 tides (Gustafsson, 2001), however, this is not reflected in 

the sediments in the same way.  

In addition, new research on Pacific trenches confirmed a connection between the 

hadal organisms and the ocean surface. An investigation into the diet of hadal 

amphipods established its mainly necrophagous character although, as the hadal 

organisms are dependent on food delivered from the upper ocean, there are 

differences in their diet between trenches (Shi et al., 2018). So far only three trenches 

in the Pacific have been compared in this way, and the main results reflect the ocean 

surface conditions (primary productivity, especially) in the diet of hadal organisms. This 

research is being complementary to the radioisotopes approach. The findings in this 

study underline the high 234Th excess in the sediment and it is being attributed to 

resuspended and on short time scale settled particles and thus the importance of 

physical dynamics in the trenches in emphasized. Considering the possible magnitude 

of sediment re-suspension due to biological processes, the observed disequilibria may 

not be attributed to that solely. 

 

6.1 Limitations of the study 

This study experienced several technical difficulties, which are itemised below: 

 Instrumental failure of both types of germanium low-level gamma counters, 

Canberra and Ortec, namely with their cooling system; 

 Instrumental failure of Coulter Counter; 

 210Po water column measurement; 

 234Th activity measurements and calculations. 

The first two described instrumental issues affected the study in terms of the quality or 

availability of results. This was partially resolved by re-measuring the sediment profiles 

on HPGe gamma detectors between 2012 and 2014. However, the set of 210Pb 

inventories in the sediment is not complete for any of the seamounts. Similarly, two 

seamount data sets (Eratosthenes and Anaximenes) do not include grain analysis.   



Chapter 6: Discussion 

297 
 

As the 210Po values were consistently low, it is possible that there was some degree of 

contamination by other metals (Fe, Te, Au, Pt or Hg) as the presence of these metals 

can reduce the deposition of the 210Po onto the silver plate. There may be a possible 

impurity introduced by some of the reagents as described in the literature, a small 

volume of liquid used for investigation (Lee et al., 2010) or an issue with a yield tracer. 

Therefore, the 210Po results weren’t used for interpretation. Knowledge about the levels 

of 210Po and its relation to its parent 210Pb would be advantageous for assessing the 

particle settling speed and consequently determining the influence of topographically 

induced hydrodynamics on sinking speed.   

As the set of 234Th measurements collected in the Ampère Seamount water column 

and from the Japan Izu-Ogasawara Trench areas were particularly challenging due to 

the measurements incompatible with the calculation method used previously and the 

unlikely occurrence of disequilibria found through the whole water column (Ampère), a 

basis for Chapter 3 originated. The problems with the 234Th activity measurements and 

calculations led to a more in-depth study of the issue (Chapter 3).  

Finally, the  derived velocity has its limitations: the calculation of the mean is 

approximate as the results of grain size analysis are divided into bins on a logarithmic 

scale. In addition, there is a necessity to parametrise the relationship of current velocity 

and  at the collection site (McCave et al., 2017). As it is not adjusted to the area, 

the  derived velocity is used only as a guide for comparisons between sites.   

 

 



Chapter 7: Conclusions 

298 
 

Chapter 7  

7 Conclusions and future work 

7.1 Concluding remarks 

Despite the diversity of seamounts and trenches in terms of signs of alteration of the 

sedimentary conditions due to topographically-induced flow was found in both 

environments.  

For the seamounts, four of the general processes described in Chapter 1 were 

observed during the time of data collection. Tidally-induced reflection of internal tides 

together with upwelling was observed at Senghor Seamount (Turnewitsch et al., 2016). 

Ampère Seamount was influenced by processes generated by a strong background 

flow; inertial oscillation and possible intensification of flow at greater depths were also 

suggested. By contrast, the Eratosthenes Seamount, experienced possible effects 

from the anticyclonic Cyprus eddy. In addition, the observed enhanced 210Pb 

concentrations above the summit of the seamount suggest resuspension processes 

with an undefined mechanism of origin.   

Identifying the most important environmental parameter that determines the 

hydrographic features at seamounts is complex. As the ocean conditions are in 

constant motion, the parameters change continuously. Seamount effects, such as 

Taylor cones/caps appear on an irregular basis (Lavelle and Mohn, 2010), and 

similarly, the upwelling feature is not constant (Genin, 2004). The sediment record, 

however, can indicate prevailing or favourable features on a longer timescale, such as 

those shown in this study. For example winnowing was observed at the Senghor 

Seamount at two opposite mid slopes, which coincided with hydrological features 

observed by Turnewitsch at al. (2016). Therefore, it can be suggested that similar 

features are present more often or that tidal influence plays the most important role for 

this particular seamount. Considering the number of seamounts in the ocean and the 

uncertainty of the hydrological response, the sediments altered in this way can 

influence palaeocurrent interpretations.  
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Like seamounts, hadal trenches can be, to some degree, affected by similar 

hydrological processes, namely internal tides. This was proposed recently by 

Turnewitsch et al. (2014) and supported by the 210Pb sedimentary inventories. In this 

work, short-lived 234Th was used to test the hypothesis. Despite 234Thxs being detected 

in all the sediments collected from the trenches, the overall dependence on 

environmental factors is not clear. This can be assigned either to changing hydrological 

factors described earlier, or by a combination of factors governing the processes. In 

addition, the resuspension of particles is in a loop with the benthic and epibenthic 

fauna: the resuspended sediment delivers additional nutrients to the water column 

(Nunoura et al., 2013, Wenzhöfer et al., 2016) and thus can boost the biomass. In 

return, biodiffusion enriches the  234Th sediment inventory (Birchler et al., 2018) and 

also suspension feeders are able to enhance the sedimentation (Rutgers van der Loeff 

et al., 2002).  

7.2 Further work 

The environmental processes and the seamount and hadal trench characteristics 

deserve more attention in their summarisation and statistical comparison. The Mariana 

Trench environmental factors were recently statistically evaluated with the aim of 

recognising the factors leading geomorphological variations (Lemenkova, 2018). A 

similar approach for recognising the main factors for individual trenches in terms of 

physical dynamics and/or biological influence on the sedimentary processes would be 

valuable. 

Additionally, a modelling approach of hydrodynamics considering the environmental 

settings, (including Coriolis force, stratification, the shape and steepness of the 

seamounts), would give a better understanding about the importance of individual 

factors influencing the topographically induced internal tides/waves at each of these 

locations.  As shown in a model, topographically induced internal tides can change 

their behaviour with latitudes (Robertson et al., 2017) and/or the shape and 

proportional dimensions of the seamounts (Dettner et al., 2013). A similar model 

considering the dimensions of the seamounts investigated in this study would be 

beneficial for distinguishing the most important parameter for each location and the 

extent of the seamount-hydrology interaction and implication for sediment dynamics. 
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Further work is required to attribute the 234Th disequilibria found in the sediment and 

in the BNL to either physical and/or biological processes, as described by Rutgers van 

Der Loeff et al. (2002). A comparison of these results with the ecological and biological 

findings at sites of interest may reveal more about the environment, especially at hadal 

depths. The importance of 234Th for the investigation of depositional processes in 

coastal areas was stressed in an earlier study (Birchler et al., 2018). Nevertheless, as 

an excess of 234Th in the sediment is also observed in abyssal and hadal depths, this 

approach may give a better understanding of sedimentary processes and the role of 

topographically induced hydrodynamics at those depths. Identifying the proportional 

influence of biodiffusion and resuspension and their contribution to the 234Th sediment 

inventory in the hadal depths (Izu-Ogasawara and Mariana Trench namely) would 

support the study. Comparison and adjustment of data could be made using 

knowledge of faunal assemblages such as giant amphipods and/or holothurians, as 

they are able to enhance mass fluxes (Lauerman et al., 1997) and resuspend 

sediment.  

The 234Th/238U disequilibria can be a good proxy for further investigation of the 

occurrence of internal tides especially in the lower water column in hadal trenches and 

can add valuable information about the sediment re-suspension in the lower water 

column due to the interaction of topography and hydrodynamics. In combination with 

models, the presence of disequilibria can either support or disprove the hypothesis of 

internal tide propagation at such depths. Revisiting the 234Th datasets and calculating 

and comparing the residual β values (as described by Lin et al., 2016) for the sites 

investigated could reveal additional information about the re-suspended material or the 

height of the BNL.  
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9 Appendix  

9.1 Chapter 3 – Matlab script 

Matlab Script: 

% Models count uncertainty as Poisson process..... 
disp('program will close all figures and delete variables in memory.'); 
prompt =  'press q to quit or enter to continue: '; 
str = input(prompt,'s'); 
if strcmp(str,'q') || strcmp(str,'Q') 
    return; 
end 
clear all; 
close all; 
%use rates and exposure 

  
%constant 
secondsInADay = 24*60*60; 
%******measurement and sample parameters******% 
measurementDays=[4,40,80,120,160]; 

%must not overlap when measurement period is added! 
%how long was the sample in the counter 
measurementCycles = 144; %144 X 600(secs) = 24 (hrs)must be whole number 
exposureTime = 600;% 600- 10 minutes per set of counts 
%activity of thorium – set – DEPENDING ON GROUP 
initialCounts = [9.5,18,23,29.4,49]; 
%activity of background – set – DEPENDING ON GROUP 
backgoundCounts = 5.6; 
initialEventRates = initialCounts/exposureTime; %event per second at start 

of experiment  
backgroundEventRate = backgoundCounts/exposureTime; %event per second at 

start of experiment 

  
%column-wise output alternate time then counts 
expectedCounts = zeros(measurementCycles,2*length(measurementDays)); 
simulatedCounts = zeros(measurementCycles,2*length(measurementDays)); 
%chained output 
chainedTimeCounts = 

zeros(measurementCycles*length(measurementDays),length(initialEventRates)+1

); 

  
exponentialDecayConstant = log(2)/(24.1*secondsInADay); 
%0.0287612938 – LAMBDA for Thorium-234; 
for sample=1:1:length(initialEventRates) 
    for column=1:1:length(measurementDays) 
        initialEventRate = initialEventRates(sample); 
        startTime = measurementDays(column)*secondsInADay; 
        

time=(startTime+exposureTime:exposureTime:startTime+measurementCycles*expos

ureTime)'; 
        %column-wise output: 
        timeColumn = 2*column-1; 
        countsColumn = 2*column; 
        expectedCounts(:,timeColumn) = time; 
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        expectedCounts(:,countsColumn) = exposureTime*backgroundEventRate + 

(exposureTime*initialEventRate*exp(-1*exponentialDecayConstant*time)); 

%assume event rate is constant during exposure period 
        simulatedCounts(:,timeColumn) = time; 
        simulatedCounts(:,countsColumn) = 

poissrnd(expectedCounts(:,countsColumn)); 
        %chained output – CHANGING FOLLOWING TWO ROWS 
        chainedTimeCounts((column-

1)*measurementCycles+1:column*measurementCycles,1)=time/secondsInADay; 
%        chainedTimeCounts((column-

1)*measurementCycles+1:column*measurementCycles,2)=expectedCounts(:,countsC

olumn); 
        chainedTimeCounts((column-

1)*measurementCycles+1:column*measurementCycles,sample+1)=simulatedCounts(:

,countsColumn); 
    end; 
end 
%detail of first N measurement cycles 
firstN=5; 
if(firstN>length(measurementDays)) 
    firstN=length(measurementDays); 
end 
figure; 
hold on; 
for sample=1:1:length(initialEventRates) 
    

plot(chainedTimeCounts(1:firstN*measurementCycles,1),chainedTimeCounts(1:fi

rstN*measurementCycles,sample+1),'.'); 
    

%plot(chainedTimeCounts(1:firstN*measurementCycles,1),chainedTimeCounts(1:f

irstN*measurementCycles,2),'r-'); 
end 
title(gca,sprintf('Simulated and Expected Counts from First %d Measurement 

Cycles',firstN),'Color','black','FontSize',12,'FontWeight','bold'); 
%all measurement cycles 
figure; 
hold on; 
for sample=1:1:length(initialEventRates) 
    plot(chainedTimeCounts(:,1),chainedTimeCounts(:,sample+1),'.'); 
    %plot(chainedTimeCounts(:,1),chainedTimeCounts(:,2),'r-'); 
end 
title(gca,sprintf('Simulated and Expected Counts from All Measurement 

Cycles'),'Color','black','FontSize',12,'FontWeight','bold'); 
delimiter = '\t'; 
directoryName = pwd; 
fileName = 

sprintf('betaCounter_%0.2f_%0.2f_%0.2f_%0.2f_%0.2f_%0.2f_%d',backgoundCount

s,initialCounts(1),initialCounts(2),initialCounts(3),initialCounts(4),initi

alCounts(5),measurementCycles); 
outPath = sprintf('%s%s%s%s',directoryName,'\',fileName','.txt'); 
fileID = fopen(outPath,'w'); 
fprintf(fileID,strcat('time',delimiter,'detector1',delimiter,'detector2',de

limiter,'detector3',delimiter,'detector4',delimiter,'detector5','\n')); 
for row=1:1:length(chainedTimeCounts(:,1)) 
    

fprintf(fileID,strcat('%0.6f',delimiter,'%d',delimiter,'%d',delimiter,'%d',

delimiter,'%d',delimiter,'%d','\n'),chainedTimeCounts(row,1),chainedTimeCou

nts(row,2),chainedTimeCounts(row,3),chainedTimeCounts(row,4),chainedTimeCou

nts(row,5),chainedTimeCounts(row,6)); 
end 
fclose(fileID); 
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Figure 9-1. Graphical description of Friedman’s test with ad hoc, A – Total 234Th, B – Particulate 234Th 

and C – Sediment filters with 10 mg of sediment. 
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Figure 9-2. Graphics of Ad hoc Friedman's test for errors associated with A results, which measurement 
started 4 (t4), 10 (t10), 15 (t15), 22 (t22) or 30 (t30) days after the start of decay. There are certain 
differences between Sediment filter and Sediment pellet due to the number of outliers and overall greater 
error in A estimation in the case of Sediment pellet method. 
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9.2 Chapter 4 – Seamounts 

9.2.1 Ampère 

Table 9-1. Ampère seamount sampling stations and depth, where samples for particulate, dissolved 
and total 234Th were collected. 

 Station 
name 

CTD Particulate and 
Dissolved 234Th  

Total 234Th 

   Depth (m) Depth (m) 

DSE Deep 
Slope East 

1021, 
1020, 
1019 

 
57, 17, 28, 52, 76, 103, 201, 502, 1002, 1501, 1999, 
2500 (100mab), 3120 (50mab), 3170 (20mab), 3207 
(10mab),  3221 (5mab) 

DSS Deep 
Slope 
South 

1091, 
1089, 
1090 

16, 101 
 

7, 27, 51, 91, 201, 1000, 1999, 3115, 3165, 3197, 3208, 
3214 

DSN Deep 
Slope 
North 

1126, 
1127, 
1128 

16, 101 
 

6, 27, 51, 91, 203, 504, 1003, 1802, 2003, 3055, 3105, 
3136, 3149, 3154 

DSW Deep 
Slope West 

1300, 
1301 

16, 100 
 

6, 26, 51, 75, 200, 499, 1004, 2003, 3102, 3151, 3181, 
3191, 3195 

MSE Mid-Slope 
East 

1178, 
1179, 
1180 

15, 101 7, 26, 51, 77, 201, 502, 1003, 1658, 1708, 1736, 1746, 
1752 

MSW Mid-Slope 
West 

1267, 
1268 

17, 101 5, 26, 52, 77, 200, 498, 1002, 1642, 1693, 1722, 1732, 
1737 

MSS Mid-Slope 
South 

1213, 
1214 

17, 101 7, 27, 50, 76, 200, 498, 1004, 1782, 1831, 1865, 1874, 
1879 

MSN Mid-Slope 
North 

1245, 
1246 

17, 101 7, 27, 52, 77, 197, 501, 999, 1647, 1695, 1725, 1739, 
1744 

Summit Summit 1151 18, 101 7, 26, 52, 71, 127 

RN Reference 
North 

1349, 
1350, 
1351 

17, 104 7, 27, 51, 79, 204, 5002, 1004, 2002, 4001, 4762, 4811, 
4842, 4851, 4855 

RS Reference 
South 

946, 
953, 
955, 
956 

51, 91 2, 5, 16, 17, 46, 76, 101, 200, 499, 1001, 1999, 4002, 
4387, 4417, 4426, 4431 

E1 Tidal site 1 975, 
976, 
977, 
978 

77, 101, 
72, 102,  
76, 101,  
71, 103 

 

E2 Tidal site 2 1249, 
1250, 
1252, 
1253, 
1254, 
1255, 
1256 

76, 101, 
69, 99, 
76, 101,  
72, 102, 
77, 102, 
70, 100, 
75, 101 
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Table 9-2. Velocities at Ampère seamount location measured during the 2010 cruise. 

 Mean velocity 
 (m s-1) 

Median velocity  
(m s-1) 

Direction  
(Degrees) 

All depths 0.1626 0.1513 144.8334 

Upper 107 m 0.1969 0.1857 141.9135 

74 – 180 m  0.1827 0.1731 144.6718 

250 – 363 m 0.1605 0.1548 140.0362 

364 – 603 m 0.1468 0.1364 148.1137 

604 – 651 m 0.1327 0.1189 150.2535 

 

 

Figure 9-3. 234Th and 238U in the water column. Profile from West to East and North to South shows the 
measured and calculated activities of radionuclides  
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Figure 9-4. Full CTD profiles at each station. On account is taken the longest CTD measured through 
the whole water column. Approximate depths of the core of Mediterranean water (where the differences 
in the water properties are the most abrupt) at approximately 500 and 1250 m are indicated by red lines. 
There is still visible mixing among the water masses underneath the core (relatively big changes in 
temperature and salinity below the 1200 m) down to 1700 – 1800 m, which differs with the station. The 
scales of Temperature (°C), Salinity (PSU) and Σt (Kg m-3) are the same for better comparison. 
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9.2.2 Senghor 

 

Figure 9-5.  SENGHOR SEAMOUNT. CTD derived water column properties at Senghor Seamount 
during cruise POS423  

 



Appendix 

336 
 

Table 9-3. Missing or failed samples for 210Po and 210Pb analysis. 

    Missing/Errors   Notes 

Reference North 803, 808, 812     

Summit 840     

Northern Rise 918 all particulate    

  911 all (150m)    

Northern Mid Slope 977     

  885 spike reference not trustworthy 

  1020 Spike reference dissolved   

  1021 Spike reference dissolved   

East Mid Slope  857     

  1028   not trustworthy results 210Po 

  1029 no dissolved Pb7, pb8 no results 

  1025 
no dissolved 
150 m 

Pb7   

Southern Mid Slope 896     

  998 
Particulate = 
lost 

Pb4, Pb5   

  999 
Particulate = 
lost 

15 m   

Western Mid slope 875     

  1001     

  1002     

Reference South 1048       

 

9.2.3 Eratosthenes 

 
Figure 9-6. Repeated measurements taken at station 1160 at 1000 m (n=6) show a small variability of 
210PbD measurements with one data point with double fold value. The difference between the 
measurements (excluding the outlier) was only 5%, the measurements of 210PbP and 210PoP showed 
bigger variability (13% and 30%), whereas the values of 210POD differed significantly within this 
reproducibility test and also through the whole case study, when they reached negative values in 23% 
of cases and thus is all 210Po was omitted. 
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Figure 9-7. N2 buoyancy frequency calculated for deep slopes (CTD 1074, 1076, 1092 and 1109) 
showing the stratification (high values) in the upper water column and the close up in the second picture 
displays the low values, where the tidal frequency is reached at approximately 2000 m. M2 frequency is 
displayed as a grey vertical dotted line. 

 

9.2.4 Anaximenes 

 

Figure 9-8. Detectable 234Th/238U disequilibria measured at the sloping site (blue) and trough (brown) 
sites in depths below 1000 m. Full circles show positive disequilibria and empty circle shows a deficit of 
234ThT. The left column shows the disequilibria and depth measured in a time window of M2 tidal 
frequency and K1 tidal frequency in the right column.  
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9.3 Chapter 5 – Trenches 

Table 9-4. Composition of the pooled 5 g pellets indicating the mass and percentage of sediment 
supplied from the given profile.  

Depth 
(cm) 

C1 (g) C2 (g) C3 (g) C1 (%) C2 (%) C3 (%) 

0-1 1.80 1.61 1.88 34.08 30.45 35.46 
1-2 1.81 1.82 1.85 33.02 33.30 33.68 
2-3 2.64 2.65   49.96 50.04   
3-4 2.61 2.61   50.03 49.97   
4-5 2.64 2.62   50.10 49.90   
5-6 2.70 2.61   50.78 49.22   
6-7 2.61 2.65   49.59 50.41   

 

Table 9-5. The time between sample collection and the first measurement for 234Thxs. 

  Time (Days after collection) 
Depth C1 C2 C2-3 C3 

0-1 20.58 21.39 24.26 14.60 
1-2 20.58 21.39 24.26 14.60 
2-3 20.58 21.39 24.26 14.64 
3-4 20.58 21.39 24.26 14.64 
4-5 20.58 25.46 24.26 14.60 
5-6 21.39 25.48 31.27 15.59 
6-7 29.44 25.47 31.27 15.63 
7-8 29.49 25.46 31.27 15.63 
8-9 29.44 25.46 31.27 15.64 
9-10 29.44 29.44 31.27 15.59 

 

Table 9-6. Results of 210Pb activity measurements are displayed to the depth to which excess was 
identified. The upper layers consist from mixed matrix and thus appear identical. The activity of 137Cs is 
indicated by the uncorrected counts as no availability of standart.  

    DBD 210Pbxs 210Pbxs Uncorrected (/9000s)       

  Depth  Activity  Error 
137Cs 
Activity  

Error Inventory 1SD   

  (cm)   (Bq g-1) (Bq g-1) (/pellet) (/pellet) (Bq m-2) (Bq m-2) 

                    

C
1

 

0.5 0.18 5.29 0.29 44.9 25.51 9385.26 507.03   

1.5 0.21 4.95 0.26 95 58.29 10563.29 560.11   

2.5 0.27 3.60 0.20   9552.28 520.67   

3.5 0.30 2.06 0.12 36.8 11.48 6262.66 359.29   

4.5 0.33 0.86 0.06   2812.73 204.44   

5.5 0.34 0.35 0.04   1186.13 134.43   

6.5 0.35 0.25 0.03   878.10 111.96   

7.5 0.43 0.10 0.03   419.39 131.84   

8.5 0.45 0.08 0.03   359.94 129.46   

9.5 0.47 0.05 0.02   223.53 117.54   

            41643.32 2776.76 7% 

            

C
2

 

0.5 0.18 5.31 0.29 44.9 25.51 9420.73 506.38   

1.5 0.21 4.97 0.26 95 58.29 10605.89 559.27   

2.5 0.27 3.62 0.20   9605.26 519.26   

3.5 0.30 2.08 0.12 36.8 11.48 6323.26 356.62   

4.5 0.33 0.88 0.06   2877.96 198.95   

5.5 0.34 0.37 0.04   1254.41 125.07   

6.5 0.35 0.27 0.03   947.26 100.22   
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    DBD 210Pbxs 210Pbxs Uncorrected (/9000s)       

  Depth  Activity  Error 
137Cs 
Activity  

Error Inventory 1SD   

  (cm)   (Bq g-1) (Bq g-1) (/pellet) (/pellet) (Bq m-2) (Bq m-2) 

8.5 0.43 0.11 0.02 23.5 14.62 489.83 106.54   

9.5 0.45 0.20 0.04   908.15 162.56   

11 1.03 0.17 0.05   1728.86 468.59   

              44161.61 3103.46 7% 

            

C
2

-3
 

8.5 0.44 0.29 0.05   1243.04 231.10   

                  

              1243.04 231.10 19% 

            

C
3

 

0.5 0.18 5.31 0.29 44.9 25.51 9421.56 509.63   

1.5 0.21 4.97 0.26 95 58.29 10606.88 563.51   

2.5  missing        

3.5 0.18 2.00 0.12   3555.24 212.40   

4.5 0.21 0.69 0.06 29 12.08 1460.75 126.89   

5.5 0.29 0.58 0.05   1693.62 151.99   

6.5 0.30 0.08 0.04   245.37 122.37   

7.5  missing        

8.5 0.36 0.06 0.04   209.60 153.08   

9.5 0.36 0.07 0.04   262.45 145.10   

11 0.40 0.03 0.04   102.38 156.08   

13 0.44 0.06 0.04   277.78 163.83   

              27835.63 2959.71 11% 

 

 


