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Abstract 

The Nazca Ridge is an aseismic ridge whose origin has been debated. Based on global plate models for tectonic 

reconstruction (GPlates), recently it was revealed that the initial Nazca Ridge volcanism were on the mid-oceanic ridge.  The 

Nazca Ridge exhibits their seafloor geomorphology characteristic of an oceanic plateau with numerous volcanic mounds 

and seamounts, whereas the Eastern Seamount Chain (Salas y Gómez) displays the geomorphology of seamounts and 

guyots and is characterized by numerous seamounts, some of which nearly reach the surface. While the Nazca Ridge has 

proximately 1,200 km long and 300 km wide, the Easter Seamount chain has 2900 km long and 150 km wide.  

The majority of the Salas y Gómez and the southern portion of the Nazca Ridge are located near the center of the central 
South Pacific gyre (SPG), which is the Earth´s largest oceanic desert and constitutes a vast biome in the most oligotrophic 
water body on earth. Here the O2 based production rates (O2-GPP), which reflects the total amount of oxygen produced by 
the photosynthesis, is low. Based on the attenuation coefficient, Cp, a proxy of particle load at the western border of the 
SPG showed an increase of particle load during daytime, while a decrease of similar amplitude was observed during 
nightime, allowing the conclusion that particle production was balanced at the daily scale. The lowest Cp calibrated values 
into Particulate Organic Carbon (POC) concentration, which embeds information involved in the upper ocean carbon 
budget, identified the clearest waters with the euphotic zone depth extending down to ∼170 m, where the Cp in a layer 
roughly parallels that of Chla, is an indicator of photoheterotrophs performing anoxygenic photosynthesis, suggesting that 
the metabolic balance is heterotrophic (consuming more organic C and O2 than is produced). The SPG production is based 
on the recycling of nutrients within the euphotic zone, which means that the fraction of carbon fixed by photosynthesis 
that is exported to deeper layers is small compared to mesotrophic or eutrophic regions in the proximity of the Nazca Ridge 
northeast. The called “Island Mass Effect” results in a local increase in phytoplankton biomass observed in the coastal 
waters of oceanic islands like the ecoregions Easter Island Province, and Juan Fernández and Desventuradas. Another 
possible external subsidy of matter and energy in oligotrophic systems, are the westward propagating meso-scale eddies, 
particularly in the Ecoregion Easter Island Province (EIP) located on the eastern boundary of the SPG, which governs the 
main features of oceanic surface circulation in the area.  

 
Depth and substrate type are key elements in determining the composition and distribution of benthic fauna. Seamounts 
support aggregations of higher consumers (e.g., fish), but enhanced in situ primary production and a bottom-up process 
does not appear to be common. The enhanced production is probably due to the transfer and trapping of zooplankton from 
beyond the seamount itself and to interception of horizontally advected particles produced away from the seamount. 
Complex topographic and oceanographic patterns may cause food-web structures to be variable. 
 
The degree of biophysical coupling between deep seabeds and pelagic environments depends on the geomorphological 
characteristics of the underwater relief (isolated seamounts, submarine chains and ridges), depth, hydrodynamic processes 
(currents, flows, waves, turbulence, etc.), nutrient upwelling and primary productivity between other factors. Several 
differences between the features of Salas y Gómez Seamount Chain and the Nazca Ridge imply also differences in their 
degree of biophysical coupling that require be included in the scientific research for a better fishing resource management 
and biodiversity conservation. 
 
 



 
 

 
  
 

 
 

 

1- COMPONENT OF GEOLOGICAL OCEANOGRAPHY  
 

Morphology 

The Nazca Ridge has a northeast-southwest orientation (Figure 1), with an extension of 1,100 

km, a maximum width of 200 km. This ridge is located between the Peru and Chile oceanic 

basins (e.g. Kukowski et al. 2008) which have depths of around 3600 m (Calvés et al, 2022); it 

has an approximate extension of 1200 km and a width of 300 km. To the southwest it limits 

with the Easter seamounts chain (Salas y Gómez) of 2900 km in length and 150 km wide, with 

several seamounts that can arrive to the surface. On the northeast side the Nazca Ridge range 

borders with the sea trench, called as Peru-Chile trench to the south of 15° 50'S, 76°13'W (IHO, 

2007).  

 

Figure 1 Bathymetric contours modeled of the SE Pacific and mosaics of multibeam bathymetry available (Reproduced 

from NOAA Bathymetric Data Viewer). Note the lack of bathymetric survey in the northeast Nazca Ridge. 

 

Geology 

The Nazca Ridge is an aseismic ridge (Pilger, 1981), it has an average cortical thickness of 18 ± 

3 km (Woods & Okal, 1994; Tasara et al., 2006). In relationship the origin of the Nazca Ridge, A 

recent study carried out by Fletcher and Wyman (2024) based on global plate models for 

reconstruction of tectonic plates (GPlates), reveal new knowledge about their present day 

believed about their spreading ridge conjugate, according these model, the conjugate that 

developed during the main stage of Tuamotu growth (55 Ma to 42 Ma) cannot be the Nazca 



 
 

 
  
 

 
 

 

Ridge, which appears to have initiated at ca. 42 Ma, when the Easter Plume diverted volcanism 

southward, the cited authors named the newly recognized conjugate the “Enigma Ridge”. 

Fletcher and Wyman (2024) shown that at 42 Ma, the initial Nazca Ridge volcanism on the mid-

oceanic ridge (MOR), after at 40 Ma the model shown the Nazca Ridge on the Nazca Plate and 

at 38 Ma the growth of the Nazca Ridge is localized at a MOR–transform intersection, while the 

Easter Plume begins to form a track on the Pacific Plate corresponding to the narrow eastern 

portion of the Tuamotu Plateau (Figure 2) and also shown de Nazca Ridge evolution along time 

(Figure 2). They explain the implications for the Andean Margin and also explain why there is 

no preserved Nazca conjugate on the Pacific Plate. 

 

Figura 2: Development of Easter Plume-related volcanism on the Pacific and Nazca plates (reproduced from Fletcher and 

Wyman, 2024).  

The Nazca Ridge is subducted beneath the South American plate (Pilger, 1981), increasing 

tectonic erosion (von Huene et al. 1996; Hampel, 2002; Clift et al. 2003; Hampel et al. 2004). 

Its influence extends into the interior of the continent such as the Andes (e.g. Gutscher et al. 

1999; Rousse et al. 2003) and possibly the Amazon foreland basin (Espurt et al. 2007) in Calvés 

(2022).  



 
 

 
  
 

 
 

 

The oceanic crust in the study area spans an age of 45 Ma on the edge of the Peru–Chile Trench 

to younger than 32 Ma southwest of the Nazca Ridge (Hampel, 2002; Müller et al. 2008). The 

Ocean Drilling Program (ODP) have drilled this ridge in two sites, the Site 1236 located on 

(21°21.539′S, 81°26.165′W, 1323 m depth) and the site 1237 (16°0.421'S, 76°22.685'W, 3212 

m depth) located on the easternmost flank of Nazca Ridge. In the Site 1237 the coring found a 

sedimentary record from Oligocene with an age of c. 31 Ma (Shipboard Scientific Party, 2003) 

to recent sediments with pelagic to hemipelagic facies (Tiedemann & Mix, 2007; in Calvés, 

2021), at this site, drilling did not reach the basement.  

 

Geomorphology 

According to Harris et al (2014), the Nazca Ridge shows the seafloor geomorphology of an 

oceanic plateau, instead the Eastern seamount chain (Salas y Gomes) shows the 

geomorphology of seamount and guyot (Figure 3a,3b). A recently study, based in the 

interpretation of bathymetry (Calvés et al, 2022) shown that Nazca Ridge is narrow in the 

southwest (c. 156 km) and wider towards the northeast (c. 296 km) and the seafloor is 

smoother in the same direction reflecting the thicker sediment cover present to the northeast. 

This smooth seafloor present incisions that are oriented perpendicular to the Nazca Ridge axis 

associated to abyssal erosion linked to bottom current activity that was previously described 

by different authors in Calvés, 2021: (1976); Dubois & Mitchell, (2012); Mitchell & Huthnance, 

(2013); Rebesco et al. (2014); Juan et al. (2018).   

The SW Nazca Ridge shows numerous volcanic mounds and seamounts. Towards the northeast, 

the seafloor of the Nazca Ridge shows fewer bathymetric highs related to volcanic features 

compared to the southwestern part (Hampel et al., 2004 in Calvés et al (2022). 

From the interpretation of seismic facies calibrated with ODP geological records drilled, Calvés 

et al (2022) identified the largest abyssal drift system in the Pacific Ocean and formed because 

of the primary present-day bottom currents winnowing the seafloor sediments of the Nazca 

Drift System. This contourite drift covers an area of 204 500 km2 and stands above the abyssal 

basins of Peru and Chile. The drift is spread along the Nazca Ridge in water depths between 

2090 and 5330 m. Their thickness varying from c. 104 m on the SW flank of the Nazca Ridge at 

~18° S to 375 m on the top of the ridge offshore southern Peru (Figure 3c). Within this sequence 

the main depocenter is located in the NE part of the Nazca Ridge (north of 18° S) and extends 

from SW to NE, reaching a maximum thickness in the Peru–Chile Trench.  

 



 
 

 
  
 

 
 

 

 

Figure 3: a) Geomorphic features map of the South Pacific Ocean. Basins are not shown. (Harris et al, 2014). b) 

Geomorphology of the Nazca Drift System and the surrounding basins (from Harris et al, 2014 in Calvés et al 2023). c) 

Nazca Drift (Calvés et al 2022), showing ODP sites in Nazca Ridge.  

Remarks 

-The Nazca Ridge is an aseismic ridge whose origin has been debated. A recent study by Fletcher 

and Wyman (2024), utilizing global plate models for tectonic reconstruction (GPlates), proposes 

the initial volcanism of Nazca Ridge were on the mid-oceanic ridge.  

-The Nazca Ridge exhibits mainly the seafloor geomorphology characteristic of an oceanic 

plateau, whereas the Eastern Seamount Chain (Salas y Gómez) displays the geomorphology of 

seamounts and guyots and characterized by numerous seamounts, some of which nearly reach 

the surface. 
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2- COMPONENT OF CHEMICAL OCEANOGRAPHY 
 
The majority of the Salas y Gómez Ridges and the southern portion of the Nazca Ridge are located 

near the center of the central South Pacific gyre (SPG) (Figure 1). The SPG is the Earth´s largest 

oceanic desert and constitutes a vast biome in the most oligotrophic water body on earth (Claustre 

and Maritorena, 2003), with the clearest waters ever reported (Morel et al., 2007), associated with 

undetectable surface nitrate and the deepest nitracline (Raimbault et al., 2007). This large-scale 

oceanographic feature is characterized by a deep pycnocline and strong horizontal gradients, which 

create a limited supply of nutrients to the euphotic zone in a stratified upper water column 

(euphotic zone, mixed layer), low biomass, low primary production rates (Von Dassow & Collado-

Fabbri, 2014) and high partial pressure of CO2 (pCO2) levels throughout the year (Hardy et al., 1996). 

 

 

Figure. 1: Currents distribution at the central South Pacific gyre. Source: Wilkipedia. 

 

In contrast to productive waters, general biogeochemical and biological characteristics of sub-

tropical ocean gyres are oligotrophic areas, in which the phytoplankton community is dominated 

by species of picoplankton (e.g., prochlorophytes and cyanophytes) and nanoplankton (Ras et al., 

2008). Seasonal variations in sea surface chlorophyll observed from satellites in ultra-oligotrophic 

waters are exceptionally tightly coupled to variability in colored dissolved organic matter (CDOM) 

(Von Dassow & Collado-Fabbri, 2014). This suggests that these variations might not reflect true 

changes in biomass and productivity, but rather seasonal changes in light and mixing regimes (the 

rate of turbulent injection of more heavily pigmented cells and unbleached CDOM into surface 

waters, which become bleached by time in sunlight) (Behrenfeld et al., 2006; Morel et al., 2010) 

(Figure 2). 



 
 

 
  
 

 
 

 

 

Figure 2: The central South Pacific gyre Earth´s largest desert. SeaWiFS satellite images reveal its 

consistently low Chla (deep blue and purple) (Clauster & Maritorena, 2003). 

The subtropical gyres metabolic state (magnitude of carbon fixation vs. respiration rates) and, 

consequently, their role in the global oceanic carbon cycle is still being debated (del Giorgio et al., 

1997; Williams, 1998) which finds its roots in early discussions about the magnitude of carbon 

fixation in these systems (Jenkins, 1982; Lewis et al., 1986; Jenkins, 1988). On one hand, and based 

on in vitro biological techniques performed in the euphotic zone and having characteristic time 

scales of ∼1 day, it is generally concluded that the ocean is in a net heterotrophic state: rates of 

carbon fixation are low and the whole community respiration rate (CR) exceeds the gross primary 

production (GPP) (del Giorgio et al., 1997; del Giorgio and Duarte, 2002), so that the so-called Net 

Community Production (NCP=GPP–R) is always negative. On the other hand, studies based on 

geochemical tracer distributions with larger relevant space/time scales support net production and 

export rates one order of magnitude higher (Jenkins, 1982; Jenkins, 1988; Lewis et al., 1986). As a 

result, the upper ocean ecosystems are considered on average to be autotrophic which suggests 

that in vitro experiments are affected by biases or not representative of larger space or time scales. 

Modelling studies conclude that mesoscale activity and the so-called eddy-pumping processes 

cannot explain the discrepancies between both approaches (Oschlies, 2002), and that unaccounted 

biological processes, such as N2-fixation (Gruber, 2005), export of dissolved organic carbon (Dietze 

and Oschlies, 2005) or episodic primary production events generally missed by classical sampling 

strategies (Karl et al., 2003; Williams et al., 2004), may be responsible. It has been suggested that 

primary production rates are as much as 3–5 times higher in these vast ocean regions than what 

has been estimated using classical strategies/methods (Karl et al., 2003). Given the vast extent of 

the oligotrophic gyres, the implications for carbon dynamics at the global scale are profound. 

Siegel et al. (1989) presented the first data of a daily cycle in the attenuation coefficient, Cp, a proxy 

of particle load, in the upper layers (>100 m) of the oligotrophic waters of the North Pacific Gyre. 

Increase of particle load was observed during daytime, while a decrease of similar amplitude was 

observed during nightime, allowing the conclusion that particle production was balanced at the 



 
 

 
  
 

 
 

 

daily scale. At the western border of the South Pacific Gyre (SPG, precisely at 150◦ W, 16◦ S), similar 

observations were obtained by Claustre et al. (1999) down to 160 m.  

Furthermore, as Cp can be calibrated into Particulate Organic Carbon (POC) concentration (e.g. 

Gardner et al., 1993; Loisel and Morel, 1998; Claustre et al., 1999), daily cycle in Cp likely embeds 

information into the various terms involved in the upper ocean carbon budget. As part of the 

BIOSOPE cruise Claustre et al. (2007) crossed the SPG in its most oligotrophic part, focusing on the 

analysis and interpretation of the diel cycle in Cp for a ∼3000 km subset of the transect where the 

oligotrophic conditions appeared to be the most extreme (Figure 3). 

 

Figure 3. Transect of the BIOSOPE cruise superimposed on a SeaWiFS composite image of Chla concentration in the upper 

layer for November–December 2004 Claustre et al., 2007). 

The distribution in Cp (Figure 4) is in accordance with these patterns. At both extremities, in the 

vicinity of Marquesas islands (west) and associated with the Peru Chile Current (east), high Cp 

values are recorded in the upper layers (up to 0.5 m−1 in the upwelling conditions off the Chilean 

coast) (Fig 4A). In the central part of the transect (∼km 2000 to km 4500), associated with 

undetectable nitrates in the 0–150 m layer (Raimbault et al., 2007), low surface Chla and the 

presence of a pronounced deep Chla maximum (sometimes extending to 180 m and bellow) (Fig 

4B), Cp takes its lowest values, especially at st7 and st8. St7 indeed represents the clearest waters 

(Morel et al., 2007) with the euphotic zone depth extending down to ∼170 m. From the GYR station 

to St14 there is a weak, but significant, relative maximum in Cp around ∼100 m. The distribution of 

Cp in this layer roughly parallels that of Chla, an indicator of photoheterotrophs performing 

anoxygenic photosynthesis (Fig 4C). Eastwards, outside the core of the oligotrophic part of the Gyre, 

station 19 still presents oligotrophic characteristics with an euphotic zone depth of ∼105 m, surface 

Chla of ∼0.06 mg m−3 and Cp < 0.06 m-1 in the upper layer.  



 
 

 
  
 

 
 

 

 

 

Figure 4: Distribution of key biogeochemical quantities along the BIOSOPE transect. (A) The attenuation coefficient, Cp. 

(B) the concentration in Chl a (sum of mono- and Divinyl-Chl a) (C) the concentration in bacteriochlorophyll a (mg m−3). 

Using classical measurements of O2 changes in light/dark bottles incubated over a 24-h period 

during two days, Gross Primary Production (O2-GPP) and Community Respiration (O2-CR) were 

determined in the euphotic zone (0-160 m) (Claustre et al., 2007). O2-GPP, once converted to 

carbon units with a photosynthetic quotient of 1.1 (Laws, 1991), is significantly lower [473 (±223) 

mg C m−2 d−1] than Gross Community Production (GCP) (Table 1). By contrast, and assuming a 

respiratory quotient of 1.1, the CR of 768 (±65) mg C m−2 d−1 is in the same range as the loss rates 

determined by the optical method. The net community production computed solely using O2 

measurements leads to the usual conclusion that the upper ocean is in metabolic deficit (O2 -NCP = 

–295 (±158) mg C m−2d−1) (Table 1). Being the most oligotrophic oceanic region, it is not surprising 

that the O2 based production rates are lower than those previously reported for the less 

oligotrophic North Pacific Gyre [O2-GPP = 657 (±52) mg C m−2d−1; O2-CR = 920 (±39) mg C m−2d−1]. 

The O2-NCP values for the SPG are however essentially equivalent to those for the North Pacific 

Gyre [–270 (±49) mg C m−2d−1]. 



 
 

 
  
 

 
 

 

Table 1: Comparative carbon production and loss rates in the South Pacific Gyre (Claustre et al., 

2007). 

 

These results show that majority of the SPG production is based on the recycling of nutrients within 

the euphotic zone, which means that the fraction of carbon (C) fixed by photosynthesis that is 

exported to deeper layers is small (between 0-0.2) compared to mesotrophic or eutrophic regions 

(where the fraction is >0.4). In total, oligotrophic regions are expected to contribute about 10% of 

total export production (Falkowski et al., 2003). A highly regenerated source of C for zooplankton 

biomass may be expected in the open ocean (Wollast, 1998; Del Giorgio and Duarte, 2002), 

compared to the upwelling zone where the major source of C is freshly uptaken from an 

atmospheric source (Gruber et al., 1999). 

In the last decade it has been suggested that the metabolic balance of oligotrophic gyres is 

heterotrophic (consuming more organic C and O2 than is produced) (Del Giorgio & Duarte, 2002; 

Duarte & Regaudie-de-Gioux, 2009). Nevertheless, in situ dissolved O2 data have been interpreted 

to indicate that these regions are still net positive producers of O2 (Riser & Johnson, 2008). This 

debate highlights the importance of considering possible external subsidies of matter and energy 

in oligotrophic systems, such as the westward propagating meso-scale eddies discussed by Andrade 

et al. (2014), particularly in the Ecoregion Easter Island Province (EIP) located on the eastern 

boundary of the SPG, which governs the main features of oceanic surface circulation in the area.  

Local increases in phytoplankton biomass observed in the coastal waters of oceanic islands is called 

“Island Mass Effect” (IME; Doty & Ogury, 1956). These increases in phytoplankton are promoted by 

the interaction between physical forcing (e.g., wind and currents) and the topography of the island, 

promoting the injection of macro and micronutrients into the euphotic zone and stimulating 

biological production. The formation of meso and submesoscale eddies is one of the mechanisms 

resulting from this interaction (Heywood et al., 1990, 1996; Sangrà et al., 2007; Hasegawa et al., 

2009), which, through their formation and subsequent detachment from the islands, promote the 

vertical movement of nutrients, generating high surface or subsurface Chl-a concentrations within 

their surrounding waters (Sangrà et al., 2007; Hasegawa et al., 2009; Andrade et al., 2014). These 

processes may have important effects on the success of larval recruitment in some species of 

pelagic fish and fish productivity in general around the island (Signorini et al., 1999; Landaeta & 

Castro, 2004). 

In the southeastern Pacific, most mesoscale eddies observed by satellite altimetry come from the 

continental coast (Hormazábal et al., 2004; Chaigneau & Pizarro, 2005, Chelton et al., 2007), caused 



 
 

 
  
 

 
 

 

by baroclinic instabilities of coastal currents (Leth & Shaffer, 2001). Many of these eddies can reach 

oceanic islands and constitute an important mechanism that connects the island region with the 

continental coastal region (Andrade et al., 2014). In addition to the horizontal transport of nutrients 

and heat, mesoscale eddies vertically transport nutrients, known as eddy pumping, which 

corresponds to one of the mechanisms associated with increased biological productivity in oceanic 

areas (Falkowski et al., 1991; McGillicuddy et al., 2007) (Figure 5). The interaction of mesoscale 

eddies with islands and seamounts adjacent to the EIP may support a significant fraction of the 

observed increases in phytoplankton biomass around this island region.  

Similarly, it was reported an increase in the productivity for the ecoregion Juan Fernández and 

Desventuradas Islands through the IME, influencing the ecology of the surrounding regions 

(Andrade et al., 2012; 2014; Serratosa et al 2020). In this sense, the transport associated with eddies 

could have deep implications for the connectivity of biological communities between islands and 

mainland areas. Because mesoscale eddies maintain many water properties associated to their 

formation area (Nauw et al., 2006), the extended periods of permanency for mesoscale eddies in 

the EIP, and their interaction with both islands, could favor biological connectivity as well as egg 

and larvae retention, as has been observed in other islands (e.g., Porovic et al., 2012).  

 
 

Figure 5 Sea surface elevation (cm) from the Topex-Poseidon and ERS satellites, 25 March 1998. 

The mean sea surface elevation for this time of year has been subtracted, so that only “anomalies” 

from normal conditions are shown. The speckled pattern shows mesoscale eddies almost 

everywhere, most of which drift slowly westward. In addition, there are larger-scale patterns 

associated with El Niño (where the Equatorial Pacific has more level sea surface than normal) and 

large bands of high and low sea surface at middle latitudes. These may be associated with climate 

variability. 

The Peruvian Upwelling System (PUS) is characterized by significant mesoscale variability that is 

conducive to the formation of cyclonic and anticyclonic eddies. Multiple studies, based on satellite 



 
 

 
  
 

 
 

 

altimetry and water column measurements (Chaigneau & Pizarro, 2005; Chaigneau et al., 2008; 

Chaigneau et al., 2011) have characterized these eddies providing information on their genesis and 

dynamics. Chaigneau et al. (2011), based on CTD data, showed that the core of these cyclonic 

(anticyclonic) eddies is centered at 200 m (400 m) and their displacement is in a westerly 

(northwesterly) direction off the coast of Peru. In addition, the processes that generate these 

eddies differ; for example, cyclonic eddies are formed by instabilities in the surface coastal currents. 

In contrast, anticyclonic eddies have their origin in the Peruvian-Chilean Undercurrent (PCU) 

(Chaigneau et al., 2011). On the other hand, these eddies contribute significantly to productivity by 

trapping the upwelling waters of the PCU (Stramma et al., 2013) and that in their westward 

displacement will decrease subsurface productivity (Gruber et al., 2011). Additionally, 

submesoscale processes can act to transport particulate organic carbon and oxygen downwards 

below the surface mixed layer, referred to as subduction [Mahadevan 2016, McGillicuddy 2016, 

Fielding et al. 2001, Omand et al. 2015, Thomsen et al. 2016] and this has recently been suggested 

to play a pivotal role in the ocean carbon pump (Omand et al. 2015).  

Concerning the Nazca Ridge National Reserve (NRNR) in Peru, the data on surface concentration of 

chlorophyll-a obtained through the analysis of images from the Modis Aqua satellite, indicates the 

presence of significant seasonal productivity in the area, with an anomaly greater than 10 µg/L, 

which could provide support for key species within the water column of this zone (Carhuapoma et 

al., 2023) (Figure 6). The rate measurements of nitrogen loss processes across cyclonic and 

anticyclonic mode-water eddies provided by Callbeck et al (2017), contrary to the recent ‘hotspot’ 

studies, which have suggested that the highest activity occurs in the eddy center (Altabet et al. 

2012, Bourbonnais et al. 2015, Stramma et al. 2013, Löscher et al. 2015, Arévalo-Martínez et al. 

2016 ), through the 15N-labelling incubation experiments was revealed that nitrogen loss activity 

was greatest at the periphery of mesoscale eddies. Although, highest chlorophyll concentrations 

were observed in the center (Stramma et al. 2013), depth-integrated chlorophyll content was also 

highest at the eddy periphery. The observed lateral intrusions and deep chlorophyll pockets 

occurring along the eddy periphery (Stramma et al. 2013), suggest that this area of the eddy was 

active in the generation and export of organic matter, in agreement with modeling studies 

(Mahadevan et al. 2008, Brannigan 2016). 

 

Figure 6: Chlorophyll-a distribution and daily average chlorophyll-a anomaly from March 18 to 20, 2020, Modis aqua 

satellite. 



 
 

 
  
 

 
 

 

This productivity results in the Oxygen Minimum Zones (OMZ) presence, characterized by 

Equatorial Subsurface Waters (ESSW) and spanning approximately 700 m in thickness (Figure 7). 

Oxygen depletion within the OMZ is primarily influenced by microbial respiration of the particulate 

organic matter, limited subsurface water ventilation, and largescale thermohaline circulation 

(Graco et al. 2007). Below this depth, the dissolved oxygen content gradually increased, reaching a 

value of 2 mL/L at 1,800 m and 3 mL/L at 2,700 m on the seamounts. It is noteworthy that the 

oxygen content of this water mass can create stable conditions for the existence of benthic 

organisms’ habitats. Eddies are common throughout all major OMZs, but the extent of their 

regulation over regional chlorophyll remains understudied. 

 

Figure 7: Vertical distribution of Dissolved oxygen (mL/L), separated by depths. 

In fact, the NRNR seems to be connected to the coastal upwelling and the oceanic region based on 

Regional Ocean Modelling System (ROMS), specifically through langranian experiments using the 

particles module (ROMS-offline) (Montes & Manay, 2023) (Figure 8). 



 
 

 
  
 

 
 

 

 

Figure 8: Initial position of the Lagrangian floats located between 2000 and 3000 meters deep for 4 years climatologies 

under the retrospective mode to know the origin of the water sources that are located in the Dorsal National Reserve of 

Nasca (RNDN). (Right panel) Spaghetti diagram showing the trajectories of 18 floats representing typical routes of the 

water sources that reach the RNDN. Initial positions are marked with a red asterisk and final positions with black 

diamonds. The colors represent the depth of the floats along their path. 

 

Remarks 

 
- The majority of the Salas y Gómez Seamount Chain and the southern portion of the Nazca 

Ridge are located near the center of the central South Pacific gyre (SPG), which is the Earth´s 
largest oceanic desert and constitutes a vast biome in the most oligotrophic water body on 
earth. 

- Being the most oligotrophic oceanic region, the O2 based production rates (O2-GPP), which 

reflects the total amount of oxygen produced by the photosynthesis, is lower. 

- The attenuation coefficient, Cp, a proxy of particle load at the western border of the SPG 

showed an increase of particle load during daytime, while a decrease of similar amplitude 

was observed during nightime, allowing the conclusion that particle production was 

balanced at the daily scale.  

- The lowest Cp calibrated values into Particulate Organic Carbon (POC) concentration, which 
embeds information involved in the upper ocean carbon budget, identified the clearest 
waters with the euphotic zone depth extending down to ∼170 m, where the Cp in a layer 
roughly parallels that of Chla, is an indicator of photoheterotrophs performing anoxygenic 
photosynthesis, suggesting that the metabolic balance is heterotrophic (consuming more 
organic C and O2 than is produced). 

- The SPG production is based on the recycling of nutrients within the euphotic zone, which 
means that the fraction of carbon fixed by photosynthesis that is exported to deeper layers 
is small compared to mesotrophic or eutrophic regions. 



 
 

 
  
 

 
 

 

- The called “Island Mass Effect” results in a local increase in phytoplankton biomass 

observed in the coastal waters of oceanic islands like the ecoregions Easter Island Province, 

and Juan Fernández and Desventuradas. 

- Another possible external subsidy of matter and energy in oligotrophic systems, are the 

westward propagating meso-scale eddies, particularly in the Ecoregion Easter Island 

Province (EIP) located on the eastern boundary of the SPG, which governs the main features 

of oceanic surface circulation in the area.  

- The Peruvian Upwelling System (PUS) is characterized by significant mesoscale variability 

that is conducive to the formation of cyclonic and anticyclonic eddies, which are active in 

the generation and export of organic matter. 

- The data on surface concentration of chlorophyll-a Nazca Ridge National Reserve (NRNR) 

in Peru indicates the presence of significant seasonal productivity in the area, which could 

provide support for key species within the water column. 

- The presence of the Oxygen Minimum Zones (OMZ) at the NRNR was characterized by 

Equatorial Subsurface Waters (ESSW) and spanning approximately 700 m in thickness. 

Oxygen depletion within the OMZ is primarily influenced by microbial respiration of the 

particulate organic matter, limited subsurface water ventilation, and largescale 

thermohaline circulation. 

- Below the OMZ, the dissolved oxygen content gradually increased, reaching a value of 2 

mL/L at 1,800 m and 3 mL/L at 2,700 m on the seamounts creating a stable condition for 

the existence of benthic organisms’ habitats. 

- The NRNR seems to be connected to the coastal upwelling and the oceanic region based on 

Regional Ocean Modelling System (ROMS). 

- Eddies are common throughout all major OMZs, but the extent of their regulation over 

regional chlorophyll remains understudied. 
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Glossary: 

Oceanic carbon pumps:  the processes controlling the uptake of CO2 and its storage in the ocean interior (Broecker & 
Peng 1982, Sarmiento & Gruber 2006). These pumps are often divided into the physical carbon pump (also known as the 
solubility pump) and the BCP (Sarmiento & Gruber 2006, Volk & Hoffert 1985, Yamanaka & Tajika 1996).  
Physical carbon pump: refers to the dissolution of CO2 into cold polar and subpolar waters, mainly in the Atlantic, and 
the sinking of CO2-laden water to depth as part of the ocean’s overturning circulation. 
Biological carbon pump (BCP): the suite of biological processes that mediate transport of carbon from the surface ocean. 
The BCP comprises the organic carbon pump (soft-tissue pump) and the carbonate pump (hard-tissue pump) (Volk & 
Hoffert 1985, Yamanaka & Tajika 1996). The soft-tissue pump was responsible for 70%, while the hard-tissue pump and 
the solubility pump made up only 20% and 10%, respectively (Sarmiento & Gruber 2006). Typically, when referring to the 
BCP, it consider only the soft-tissue pump, meaning the processes that produce and transport organic carbon from the 
surface ocean to depth via settling organic aggregates, that is, marine snow (phytoplankton aggregates) and zooplankton 
fecal pellets (Volk & Hoffert 1985).  
Efficiency of the BCP: the proportion of the flux at the base of the euphotic zone that sinks to a greater discrete depth 
(typically 100 m below the base of the euphotic zone). 
Magnitude of the BCP: the amount of POC that sinks out of the euphotic zone, also referred to as the export flux or the 
strength of the BCP. 
Euphotic zone: 0-100 m Depth. 
Mesopelagic zone: > 100 m Depth. 
Carbon flux attenuation: carbon remineralization in the upper 1,000 m of the ocean, where is readily exchanged with the 
atmosphere.  
Carbon sequestration: carbon remineralization below 1,000 m of the ocean, it os sequestered for hundreds of years. 
Export flux: organic matter that sinks out of the euphotic zone.  
Community respiration rate (CR): total amount of carbon-dioxide that is produced by individual organisms in a given 
community, originating from the cellular respiration of organic material. 
Net community production (NCP): is a measure of the net amount of carbon removed from the atmosphere via the 
biological pump. 
Gross primary production (GPP): reflects the total amount of photosynthesis.  
Attenuation coefficient (Cp): a proxy of particle load and is linearly relayed to POC (mg.m3). 
Anoxygenic Photosynthesis: produces cellular energy (ATP), without oxygen as a by-product. As opposed to eukaryotic 
organisms, which rely on chlorophylls for photosynthesis, anoxygenic organisms rely on bacteriochlorophylls. 
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3- COMPONENT OF BIOPHYSICAL COUPLING   
 

The degree of biophysical coupling between deep seabeds and pelagic environments depends 
on the geomorphological characteristics of the underwater relief (isolated seamounts, 
submarine chains and ridges), depth, hydrodynamic processes (currents, flows, waves, 
turbulence, etc.), nutrient upwelling and primary productivity between other factors. Several 
differences between the features of  Salas y Gómez Seamount Chain and the Nazca Ridge imply 
also differences in their degree of biophysical coupling that require be included in the scientific 
research for a better fishing resource management and biodiversity conservation. 
 
A conceptual summary of several authors is made on the factors that determine the degree of 
biophysical coupling in these deep ecosystems. 

 
3.1 The Ecology of Seamounts: Structure, Function, and Human Impacts (Clark et al., 
2010)  
 
Fauna benthic assemblages on seamounts differ across multiple spatial scales, ranging from 
compositional differences among habitat patches on a single seamount to totally different faunal 
assemblages between seamounts on different ridges and ocean basins (Clark et al., 2010).  
 
Some of the main factors that determine the overall environmental conditions for seamount biota 
(principally mega- and macroinvertebrates) include light levels; the productivity of the overlying 
water; the hydrodynamic regime; the chemical nature of the water column; the geomorphology of 
the seamount; geological origin and age, which can dictate substratum type; and 
volcanic/hydrothermal activity (Clark et al., 2010). 
 
Some of these factors are related to water depth, making depth a frequently invoked proxy for 
describing differences in assemblage composition among seamounts (e.g., O’Hara 2007, Rogers et 
al. 2007) and elsewhere in the deep sea (Carney 2005). In fact, at the scale of the individual 
seamount, perhaps the most obvious changes in the composition of benthic assemblages are 
related to depth. Typically, light, temperature, oxygen, and labile organic matter decrease with 
depth, whereas pressure increases (Thistle 2003). Because each of the environmental factors that 
varies with depth can influence the settlement, survival, and growth of benthic organisms, it is not 
surprising that depth-related changes in the seamount biota are prominent (Clark et al., 2010). 
 
Seamount habitats have diverse environmental conditions reflected in hydrodynamic regimes, 
substratum types, and deposition dynamics. Differences in seabed morphology influence 
hydrodynamic flow patterns and therefore the deposition of sediment and organic matter (Clark et 
al., 2010).  
 
The distinctiveness of the depth-faunal assemblage pattern is related to elevation of the seamount 
and its relative position in the water column. If the summit extends into the photic zone, 
phytoplankton production may directly support a rich and diverse benthic fauna on the shallower 
regions (Clark et al., 2010). If a seamount penetrates into an oxygen-minimum zone (OMZ), the 



 
 

 
  
 

 
 

 

fauna can be sparse on the summit (where they are physiologically controlled) but more abundant 
on the slope below the OMZ (Wishner et al. 1990, Levin et al. 1991a). 
 
Biological Productivity of Seamounts  
 
Seamounts are locations for a broad range of current-topography interactions and biophysical 
coupling, with implications for both phyto- and zooplankton. Seamounts appear to support 
relatively large planktonic and higher consumer biomass when compared to surrounding ocean 
waters, particularly in oligotrophic oceans. It has been a widely held view that in situ enhancement 
of primary production fuels this phenomenon (Clark et al., 2010), but this has recently been 
challenged (Genin & Dower 2007). Productivity in oceanic settings depends on light and nutrient 
availability, while overall production is the result of productivity and accumulation of the 
phytoplankton.  
 
At a seamount, either  

(a) a seamount-generated, vertical nutrient flux has to be shallow enough to reach the 
euphotic zone and the ensuring productivity retained over the seamount long enough to 
allow transfer to higher trophic levels. 

(b) the seamount must rely on allochthonous inputs of organic material to provide a trophic 
subsidy to resident populations.  
 

A classical view of the biophysical coupling leading to enhanced primary productivity is nutrient 
upwelling associated with the presence of a Taylor cone over a shallow seamount. Taylor cones 
form as a result of steady flow over a seamount, which may create both an anticyclonic flow and 
isopycnal doming over the seamount, bringing nutrient rich waters shallower (Clark et al., 2010).  
 
The vertical extent of Taylor cones is inversely proportional to the density stratification (White et 
al. 2007a). If the seamount summit is shallow enough, or vertical stratification is not too strong, 
doming may reach the euphotic zone.  
 
Additional nutrient fluxes to the euphotic zone may be achieved through enhanced turbulent 
mixing at the seamount, associated with internal waves and other baroclinic wave motions (Toole 
et al. 1997, Kunze & Stanford 1997). Genin & Dower (2007), however, argue that observational 
evidence for such local argumentation of primary production at seamounts is inconclusive.  
 
While enhanced phytoplankton concentrations have been observed on seamounts such as Cobb 
(Dower et al. 1992), Great Meteor (Mourino et al. 2001), and Minima-Kasuga (Genin & Boehlert 
1985), long-lasting elevated levels of plankton over seamounts have not generally been recorded. 
A maximum retention time for high plankton concentrations of three weeks has been reported 
(Dower et al. 1992). Such short residence times for phytoplankton stocks will not allow substantial 
transfer to higher trophic levels, but the variability in the local seamount dynamics may instead 
shed plankton from the seamount downstream. Thus seamounts may provide significant 
downstream patchiness in plankton production and distribution (Clark et al., 2010).  
 



 
 

 
  
 

 
 

 

The lack of retention of passive material at seamounts is a result of mesoscale variability in dynamic 
forcing (White et al. 2007a). Taylor cone generation and persistence is based on the stability of 
steady-forcing flow meeting certain criteria. The ocean has significant mesoscale variability, such 
as ocean eddies, internal tides, and variable meteorological forcing, and hence is likely to make any 
local seamount dynamic response both variable and complex (Clark et al., 2010).  
 
Surface forcing would be particularly important for shallow or intermediate-depth seamounts, 
where the seasonal thermocline would act to decouple local dynamics with the overlying near-
surface layer (C. Mohn & M. White, unpublished paper). Steady forcing, however, is not the only 
mechanism that can generate both anticyclonic flow and isopycnal doming. Tidal forcing, 
particularly at a period greater than the local inertial period (2π/f), may also generate rectified flow 
around the upper flanks of a seamount (Kunze & Stanford 1997). Tidally forced circulation may be 
a potent retention mechanism for intermediate or deep seamounts, especially near the level of the 
permanent thermocline where diurnal tides may be intensified at the seafloor (Brink 1995, White 
et al. 2007b). In addition, this can cause large organic matter fluxes through current acceleration 
and turbulent mixing, which is important for suspension-feeding benthic communities on deeper 
seamounts (e.g., Genin et al. 1986, Mienis et al. 2007).  
 
This high retention potential of intermediate-depth seamounts may be important for the second 
mechanism—input of allochthonous fluxes of organic material (discussed above)—to enhance 
production at seamounts (Clark et al., 2010). Numerous studies have indicated the importance of 
seamount trapping of vertically migrating zooplankton (see review by Genin & Dower 2007), which 
occurs when zooplankton in the deep scattering layer rise to surface waters at night and a portion 
is advected by the surface flows over the seamount. The zooplankton is trapped at the seamount 
summit during the subsequent dawn descent and are then preyed on by fish or other planktivores. 
This mechanism may be a key trophic pathway to support the biological enrichment of pelagic (and 
subsequently benthic) seamount communities where in situ primary production alone would be 
insufficient (Clark et al., 2010).  
 
Biophysical coupling, therefore, can have a profound effect on the production at seamounts. 
Localized dynamic responses may promote productivity through nutrient fluxes and also production 
through retention processes (Clark et al., 2010) (Figure 1).  



 
 

 
  
 

 
 

 

 
Figure 1 Schematic showing the processes contributing to organic matter fluxes at (a) shallow and (b) intermediate/ 
deep seamounts. (a) Vertical nutrient fluxes promote surface primary productivity, which is lost due to weak retention 
over the seamount. (b) Seamount-trapped, vertically migrating zooplankton are preyed on by higher trophic levels. 
(Abbreviations: DSL, deep scattering layer; the circled X and black dot represent flow direction into, and out of, the 
plane of the page, respectively.) 

 
Inherent variability in the dynamic forcing particularly at shallow seamounts, can prevent plankton 
accumulation and contribute to mesoscale variability in the surrounding ocean. Tidally driven 
responses are thought to be more robust, especially at depths where mesoscale variability may be 
reduced or where tidally forced responses result in strong rectified flows and stronger currents 
(Clark et al., 2010). However, recent modeling studies (C. Mohn & M. White, unpublished paper) 
have indicated that variable forcing can sometimes retain passive organic material close to a 
seamount.  
 
Steady, and amplitude-modulated, inflow generated a downstream particle loss, but changes in the 
inflow direction caused some limited aggregation of tracers in the immediate vicinity of the summit. 
Such variability over relatively short time- and space scales, in an already variable ocean, limits 
interpretation of one-off or local field surveys. Future research will need to synthesize process 
models, include a full range of physical forcing characteristics, and validate results with long-term 
monitoring programs at key seamount sites. Research that examines the nature and control of 
benthic production, and the extent and mechanisms of coupling between pelagic and benthic 
productivity, will also be required (Clark et al., 2010). 
 
Remarks 

 
- Environmental drivers of biological communities on seamounts are not well known. Depth 

and substrate type are key elements in determining the composition and distribution of 
benthic fauna. Biogenic structures (e.g., coral, sponges) are also important for their 
associated communities (Clark et al., 2010) 

 
- Seamounts support aggregations of higher consumers (e.g., fish), but enhanced in situ 

primary production and a bottom-up process does not appear to be common. The 



 
 

 
  
 

 
 

 

enhanced production is probably due to the transfer and trapping of zooplankton from 
beyond the seamount itself and to interception of horizontally advected particles produced 
away from the seamount (Clark et al., 2010). 

 
- Seamounts have a diverse trophic architecture that is no simpler than that of other marine 

communities despite the dominance of filter feeders in the benthos. Complex topographic 
and oceanographic patterns may cause food-web structures to be variable (Clark et al., 
2010) 
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3.2 Motion, Commotion, and Biophysical Connections at Deep Ocean Seamounts 
 (Lavelle et al., 2010) 
 
Seamounts attract the attention of physical oceanographers for a variety of reasons: seamounts 
play a special role in ocean biology; they may be hydrothermally and magmatically active and 
thereby feed the ocean with heat, chemical constituents, and microbes; they help convert ocean 
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tidal energy into smaller-length waves and turbulence that affect the ocean locally and globally; 
and they act, in effect, as sources and sinks of ocean eddies. From a physical oceanographic 
perspective, the interaction of passing ocean flows with seamount topography is rich in outcomes. 
That richness originates in the global variability of seamount height and shape, seamount latitude, 
local ocean stratification, the amplitude and time dependence of the passing flow, as well as many 
secondary factors, such as proximity to neighboring topography. All these together determine the 
nature of the circulation, local hydrographic distributions, turbulence, and transport around a 
seamount (Lavelle et al., 2010).  
 
The primary factors  
 
Far too much work on ocean physics at seamounts exists to write comprehensively about it in a 
short article, but that work has identified five principal factors (Figure 1) that determine the effects 
of isolated seamounts on the surrounding ocean (see also White et al., 2007).  
 

 
Figure 1 Primary factors determining the character of flow at a seamount. Fractional seamount 
height (hM /H); the vertical component of Earth’s rotation rate ( f/2); local ocean density 
stratification (ρ), which depends on salinity (S), temperature (T), and pressure (p); seamount 
morphology (e.g., L and slope α); impinging steady and oscillating currents (Umean, Uvar); and, in 
the case of hydrothermally active seamounts, fluxes of heat and salt (QT ,QS). 

 

Those factors are:  
 

(1) the height of the seamount (hm) relative to the height of the local ocean (H);  
(2) the vertical component of Earth’s rotation rate (f/2) determined by its latitude, the 

consequence of using a rotating (Earth-fixed) coordinate system to express observational 
results;  

(3) local density stratification, which depends on the profiles of temperature (T), salinity (S), 
and ocean pressure (p);  



 
 

 
  
 

 
 

 

(4) the morphology of the seamount, including size (e.g., length scale L), shape (e.g., conical 
versus guyot, i.e., a flat-topped seamount), flank slope (α), and to a lesser extent small-
scale, unresolved topography; and  

(5) the energy-frequency distribution of the impinging steady and oscillating currents (Umean 
and Uvar) and eddies.  

 
In the case of hydrothermally or magmatically active seamounts, the heat (QT) and/or salt (QS) flux 
out of Earth’s crust may cause additional changes in local circulation and hydrography.  

 
Secondary factors sometimes have to be considered as well: for shallow seamounts, for example, 
surface wave conditions, and for paired or chained seamounts or seamounts situated near other 
topography, the flow resulting from proximal topographic interactions. Local flow is also influenced 
by local turbulence, but much of this “commotion” is likely to have been generated on the spot by 
way of current shears caused by the interaction of impinging flows, ocean stratification, and 
seamount topography. With so many controlling and secondary factors, it is not difficult to see why 
the consequences of the physics at each and every seamount might be different (Lavelle et al., 
2010). 
 
Steady Impinging Flows 
Some of the earliest work relevant to flow over topography took place in the laboratory nearly 100 
years ago. More directly relevant to ocean seamounts was consideration of steady flow over 
obstacles in rotating, stratified environments (Hogg, 1973; Schär and Davies, 1988). This led to the 
concept of a Taylor cap, an isolated region of flow situated above the topography, but a region that 
had only limited height. Transient unidirectional flows were used to investigate how a Taylor cap 
might form. Those studies (e.g., Huppert and Bryan, 1976; Verron and Le Provost, 1985; Chapman 
and Haidvogel, 1992) showed that flow transitioning to equilibrium would first cause two counter 
rotating vortices to form over their idealized Gaussianshaped seamounts, but the cyclonic vortex 
would ultimately be shed downstream, leaving just the anti-cyclonic circulating Taylor cap behind. 
If velocities are too large, however, a persistent Taylor cap will not form. A domelike density 
anomaly entrapping cold water over the summit is an accompanying feature. 
 
The Taylor cap has had some notoriety among seamount researchers because a stationary 
recirculating feature might be just the ticket for retention of, for example, plankton at the seamount 
summit (Lavelle et al., 2010). Needless to say, the likelihood of occurrence and the properties of a 
Taylor cap will depend on the conditions of all five principal factors identified earlier (e.g., Chapman 
and Haidvogel, 1992). Furthermore, a Taylor cap is a concept wedded exclusively to unidirectional 
steady flow. Although a few have been reported in the field (Owens and Hogg, 1980), the likelihood 
of Taylor cap formation at seamounts and their possible role in particle retention should not be 
overemphasized because of the unlikely dominance of the steady flow component at most ocean 
sites (Lavelle et al., 2010). 
 
Taylor Column  
G.I. Taylor’s (1923) celebrated laboratory experiments of flow over “topography” confirmed the 
surprising prediction of the Taylor-Proudman theorem (Proudman, 1916; Taylor, 1917). The 
theorem requires that, in a rotating environment, the slow, steady, frictionless flow of a 



 
 

 
  
 

 
 

 

homogeneous fluid past an isolated bottom obstacle of fractional water depth will result in stagnant 
fluid in the entire column of fluid directly above the obstacle. Taylor approximated those conditions 
in the laboratory by drawing a short, solid cylinder across the bottom of a rotating tank of water. 
Sure enough, accounting for laboratory limitations in meeting the theorem’s conditions, the water 
directly above Taylor’s solid cylinder sat stagnant while water in the tank flowed around it. That 
isolated region of fluid above (i.e., the virtual cylinder) is now commonly referred to as a Taylor 
column (Lavelle et al., 2010). 
 
We cite Taylor’s work because of its foundational role in studies of flow over topography, but 
studies by others of the effects of water column stratification were needed to make the results 
relevant to ocean conditions. Strictly speaking, Taylor columns cannot occur in the real ocean 
because of stratification (Lavelle et al., 2010). 
 
 In 1964, the same G.I. Taylor, with an interest in the disintegration of water drops in 
thunderstorms, examined the conical shape at the end of a drop of liquid in an electric field emitting 
a jet of fluid. The term Taylor cone consequently came to be used in later work on sprays of various 
charged droplets in electric fields, and that is the context where that phrase is conventionally used 
(e.g., Fernandez de la Mora, 2007). 
 
 
Oscillatory Impinging Flows  

 Because seamounts are typically bathed by tidal, inertial, and other oscillatory flows (Figure 
1), the effects of tides and other waves on seamount circulation were next to  (Figure 
2)draw attention (Chapman, 1989; Brink, 1989, 1990). 

 

 
 

Figure 2. Characteristic features of motion at an isolated seamount (Northern Hemisphere). 
Anticyclonic-horizontal circulation, isopycnal doming, and a vertical circulation cell, all near summit 
depth, superimposed on oscillatory currents and oscillatory temperature and salinity distributions. 
The occurrence, properties, and variability of these longer-term features depend on local turbulence 
κ, on internal waves Uωi , which propagate both horizontally and vertically, and on large-scale motion 
(incident mean current Umean, eddies Ũmean, tidal and other oscillations Uvar, and, possibly, wind-



 
 

 
  
 

 
 

 

driven currents Uwind). All the site factors represented in Figure 1 also shape these current and 
hydrographic distributions. 

 
 
Fluid Oscillations in the Ocean 
Periods of fluid oscillations in the ocean (Figure 3) range from very long to very short (represented 
in the line spectrum in red). Ocean oscillations of special significance along that spectrum include 
diurnal tidal motions (represented by K1, period = 23.93 hrs) and semi-diurnal tidal motions 
(represented by M2, period = 12.42 hrs). Two other oscillation periods are highlighted, one that 
depends on site location and another that depends on the local physical properties of the ocean. 
The first is the inertial period Tf (= 2π/f) where f = 12 hr/sin(latitude), and the second is the 
buoyancy period TN (= 2π/N), where N, the buoyancy frequency, varies with the local ocean 
stratification (see text). The inertial period (Tf) depends on latitude, illustrated here by the solid 
blue arrow that connects a latitudinal position along the lower line scale (in blue) with an oscillation 
period on the upper line spectrum (in red). As the latitude decreases, the inertial period grows 
longer. The buoyancy period, represented by a thick black arrow, varies over a small range at the 
short period end of the upper line spectrum (in red), its value depending on the vertical gradient in 
local ocean density. 

 
Figure 3  Ocean Oscillation Spectrum 

 
Internal waves and turbulence 
Oscillatory currents (e.g., tidal) with frequencies greater than f but less than the local buoyancy 
frequency N will generate internal waves when encountering seamounts (e.g., Noble and 
Mullineaux, 1989). N is the frequency of oscillation, after release, of a hypothetical parcel of water 
in a stratified fluid displaced vertically from its density equilibrium level. For open ocean 
stratification, the buoyancy period is typically on the order of tens of minutes to several hours. 
Internal waves (Figure 4A) propagate horizontally and vertically (Figure 4B) away from seamounts 
in beam patterns that depend on seamount topography (e.g., side slopes) and water-column 
stratification (e.g., Eriksen, 1998). The interaction converts some of the oscillation (e.g., tidal) 
energy into wave energy traveling within the ocean’s interior, where additional wave-wave 
interactions can convert it to higher and higher frequencies and ultimately into ocean turbulence 
(Garrett, 2003; Garrett and Kunze, 2007). In this sense, seamounts alter the distribution of ocean 
mixing globally, though it is also understood that ocean ridges more than seamounts are 
responsible for the bulk of that conversion (Holloway and Merrifield, 1999) 

 



 
 

 
  
 

 
 

 

 
 

Figure 4. (A) A snapshot of temperature anomaly on a horizontal plane at depth of 200 m, some 280 m above the 
summit of the idealized Northern Hemisphere seamount (as in B) subject to impinging multifrequency oscillatory 
currents from an archived deep-sea current meter record. The anomalies represent the up-down displacement 
of ocean isotherms, which are the internal waves resulting from the interaction of impinging flow, stratification, 
and seamount topography. These temperature anomaly waves move radially outward while rotating clockwise 
(in this example) with time in pinwheel fashion. The circle is the 1000-m depth contour. (B) A vertical section at a 
different instant and different horizontal scale of just that part of the E-W (zonal) velocity associated with 
oscillations of internal density surfaces. Internal waves can result in greatly increased fluid shears and turbulence 
over a summit. 

 

Vertical circulation and the cold dome 
Vertical circulation at seamounts accompanies the horizontal motions just described. Brink (1995) 
was able to infer downward and then radially outward circulation over the summit of Fieberling 
Guyot from long-time-series current meter observations. Modeling suggests that such a circulation 
cell may extend no more than a few hundred meters above a summit. The verticalradial circulation 
cell is connected (e.g., Lavelle, 2006) to a hydrographic feature called the cold dome, the often 
observed upward bowing above the seamount summit of time-averaged isotherms with respect to 
isotherms in the surrounding ocean (e.g., Owens and Hogg, 1980; Roden, 1987; Comeau et al., 
1995). Below cold dome depths, isopycnals (i.e., contours of equal density) may plunge where they 
meet seamount flanks (e.g., Lavelle, 2006; de Steur et al., 2007). Details of the dome, for example, 
its lateral extent and height, depend on f, the stratification, and seamount size (Owens and Hogg, 
1980). The radial-vertical circulation cell, with downward flow above the summit, may be 
particularly relevant to a general downward transport of dissolved nutrients and detritus that might 
bear on the sustainability of seamount biota, factors identified in, for example, Pitcher and Bulman 
(2007). 
 
Biophysical coupling 
Biophysical coupling at seamounts takes a variety of forms (Genin and Boehlert, 1985; Genin, 2004; 
Genin and Dower, 2007). Here, the emphasis is on circulation and turbulence as mechanisms 
shaping distributions of, specifically, lowertrophic-level biota. 
 
We focus on two important aspects of biophysical coupling at seamounts:  

(1) the shaping of distributions around a seamount summit, and along seamount chains. 



 
 

 
  
 

 
 

 

(2) bio-communication, the one- or two-way transfer of larvae, for example, between 
neighboring seamounts or 

 
Expectations about seamount plankton distributions were initially based on observations of 
currents and patterns revealed by mathematical models of flow over seamounts. One of those 
expectations was that closed recirculation cells caused by incident steady flow or by incident long-
period waves would, in effect, tether some particles to a seamount summit. That mechanism would 
create the conditions ultimately favorable to enhanced fish populations over seamounts, as is 
typically observed. 
 
That conceptual model of upwelling and particle trapping supporting increased concentrations of 
plankton has been examined in the field with mixed results (Dower and Mackas, 1996; Mullineaux 
and Mills, 1997; Wilson and Boehlert, 2004). 
 
Dower and Mackas (1996) found a plankton compositional, but not a biomass, effect at Cobb 
Seamount, where anticyclonic summit mean flows have been observed (Freeland, 1994; Codiga and 
Eriksen, 1997). Repeated observations at Cobb, a very shallow seamount, led to the view that 
enhanced phytoplankton populations are more event-like than typical (Comeau et al., 1995). 
 
At Fieberling Guyot, larval abundances were only slightly elevated over the summit when compared 
to far field samples (i.e., the flank and seamount base; Mullineaux and Mills, 1997). Repeated 
surveys over a period of seven years at Great Meteor Seamount covering different seasons 
(Mouriño et al., 2001) revealed an inconclusive picture of the possible existence of a persistent 
particle-trapping mechanism—phytoplankton enrichment was observed in some surveys as relative 
changes in species composition above the summit region, but not in others. 
 
Mouriño et al.’s (2001) time-sequence results remind us that seasonal changes in mixed-layer depth 
and ambient stratification can have confounding effects that might otherwise be correlated with 
variations in impinging current features. 
 
More generally, all these observations give reason to challenge expectations of persistent enhanced 
phytoplankton populations above seamounts, whether caused by summit mean flow recirculation 
features or not. Mechanisms not involving primary production that would support increased 
aggregations of higher trophic levels above many (shallow and intermediate depth) seamounts are 
described by Genin (2004). 
 
What happens to passive particles over a seamount? One approach to the question is to examine 
trajectories of particles (e.g., plankton/larvae) around seamounts using Lagrangian numerical 
models addressing loss, retention, and/or capture (Lavelle et al., 2010). Among the most detailed 
is the study by Goldner and Chapman (1997) who calculated trajectories of passive tracers released 
upstream of a seamount. They showed that both retention and loss depended upon the particle’s 
initial placement over the topography. Subject to combined steady and weak tidal flow, those 
particles placed closer to the seamount summit were more likely to be retained. Tidal flow 
enhanced particle residence times in the nearsummit region. Chapman and Haidvogel (1992) 
estimated fluid particle residence times over idealized Gaussian-shaped seamounts of varying 



 
 

 
  
 

 
 

 

height subject to steady flow of varying strength and found enhanced particle trapping (up to 20 
days) only for tall seamounts and rather weak inflows 
 
Increased turbulence and current shears at the seamount surface should also increase 
sediment/detrital suspension, providing good conditions for suspension feeders like corals and 
sponges (e.g., Genin et al., 1986). Detritus settling from the overlying ocean may be selectively 
trapped around the seamount in boundary layers. Ocean eddies temporarily trapped by seamount 
topography may help retain detritus and perhaps dissolved nutrients as well (Lavelle et al., 2010). . 
Any radial-vertical circulation cell above the seamount’s summit (e.g., Mullineaux and Mills, 1997) 
and along its flanks might enhance the downflux of dissolved and particulate nutrients from surface 
layers and an upwelling flux from below summit depth. 
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3.3 On the role of seamounts in upwelling deep-ocean waters through turbulent mixing 
(Mashayek et al., 2024) 
 
Turbulence at centimeter scales plays a pivotal role in shaping the overturning circulation of the 
deep ocean C. (De Lavergne et al., 2016, Ferrari et al., 2006) , as well as the ocean’s capacity to 
distribute and store climate-critical tracers (Fletcher et al 2006,. Watson et al., 2015) As dense, deep 
water masses flow away from their high-latitude formation regions, small-scale turbulence induces 
mixing with surrounding layers, leading to a net transfer of water across isopycnals. These transfers 
regulate the rate and structure of deep-ocean overturning (Nikurashin and Vallis 2012, Thompson 
2016)  and, in so doing, influence the oceanic inventories and turnover time scales of heat, carbon, 
and other important biogeochemical substances. 
 
Decades of research in ocean mixing have brought a solid understanding of the key energy sources 
of turbulent mixing (winds, tides, and geothermal heating through the seafloor) (De Lavergne et al., 
2016,Munk et al., 1998) and of a wide range of mechanisms of small-scale turbulence generation 
(Whalen et al 2020, Polzin and McDougall 2021). However, several major knowledge gaps remain. 
Possibly chief among these is the uncertain role of turbulent processes near the ocean’s bottom 
boundary (Armi 1978,1979). These processes have been argued to potentially account for the bulk 



 
 

 
  
 

 
 

 

of deep-ocean upwelling (De Lavergne et al., 2016, Ferrari et al., 2006) but, with few targeted 
observations, comparatively little is known about their nature and large-scale impacts. 
 
Where, then, might we expect topographic wakes to induce vigorous turbulent mixing in the deep 
ocean? Although wake generation can potentially occur at various types of sloping topography, the 
most common form of such topography is provided by isolated volcanic seamounts—of which some 
tens to hundreds of thousands with heights of hundreds of meters or taller are estimated to exist 
(Wessel 2010, Cao et al. 2022). We combine the latest developments in our theoretical 
understanding of wake generation with a global seamount census to perform a baseline assessment 
of the role of topographic wakes in sustaining deep-ocean mixing and upwelling. This allows us to 
address the fundamental question posed initially by Munk and Wunsch, Munk et al. (1998). 
 
Flow Around a Seamount 
A flow past a seamount generates a turbulent topographic wake with patches of both cyclonic and 
anticyclonic vorticity, leading to instabilities and formation of submesoscale coherent vortices with 
either sign of vorticity in the wake of the seamount (Perfect 2018, Srinivasan et al., 2019, Gula et 
al., 2019, Napolitano et al., 2021). While two-dimensional (2D) wake flow past a cylinder is a classic 
problem in fluid mechanics, the description of 3D seamount wakes in a rotating density-stratified 
ocean is a recently attacked and more complex problem.  
 
The impacts of rotation and stratification on wake dynamics can be encapsulated in two 
dimensionless numbers: The Rossby number 𝑅𝑜=𝑈/ fD, and the Froude number 𝐹𝑟=𝑈 / NH, where 
𝑈 is the horizontal velocity, 𝑓 is the Coriolis frequency, 𝑁 is the buoyancy frequency, 𝐻 is the height 
of the seamount, and 𝐷 is the diameter of the seamount at its mid-height. The Froude number gives 
the ratio of the energetically possible amplitude of vertical fluid displacement to the seamount 
height.  
 
A small Froude number (𝐹𝑟<1) implies that the flow skirts most of the height of the seamount and 
leads predominantly to the generation of wake vortices, although lee wave generation still occurs 
from the top portion of the seamount, which has effective height∼U/N (Figure. 1)  . (Smith 1989, 
Perfect et al., 2020).  
 
In contrast, a large Froude number (𝐹𝑟>1) describes a lee wave-dominated regime with most of the 
flow directed over rather than around the seamount, resulting in relatively stronger generation of 
topographic lee waves than topographic wakes (Perfect et al., 2020).  
 
The vertical structure of wake vortices has been found to further depend on the ratio of Rossby and 
Froude numbers, expressed by the Burger number 𝐵𝑢=(𝑅𝑜 / 𝐹𝑟)2=(NH / fD)2  (Perfect 2018, Perfect 
et al., 2020). The Burger number can also be viewed as the (squared) ratio of an effective Rossby 
deform, ation radius 𝑅𝐷∼𝑁𝐻 / 𝑓 (where the seamount height 𝐻 replaces the seafloor depth as the 
relevant vertical length scale) and the mid-height seamount diameter 𝐷. Small Bu values are 
associated with vertically coherent vortices (with horizontal scale set by the deformation radius), 
whereas large Bu values characterize layered vortices (with horizontal scale at a given depth set by 
the local seamount diameter at that depth) (Perfect 2018)—see Figure 1.  
 

https://www.pnas.org/doi/10.1073/pnas.2322163121#fig01
https://www.pnas.org/doi/10.1073/pnas.2322163121#fig01


 
 

 
  
 

 
 

 

 
Figure 1   A schematic summarizing the various dynamical paradigms of flow around seamounts as a function 

of Burger and Froude numbers. 
 
This latter case carries important implications for the generation of small-scale turbulence within 
the wakes, due to the strong vertical shear between the vortices’ layers (Srinivasan et al., 2019., 
Perfect et al., 2020) For small and moderate values of Ro and Bu, the turbulent mixing occurs 
predominantly in the anticyclonic region of the wake due to centrifugal (or inertial) instability (Gula 
et al., 2016, Dewar et al., 2015), eventually enhanced by the contribution of secondary wave 
emission from the unstable wake (McWilliams 2016) and by the generation and trapping of near-
inertial waves (Nagai.2021)  
 
However, large Bu and order one Ro values imply a transition to a more effective stratified 
turbulence regime driven by three-dimensional vertical shear instabilities in the wake (Srinivasan 
et al., 2021). Hence, low-latitude topographic wakes may be expected to be particularly effective 
at generating small-scale turbulence, as the equatorward-decreasing 𝑓 results in wake structures 
that are more vertically sheared and more susceptible to instability (Srinivasan et al., 2021). The 
dependence on Bu of dynamical regimes of flow impingement on seamounts outlined here has 
been recently explored and corroborated with large eddy simulations (Perfect et al., 2020) Perfect 
et al., 2020). 
 
We have demonstrated that theoretical descriptions of turbulence generated by flow impingement 
on seamounts, which were developed under highly idealized scenarios, hold broadly for realistic 
flow and topography configurations. By conservatively applying these theoretical ideas to global 
seamount and oceanographic datasets, we have shown that turbulence associated with seamount-
generated layered vortices makes an important contribution to deep-ocean mixing and upwelling—
comparable to contributions from other, much more extensively studied sources of turbulence.  
 
We conclude that seamount-induced turbulence may be a significant player in the ongoing debate 
around the closure of the overturning circulation’s deep upwelling limb. This appears particularly 
plausible near the equator and in the subtropics, where the layered vortex regime highlighted in 
our work occurs widely. 
 



 
 

 
  
 

 
 

 

Despite this regime’s likely important role in shaping the deep ocean circulation, to our knowledge, 
there have been no observations of seamount-generated layered vortices and their associated 
mixing to date. As such, the mixing effects of seamounts are absent from state-of-the-art climate-
scale ocean models.  
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3.4 What goes down must come up  
(Ferrari, 2014) 
 

 
Deep ocean circulation is fed by waters that become dense enough to sink into the ocean abyss in 
the North Atlantic Ocean and the Southern Ocean around Antarctica. These waters carry dissolved 
carbon away from the atmosphere and into the deep ocean, thereby playing a crucial part in 
modulating Earth’s carbon budget and climate. Despite theoretical and observational efforts dating 
back to the beginning of the twentieth century, we are still struggling to understand how and where 
these waters return to the ocean surface — in other words, we know how ocean carbon is ‘breathed 
in’, but are still trying to figure out how it is ‘exhaled’. Writing in the Journal of Physical 
Oceanography, Waterhouse et al. 1 report remarkable progress in resolving this long-running 
detective story (Ferrari, 2014). 
 
The first quantitative hypothesis for the return pathway of high-latitude waters was proposed in a 
seminal paper2 by the oceanographer Walter Munk in 1966. He speculated that dense bottom 
waters are mixed back up to the surface by breaking internal waves. To explain what this means, 
picture the ocean as a layer cake with colder — and therefore denser — layers at the bottom, and 
progressively warmer and lighter layers stacked on top. Internal waves are oscillations of these 
layers, analogous to the more familiar ocean waves that we see at the surface. Occasionally, 
internal waves overturn and break much like surface waves on a beach, thereby mixing water from 
a denser layer into a lighter one and raising the potential energy of the ocean (Figure 1). 
 
Direct in situ measurements in the years following Munk’s paper, however, failed to detect enough 
mixing to bring back to the surface all of the high-latitude waters that sink into the abyss (calculated 
to require rates of approximately 30 × 106 cubic metres per second)3 .Lacking alternative theories 
for the return pathway of bottom waters, oceanographers speculated that their measurements 
sampled areas of weak mixing and missed hotspots of intense mixing. An oceanographic gold rush 
to find the ‘missing mixing’ ensued (Ferrari, 2014). 
 
Munk and fellow oceanographer Carl Wunsch quantified the amount of missing mixing on a global 
scale in 1998. They estimated that potential energy had to be supplied at a rate of approximately 
0.4 terawatts (1 terawatt is 1012 watts) to continuously lift dense bottom waters to the ocean 
surface. During an internal-wave-breaking event, about 20% of the wave energy is converted into 
potential energy and lifts fluid, with the rest being dissipated by inconsequential small-scale 
motions. Internal waves would thus have to be generated at a rate of approximately 2TW to mix 
bottom waters back to the surface.  At that time, it was thought that internal waves were mainly 
generated by variable surface wind at a rate of less than 1 TW.  
 



 
 

 
  
 

 
 

 

 
 
Figure 1 An emerging model of deep-ocean circulation. Dense waters sink into the abyss at high latitudes north and south 
(downward arrows). The bottom waters are lifted up to depths of about 2,000 metres by mixing processes (wiggly arrows), 
and return to high latitudes at these intermediate depths, eventually rising to the surface via the Southern Ocean 
(southward and upward pointing arrows), closing the circulation loop; shading indicates the extent of the Southern Ocean. 
Horizontal arrows at the surface indicate the path of waters back to high latitudes. North of the Southern Ocean, the red 
line indicates the heights of the tallest topographic features below which mixing is strong. In the Southern Ocean, the red 
line indicates the topography of the Drake Passage, to illustrate topography at latitudes at which deep water is pulled to 
the surface by winds (the Roaring Forties). Solid blue regions indicate the deepest points at each latitude, based on a 
0.25°-resolution bathymetry data set. Waterhouse et al. 1 confirm that this scenario is consistent with available 
observations of ocean mixing. (Adapted from Lumpkin, R. & Speer 2007.) 
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3.5 Turning Ocean Mixing Upside Down  
(Ferrari et al., 2016) 
 

 
The abyssal meridional overturning circulation is fed by waters that become dense enough to sink 
into the ocean abyss at high latitudes and return to the surface through convoluted three-
dimensional pathways. While it is well established that most of the sinking is confined to the 
Labrador and Greenland Seas in the North Atlantic and the Weddell and Ross Seas around 
Antarctica, the return pathways are less understood (Talley et al. 2011). 
 
The consensus is that widespread small scale mixing generated by breaking internal waves provides 
most of the energy to lift the North Atlantic Deep Waters (NADWs) and the Antarctic Bottom 
Waters (AABWs) up to a depth of approximately 2000 m; internal waves break within a few hundred 
meters of abyssal ridges, mountains, and rises, which are most ubiquitous below 2000 m (Munk 
1966; Ferrari 2014). Once the waters rise above 2000 m, they flow southward along density surfaces 
to the Southern Ocean, where the Roaring Forties lift them to the surface to be transformed into 
intermediate waters that flow back toward Antarctica and the North Atlantic, thereby closing the 
overturning loop [see the review by Marshall and Speer (2012)]. 
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There would appear to be a major inconsistency in this scenario: strong internal wave–driven mixing 
is typically bottom intensified and thus drives sinking, not rising, of waters through density surfaces 
(e.g., St. Laurent et al. 2001; Klocker and McDougall 2010). In this paper, the conundrum is resolved 
by arguing that abyssal waters come to the surface along turbulent bottom boundary layers, rather 
than in the stratified ocean interior. We begin by establishing a few well-documented observations 
about the ocean.  
 

- First, the ocean is stably stratified on time scales longer than a few hours (e.g., Talley et al. 
2011).  

- Second, estimates of the zonally averaged global overturning circulation based on inverse 
calculations from ocean observations (Ganachaud and Wunsch 2000; Lumpkin and Speer 
2007) and numerical models constrained to observations (Wunsch and Heimbach 2009) 
show that waters sink to the ocean bottom at high latitudes and then slowly rise throughout 
the rest of the oceans crossing density surfaces at least up to 2000 m (Marshall and Speer 
2012; Talley 2013). 

 
- Third, there is growing evidence from in situ measurements that the turbulent kinetic 

energy generated by breaking internal waves is large within a few hundred meters of rough-
bottom topography and decays to weaker values farther up in the water column (Ferrari et 
al., 2016).  

 
The bottom enhancement of turbulence reflects the generation of energetic waves by tides and 
geostrophic flows impinging over topography and breaking locally (e.g., Wunsch and Ferrari 2004; 
Garrett and Kunze 2007; Nikurashin and Ferrari 2013). During a breaking event most of the energy 
is lost to dissipation, but a fraction is expended in mixing the stratified fluid (Osborn 1980). Mixing 
rates have been estimated to be two to three orders of magnitude above interior levels within a 
few hundred meters of rough ocean topography (Polzin et al. 1997; St. Laurent et al. 2012). The 
term mixing is used here to refer to the turbulent density flux generated by breaking waves and not 
the turbulent diffusivity, which is equal to minus the turbulent flux divided by the density 
stratification. A recent comprehensive compilation of available mixing profiles confirms that ocean 
mixing rates are stronger within a kilometer of rough ocean bottom topography and weaker above, 
while mixing rates are weak and nearly uniform above smooth topography (Waterhouse et al. 
2014). 
 
The emerging evidence that mixing increases toward the ocean bottom, at least above rough 
topography where mixing is strong and contributes significantly to water mass transformations, 
represents the key departure from the textbook explanation of how mixing contributes to waters 
rising from the abyss (Munk 1966; Munk and Wunsch 1998). Waters that sink to the abyss along 
Antarctica flood the ocean below 2000 m. Munk (1966) argued that these abyssal waters are 
transformed into lighter waters in the ocean interior as a result of internal wave–driven mixing. 
However, waters sink (they do not rise) in regions where the rate of mixing increases toward the 
ocean bottom (Gargett 1984; Polzin et al. 1997; St. Laurent et al. 2001; Simmons et al. 2004; Klocker 
and McDougall 2010; Kunze et al. 2012). 
 



 
 

 
  
 

 
 

 

The goal of this paper is to resolve the conundrum of how bottom waters are transformed into 
lighter waters. We will argue that abyssal waters rise toward the surface as lighter waters in narrow 
turbulent boundary layers that develop along the continental margins and abyssal ridges (Ferrari et 
al., 2016) 
 
This paper focuses on the diabatic transformation of abyssal water masses, that is, the part of the 
overturning circulation that crosses density surfaces. The global transport of tracers like heat and 
freshwater is affected by additional flows along density surfaces, like isopycnal stirring and mixing 
by geostrophic eddies, which will not be discussed (Ferrari et al., 2016). Our approach is similar to 
the one taken by Nikurashin and Ferrari (2013) and by de Lavergne et al. (2016), who studied the 
role of mixing in driving water mass transformations in the deep ocean using available estimates of 
internal wave–driven mixing. But our focus is on understanding and quantifying the crucial role 
played by the turbulent bottom boundary layers (Ferrari et al., 2016). 
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