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Resumen de la tesis que presenta Yéssica Vanessa Contreras Pacheco como requisito parcial para la 
obtención del grado de Doctor en Ciencias en Ecología Marina.  
 

Concentraciones, flujos y tasas de acumulación de carbono orgánico en el Golfo de México 
 

Resumen aprobado por: 
 

Dr. Juan Carlos Herguera García 
Director de tesis  

 
Este trabajo estudia la dinámica del carbono orgánico particulado (COP) en la columna de agua, sus flujos 
y acumulación en la región profunda del golfo de México (GoM), analizando las variables que regulan su 
concentración, su transporte hacia el fondo y su almacenamiento en sedimentos. Los procesos oceánicos 
de mesoescala, especialmente los remolinos ciclónicos y anticiclónicos, influyen sobre su distribución y 
concentración. Los remolinos ciclónicos promueven el ascenso de nutrientes, impulsando la productividad 
primaria aumentando las concentraciones de COP, mientras que los remolinos anticiclónicos generan 
condiciones pobres en nutrientes, disminuyendo las concentraciones de COP. En las regiones de Perdido 
y Coatzacoalcos, los flujos de carbono orgánico reflejan patrones estacionales y pulsos de alta 
concentración, asociados tanto a procesos locales como a interacciones entre fuentes continentales y 
oceanográficas regionales. En particular, se observó como la llegada de los remolinos a la plataforma 
continental, generan un transporte costa afuera de aguas ricas en nutrientes y clorofila, lo que intensifica 
la exportación de carbono orgánico en estas regiones. El análisis de los núcleos de sedimento revela una 
variabilidad espacial en las tasas de acumulación de carbono orgánico en áreas con ciertas características 
geomorfológicas como los montes submarinos y cañones de Campeche. Las tasas de consumo de carbono 
orgánico en sedimentos son mayores en áreas de mayor flujo, lo que indica que las comunidades 
bentónicas y la bioturbación juegan un papel importante en la modulación del almacenamiento de 
carbono en estos ambientes profundos. Este estudio destaca la importancia de la interacción entre los 
procesos físicos y biológicos en la dinámica del carbono en el GoM, donde los remolinos de mesoescala, 
aportes continentales y de características geomorfológicas del fondo regulan la distribución, el flujo, el 
almacenamiento y el secuestro de carbono orgánico en los sedimentos. Los hallazgos contribuyen a 
comprender mejor los mecanismos de secuestro de carbono en ambientes profundos y ofrecen 
información que puede ayudar a anticipar como el ciclo del carbono podría responder a futuros cambios 
ambientales y climáticos en el GoM. 
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Abstract of the thesis presented by Yéssica Vanessa Contreras Pacheco as a partial requirement to obtain 
the Doctor of Science degree in Marine Ecology. 
 

Organic carbon concentrations, fluxes and accumulation rates in the Gulf of Mexico 
 

Abstract approved by: 
 

Dr. Juan Carlos Herguera García 
Thesis Director 

 
In this work, we present evidence of the interaction between the dynamics of particulate organic carbon 
in the water column, their fluxes, and accumulation in the deep region of the Gulf of Mexico and analyze 
the variables that control their concentration in the water column, its transport to the bottom, and its 
storage in sediments. Mesoscale oceanic processes, especially cyclonic and anticyclonic eddies, influence 
the distribution and concentration of organic carbon in the water column. Cyclonic eddies promote the 
ascent of nutrients at their center, boosting primary productivity and increasing POC concentrations, while 
anticyclonic eddies generate nutrient-poor conditions at their core and decrease POC concentrations. In 
the Perdido and Coatzacoalcos regions, organic carbon fluxes reflect seasonal patterns and pulses 
associated with both local processes and interactions between continental and local oceanographic 
sources. We present observations on the role of the interaction between eddies and the continental shelf 
currents generating an offshore transport of nutrient and chlorophyll-rich waters, which intensify the 
export of organic carbon in these regions. Sediment core analysis reveals a spatial variability in organic 
carbon accumulation rates in areas with characteristic geomorphological features, such as Campeche 
seamounts and canyons. Sediment organic carbon consumption rates are higher in areas of higher fluxes, 
indicating that benthic communities and bioturbation play an important role in modulating carbon storage 
in these deep-sea environments. This study highlights the importance of the interaction between physical 
and biological processes in the GoM carbon dynamics, where mesoscale eddies, continental inputs, and 
geomorphological features regulate organic carbon distribution, flux, and final storage. The findings 
contribute to a better understanding of carbon sequestration mechanisms in deep-sea environments and 
offer information that can help anticipate how the carbon cycle might respond to future environmental 
and climatic changes in the GoM. 
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Chapter 1.  Introduction 

The increasing importance of anthropogenic activities has altered the climate, oceans, and global carbon 

cycle since the beginning of the Industrial Revolution, with recent decades seeing an acceleration due to 

the global rise in fossil fuel combustion (P. Falkowski et al., 2000). The global carbon cycle is a critical 

component of Earth's climate system, regulating the atmospheric concentration of CO2 and influencing 

global temperatures (Houghton, 2007). Over the last two hundred years, approximately 400 petagrams 

(Pg) of carbon (C) have been released into the atmosphere as carbon dioxide (Sabine et al., 2004). 

Despite CO2 constituting only about 0.040% of atmospheric gases, it significantly contributes to the 

anthropogenic greenhouse effect, with a relative contribution of 60% compared to other gases like CH4, 

N2O, O3, CFC-11, and CFC-12 (Rodhe, 1990). The ocean is the largest sink of anthropogenic CO2, capturing 

approximately 118 ± 18 Pg C between 1800 and 1994. From 1980 to 1999, the ocean captured, on average, 

~1.9 Pg C a-1 and about 27% of the total anthropogenic emissions that reached 7.1 Pg C a-1 (Sarmiento, 

2006). 

Within the marine environment, the carbon cycle plays a pivotal role in sequestering atmospheric CO2, 

thereby partially mitigating the impacts of climate change (P. G. Falkowski et al., 1998). An array of 

complex processes involving various pathways and mechanisms, including the production, transformation, 

and transport of carbon through the water column, its storage in the intermediate and deep ocean waters, 

and its eventual deposition and storage in marine sediments (Houghton, 2007). 

The solubility pump and biological pump are key processes in the ocean's role as a carbon sink (Volk & 

Hoffert, 1985). The higher solubility of CO2 in seawater, due to its reaction with water forming carbonic 

acid, results in dissolved inorganic carbon in the form of bicarbonate and carbonate ions (Libes, 2011). The 

solubility pump involves the enrichment of the oceanic carbon pool due to the high solubility of inorganic 

carbon in seawater and the ocean's capacity to store carbon for extended periods (Volk, 1989; Longhurst 

& Harrison, 1989; Longhurst, 1991 and Ducklow et al., 2001). The biological pump, regulated by primary 

production, converts inorganic carbon into organic carbon at the ocean's surface, influenced by 

temperature, solar irradiance, ocean circulation, and nutrient supply (Turner, 2015). 

Organic carbon in the water column primarily originates from phytoplankton and zooplankton, terrestrial 

vegetation decomposition, and aquatic organism metabolism, including bacterial loops (Kharbush et al., 
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2020). The fluxes of organic carbon are closely linked to processes in the upper ocean, with a portion of 

synthesized organic carbon exported to the subsurface ocean through particle aggregation and transport 

by marine organisms (Turner, 2015). The export intensity varies with the coupling between primary 

production and remineralization processes by zooplankton and bacteria in the upper ocean (Henson et al., 

2019). 

The transfer of organic carbon to the sea floor primarily occurs through the deposition of fecal waste, 

driven by gravity. The quantity varies in response to trophic environmental conditions. The amount of 

sediment, predominantly biogenic, is dependent on production rates and the physical, chemical, and 

biological characteristics of the environment (Heinze et al., 1991). 

A fraction of this organic carbon settles on the ocean floor, supporting benthic organisms and resident 

microbiota (Figure 1). The biological pump is estimated to remove over 10 billion tons of carbon from 

epipelagic ocean waters (Buesseler & Boyd, 2009), but only about 10% of this carbon flux reaches the 

mesopelagic zone (Martin et al., 1987). Passow and Carlson (2012) approximated that roughly two-thirds 

of the vertical carbon gradient in the ocean is attributed to the biological pump, with the remainder linked 

to the solubility pump. 

However, only a small fraction of the organic carbon produced at the surface by phytoplankton ultimately 

reaches the sediments. An even smaller portion is accumulated in the geological record, implying a long-

term carbon sequestration process spanning tens to hundreds of millions of years (Figure 1). 

The burial efficiency of organic carbon in sediments is influenced by factors such as sedimentation rate, 

bottom-water oxygen levels, microbial activity (Arndt et al., 2013) and organic matter degradation 

(Kharbush et al., 2020 and Emerson et al., 1985). The interaction between the water column and 

sedimentary processes thus plays a crucial role in determining the long-term sequestration of carbon in 

the ocean (Hedges & Keil, 1995). 

Given the ocean’s critical role in the carbon cycle and its implications for climate change, numerous studies 

have been conducted to understand the processes influencing carbon distribution, storage, and 

sequestration in sea floor sediments (Canfield, 1993; Goñi et al., 1997; Schwing et al., 2018 and Anwar et 

al., 2018). Evidence shows significant changes in ocean biogeochemistry and ecology since the mid-20th 

century, but the lack of pre-Industrial Revolution data limits the evaluation of the current changes' 
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magnitude and direction (Poloczanska et al., 2013; Beaugrand et al., 2013; Rosenzweig et al., 2008 and 

Hillebrand et al., 2020). 

 

Figure 1. Conceptual model of the transfer of organic carbon to deep-waters until its sequestration in sediments. 
Modified from De La Rocha y Passow (2007). 

 

This study aims to investigate the dynamics of particulate organic carbon in the abyssal plain of the Gulf 

of Mexico by examining the role of mesoscale eddies on organic carbon transport, calculating particle 

fluxes using sediment trap data, and assessing carbon storage in the sediments. By linking these processes 

across different temporal and spatial scales, this research will contribute to a more comprehensive 

understanding of the marine carbon cycle and its implications for global carbon sequestration in this land-

enclosed small ocean basin. 

1.1 Related work 

Carbon in the ocean is found in several forms, including dissolved inorganic carbon (DIC), dissolved organic 

carbon (DOC), and particulate organic carbon (POC), typically in a ratio of approximately 2000:38:1, 

respectively (Denman, 2007). The ocean contains an estimated 37,000 gigatons (Gt) of DIC (Falkowski et 

al., 2000 and Sarmiento & Gruber, 2013), 685 Gt of DOC (Hansell & Carlson, 1998), and between 13 to 23 
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Gt of POC (Eglinton & Repeta, 2004). DOC and POC are distinguished by size, with particles larger than 0.45 

μm classified as POC, while those smaller are considered DOC (Sharp, 1973). 

Although the pool of POC in the ocean is small relative to DIC and DOC, it plays an important role in keeping 

DIC concentrations low in surface waters and transferring them to deep-waters by gravity in an amount 

equivalent to the injection of subsurface nutrients into the photic zone (Denman, 2007). The transfer of 

POC to deep-waters decreases the partial pressure of CO2 in surface waters, which, when rebalanced with 

the atmosphere, functions as a sink for atmospheric CO2 (Yamanaka & Tajika, 1996). 

Carbon has two stable isotopes: carbon-12 (12C) and carbon-13 (13C). The isotopic composition of a 

substance is determined with respect to a reference or standard using the δ notation, in units per thousand 

(‰); the isotopic ratio 13C ⁄ 12C is always expressed with the heavier isotope over the lighter one (Fry, 

2008). The isotopic composition of organic carbon in phytoplankton is determined by its metabolic 

processes and carbon synthesis pathways. During photosynthesis, carbon assimilation introduces the most 

significant isotopic fractionation in the surface ocean. Primary producers fix inorganic carbon from their 

environment and convert it into organic carbon through photosynthetic processes, preferentially 

incorporating lighter isotopes (Goericke & Fry, 1994; Laws et al., 1995 and O’Leary & Langton, 1989). This 

fractionation is mediated by the metabolic system of phytoplankton, particularly by the enzyme Ribulose-

1,5-bisphosphate carboxylase oxygenase (RUBISCO), which catalyzes CO₂ fixation during photosynthesis 

(Tcherkez, 2006). 

The carbon isotopic composition can be influenced by many other factors, such as the assimilation of 

isotopically heavier species (HCO₃⁻) (Burkhardt et al., 1999 and Sharkey et al., 1985), temperature effects 

on the enzyme (Tcherkez, 2006) and intracellular conversion processes to lipids, carbohydrates, and 

proteins further fractionate and alter the δ13C of POC (Degens et al., 1968). 

The variability of δ13C in phytoplankton can also be attributed to the cell size and geometry, influencing 

carbon uptake by diffusion or enzymatic transport, which can fractionate the δ13C and mask environmental 

effects. The importance of knowing these processes lies in the fact that the fractionation during the 

assimilation of CO2 (aq) determines the isotopic composition at the base of the food web (Rau et al., 2001; 

Young et al., 2013; Yamanaka & Tajika, 1996; Onstad et al., 2000 and Burkhardt et al., 1999). 

Studies and compilations have been published on how the large ocean ecosystem and its biogeochemical 

cycles are being altered due to climate change (Stocker, 2013 and Abram et al., 2016). Emerging global 
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trends indicate changes in ocean color as an indicator of phytoplankton production, species phenology, 

and community composition in marine ecosystems (Poloczanska et al., 2013; Beaugrand et al., 2013 and 

Hoegh-Guldberg, 2010). 

Despite global evidence of climate change, its effects on the GoM ecosystem, carbon distribution, storage, 

and subsequent sequestration in sediments remain understudied. Understanding these impacts is crucial 

for assessing the role of marine sediments in the GoM as a carbon sink and their significance in climate 

change. One pressing question is whether the GoM ecosystem has crossed the threshold of natural 

variability over decadal to centennial scales, transitioning into a new equilibrium state known as the 

Anthropocene (Waters et al., 2016). 

A significant challenge is the lack of extended baseline data to evaluate trends in nutrient and carbon 

cycling in the photic zone. This study proposes using the sedimentary record to establish a baseline 

predating the last century (Figure 1). To assess the impact of anthropogenic climate change on the marine 

environment, modern data, and instrumental observations must be compared with the pre-Industrial 

Revolution baseline, as done in other ocean regions (Field et al., 2006). 

Biogeochemistry and the broader ecosystem of the GoM have only been subject to scientific study since 

the mid-20th century. Unfortunately, there is a lack of continuous, long-term data that could provide 

insights into the historical stability or trends of this ecosystem (Poloczanska et al., 2013; Beaugrand et al., 

2013; Rosenzweig et al., 2008 and Hillebrand et al., 2018). This lack of a pre-Industrial Revolution baseline 

hampers our ability to assess the extent and nature of the differences between current systems and those 

observed today. These limitations challenge predictions of climate change impacts on the GoM's 

ecosystem structure, functioning, and resources. 

Understanding organic carbon concentrations in the water column requires examining the complex 

interplay of physical, chemical, and biological factors. These mechanisms are vital for comprehending the 

global ocean's carbon cycle, including processes governing carbon transfer through the water column and 

its accumulation in sediments. Simultaneously, organic matter accumulation in sediments responds to 

shifts in organic matter export due to nutrient changes in the photic zone (Sarmiento & Gruber, 2013). 

Reconstructing these variations offers valuable insights into the biological pump's fluctuations in the 

GoM's slope and abyssal plain. 
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1.2 Justification 

Research in the GoM is vital due to its significant scientific, economic, environmental, and social relevance. 

This research helps to establish the basic characteristics of this region and its role in the global carbon 

cycle. This knowledge is essential for assessing the impact of environmental events, such as oil spills, and 

for guiding restoration efforts to return the ecosystem to its original state. 

Additionally, this research fills a knowledge gap by providing valuable data on carbon deposits in the 

abyssal region of the GoM, a traditionally understudied area, due to the complexities and costs of data 

collection. The findings will have global applicability and illuminate the mechanisms that affect 

concentrations and fluxes of organic matter in the water column and their sequestration in the marine 

sediment. These insights are crucial to understanding environmental changes on a global scale. 

1.3 Objectives 

1.3.1 Main objective 

Analyze the concentrations of organic matter and its fluxes in the water column until its sequestration in 

the sediments of the Gulf of Mexico. 

1.3.2 Specific objectives 

Characterize the spatial and temporal variations in particulate organic carbon concentrations within the 

water column during three research cruises in the abyssal plain. 

Determine organic matter fluxes within the water column by using data from two sediment traps located 

in the northwestern and southern regions of the GoM. 

Reconstruct the spatial and temporal variability in the accumulation, sequestration, and isotopic 

composition of organic carbon in the slope and abyssal plain marine sediments. 
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Chapter 2.  Particulate organic carbon in the deep-water region of 

the Gulf of Mexico (Contreras- et al., 2023) 

2.1 Introduction 

The reservoir of particulate organic carbon (POC) in the ocean, while considerably smaller than the 

dissolved organic carbon (DOC) pool, with an approximate POC: DOC ratio of 1:38, (Denman, 2007), is an 

essential constituent of sequestered carbon, in addition to the dissolved and particulate inorganic carbon 

pools (Sarmiento & Gruber, 2013). POC sinks through the water column across isopycnals, scavenging 

other particles and transporting carbon and associated elements to deep-waters, where some of them are 

remineralized or resuspended, and a minor fraction is eventually sequestered in the sediments (Eppley & 

Peterson, 1979 and Stramska, 2009). 

The POC in oceanic regions consists mainly of living organisms and marine snow, which is an aggregate of 

phytoplankton and small zooplankton fragments, fecal pellets, and other particles, also known as organic 

aggregates, which includes non-living material and uncharacterized components from biological, mineral, 

and anthropogenic sources (Hedges et al., 2000; Hedges & Keil, 1995; Kharbush et al., 2020; Knauer et al., 

1979; Lutz et al., 2002; Riley, 1963 and Stramski et al., 2008). Near active natural oil seeps or oil spills, POC 

can incorporate “dead carbon” or hydrocarbon-derived carbon in a process that has been described as 

Marine Oil Snow Sedimentation and Flocculent Accumulation. This process has been shown to be an 

important pathway for the distribution and destination of spilled oil, which in the Gulf of Mexico accounts 

for up to 14% of the total oil released as a result of the Deepwater Horizon oil spill in 2010 (Daly et al., 

2016). 

Particulate organic carbon concentration in the euphotic layer is thought to reflect primary production, a 

process during which photosynthesis fuels the formation of organic carbon from dissolved inorganic 

carbon and nutrients, thereby decreasing the partial pressure of carbon dioxide in surface waters 

(Stramska, 2009). Many of these processes are sensitive to fluctuations in temperature, light availability, 

ocean circulation, vertical mixing, and nutrient inputs into the surface ocean’s euphotic layer (Dawson et 

al., 2018; Dobashi et al., 2022 and Frenger et al., 2018). 
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In oligotrophic regions, the mixed layer is generally considered as quasi-homogeneous with little to no 

variability in density and is usually depleted in nutrients due to uptake by primary producers (Falkowski et 

al., 1992 and Velásquez-Aristizábal et al., 2022). The deepening of this layer allows for subsurface mixing 

of nutrients toward the surface, fueling biological productivity and consequently increasing POC 

concentrations (Gardner et al., 1999). These changes can be further driven by vertical mixing from the 

isopycnal displacement by anticyclonic and cyclonic eddies, especially under strongly stratified upper 

ocean conditions during summer (Gaube et al., 2014, 2019). 

Mesoscale processes are responsible for the mixing and transport of heat, salt, and biogeochemical tracers 

across the global oceans and may act as a moderating factor in global climate change (Faghmous et al., 

2015). Thus, understanding ocean eddy dynamics and their role in influencing various oceanographic and 

biological phenomena is of keen scientific interest (Faghmous et al., 2015 and Falkowski et al., 1998). The 

productivity-enhancing effects of eddies are particularly important in low-nutrient environments, where 

mesoscale processes can regulate the net upward flux of limiting nutrients as a result of the undulation of 

nutrient isosurfaces: where the shoaling of isopycnal surfaces tends to bring nutrients into the euphotic 

zone thereby enhancing productivity, whereas their deepening leads to a lack of change or even a decrease 

in primary productivity (Gruber et al., 2011). 

Remotely sensed Sea Surface Height (SSH) yields important information on the spatial distribution and 

intensity of ocean eddies and is strongly related to circulation patterns in the ocean, lending insight into 

nutrient transport crucial to the understanding of the spatial variability of biological production (Gruber 

et al., 2011). The measurements performed with various in-situ and remote sensing platforms provide an 

effective tool for studying biogeochemical constituents of oceanic waters like chlorophyll-a, particulate 

inorganic carbon, and particulate organic carbon (Stramski et al., 2008); Ocean Biology Processing Group, 

G. M, 2022). 

The GoM is a semi-enclosed sea linked to the Atlantic Ocean through the Florida Straits and to the 

Caribbean Sea through the Yucatan Channel (Oey et al., 2005). The deep-water region of the GoM is 

characteristic for its oligotrophic and nutrient-limited surface waters, which are relatively isolated from 

coastal eutrophic waters (Martínez-López & Zavala-Hidalgo, 2009 and Pasqueron De Fommervault et al., 

2017). The Loop Current (LC) brings warm water into the GoM, which leads to high stratification in its area 

of influence, especially during the summer. Higher intrusion of the LC into the GoM is observed more 

frequently during the summer, which along with the upper ocean warming, influences the circulation in 

the interior of the gulf (Sturges & Leben, 2000). In the GoM, positive SSH anomalies are indicative of 
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anticyclonic eddies that are characterized by a deep, warm water layer (Dobashi et al., 2022 and Müller-

Karger et al., 2015). 

The LC and detached LC eddies transport Caribbean Subtropical Underwater into the GoM, which is clearly 

distinguishable from the GoM common water (Vidal et al., 1992). This common water is formed by vertical 

convective mixing during the winter season, or by the mixing induced by the collision of detached LC eddies 

against the western GoM boundary (Schmitz et al., 2013). These mesoscale features drive hydrodynamic 

processes throughout the central GoM that fuel mixing processes and affect biological productivity 

patterns (Cervantes-Díaz et al., 2022; Müller-Karger et al., 2015 and Pérez-Brunius et al., 2012). 

The most energetic mesoscale events are the detachment of large anticyclonic eddies from the LC that 

drift to the west (Sturges & Leben, 2000), which are dynamically linked with cyclonic and anticyclonic 

eddies in the Gulf’s interior (Jouanno et al., 2016). The periods between detachments are highly variable 

(ranging between 0.5 and 18.5 months), implying that there are some years with no eddy detachments 

from the LC, while during other years these can happen up to three times per year (Delgado et al., 2019; 

Leben, 2005; Sturges & Leben, 2000 and Vukovich, 2007, 2012). In addition to the quasi-periodic shedding 

of LC eddies, other processes, and structures influence the productivity in the southern Bay of Campeche, 

like the semi-permanent cyclonic eddy in the southern Gulf (Pérez-Brunius et al., 2012), the confluence of 

seasonal along-shelf currents (Martínez-López & Zavala-Hidalgo, 2009), and upwelling processes along the 

eastern margin of the Bay of Campeche and off the northeast shelf of the Yucatan Peninsula (Zavala-

Hidalgo et al., 2006). 

The mixed layer depth’s (MLD) seasonal cycle is driven by the surface ocean cooling during winter months, 

fueled by northern winds that lead to the erosion of the stratification of its surface waters and a deepening 

of the mixed layer (Müller‐Karger et al., 1991). This wintertime convection of the MLD due to strong winter 

winds or “nortes” ends during the late spring, when the warming cycle of the surface waters begins; the 

MLD becomes shallower throughout the summer into the early fall, when the stratification of the upper 

layers is strongest (Martínez-López & Zavala-Hidalgo, 2009 and Müller‐Karger et al., 1991). These cycles of 

winter mixing, and summer stratification are thought to be the main controlling factors of the surface 

chlorophyll-a concentration in GoM (Müller-Karger et al., 2015). 

Modeling efforts suggest the higher integrated content of chlorophyll-a (Chla) over the upper 350 m occurs 

in winter whereas lower ocean concentrations happen in summer, while April-May and October-

November are transitional periods (Damien et al., 2018). In addition, float data show that mesoscale 
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activity is most likely the main source of variability for the Chla concentration in the deepwater region of 

the GoM, with higher concentrations observed in cyclones compared to anticyclones (Linacre et al., 2019 

and Pasqueron De Fommervault et al., 2017). 

Additionally, cyclonic and anticyclonic eddies drive vertical mixing through the modulation of nutrient 

transport to the euphotic zone, thereby exerting influence on Chla concentrations in the euphotic layer 

(M. C. Honda et al., 2018; McGillicuddy, 2016) as well as POC concentrations (McGillicuddy, 2016). Still, 

there are limited field observations available to characterize how mesoscale physical processes may affect 

the POC of the deep-water region of the GoM (Müller-Karger et al., 2015). 

POC in the GoM has been mostly studied over the continental shelf, particularly in the north and northeast. 

The transport of freshwater plumes and filaments from the Mississippi and the Atchafalaya Rivers advect 

higher nutrient concentration waters to the northern shelf region, especially to the continental shelves of 

Louisiana and Texas (Bianchi et al., 1997; Goñi et al., 1997; Trefry et al., 1994 and Wang et al., 2004). 

However, the role of mesoscale structures on POC concentrations in the GOM’s deepwater region, 

especially in the southern gulf and the Bay of Campeche, known for its relatively higher productivity within 

the gulf (Linacre et al., 2015 and Martínez-López & Zavala-Hidalgo, 2009), has yet to be examined. Hence, 

our study aims to understand the role of mesoscale eddies on POC concentrations in the upper layer of 

the southern GoM´s deep-water region. 

2.2 Materials and methods 

2.2.1 Sampling 

For the sampling, 319 discrete seawater samples were collected during three cruises covering the deep-

water region of the southern GoM on board the R/V Justo Sierra using Niskin bottles mounted on a rosette 

(Table 1). At each station, continuous profiles of temperature, pressure, conductivity, and chlorophyll 

fluorescence were measured with a Sea-Bird® 9 plus CTD and sensors.  

In Figure 2, we present a map of the stations and the bathymetry of the deep-water region of GoM. All 

stations were > 1000 m depth; casts at some stations were done to 1000 m regardless of depth (hereafter 

referred to as shallow cast stations), and some to about 40 m off the bottom (deep cast stations). 
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Table 1. Oceanographic cruise sampling dates for particulate organic carbon (POC) in the oceanic Gulf of Mexico. 

Cruises Year Months Season Stations sampled 

XIXIMI 4 2015 August 27-September 16 Summer 46 

XIXIMI 5 2016 June 10-June 25 Early Summer 32 

XIXIMI 6 2017 August 15-September 8 Summer 30 

 

 

Figure 2. Stations covered in the 2015, 2016, and 2017 XIXIMI cruises. Red circles represent stations sampled in 2015, 
yellow circles stations sampled in 2016, and purple circles are the stations sampled in 2017. The blue line represents 
the 200m isobath, and the red line the Grijalva-Usumacinta River. 

2.2.2 Sampling, processing and chemical analysis 

Given the low concentration of POC in the oligotrophic waters of the GoM, it was necessary to pool water 

samples collected at different depths of the water column for analysis. At the shallow cast stations (<1000 

m), the samples comprised depth filtrations of seawater from three discrete depths ranging from 10-50, 

75-250, and 300- 1000 m (i.e., samples were pooled, and data were obtained for these three broad layers). 

For the deep cast stations, samples were pooled from 10 m to the depth of maximum fluorescence, 

between 150- 800 m, and from 1000 m to a few meters above the sea floor. The basic rationale behind 

the pooling of several depths was the need to filter large volumes of water to obtain the necessary amount 

of carbon for the analysis. Discrete sampling depths were generally consistent, except for the targeted 
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sampling during each cast of the chlorophyll maximum and oxygen minimum (identified based on the CTD 

profiles). For visualization purposes, POC values are plotted at the average depth of all the discrete samples 

collected within any given layer. 

POC sampling and processing followed the Joint Global Ocean Flux Study methodology of knap et al. (1996) 

with some modifications. Specifically, the seawater was filtered through a pre-combusted (500°C for 4 

hours) Whatman® glass microfiber filter (GF/F) with a diameter of 45 mm and 0.7 μm pore size. Typically, 

between 7.5 L and 60 L of water was filtered to get a minimum weight per determination of 100 mg for 

POC. Filtered samples were placed in ethanol-cleaned aluminum foil, stored frozen during the cruise, and 

transported to the laboratory for processing. In the laboratory, the samples were freeze-dried and then 

treated by acid fumigation with 1N hydrochloric acid in a desiccator for 24 hours to remove the particulate 

inorganic carbon. Filters were then scraped with an X-Act® knife to obtain the POC sample while 

minimizing the glass fiber from the filters and encapsulated in tin capsules. 

The concentrations were determined on a Costech® CHN analyzer at the Stable Isotope Laboratory at 

CICESE and are reported as μmol/L. The international references used for POC were USGS 40 and IAEA-CH 

6. POC concentrations were corrected for blanks (unused filters with the same treatment as the rest) and 

calibrated using different weighted samples of sulfanilamide. The detection limit of this method is 4.16 

μmol C (50 μg C). 

2.2.3 Data analysis 

2.2.3.1 Satellite data 

POC data were not generated for the surface layer during our cruises because water samples were used 

for other analyses. Hence, we used the satellite-derived surface concentrations to complement the POC 

station profiles (https://oceancolor.gsfc.nasa.gov/data/aqua/). We obtained daily estimates of POC 

concentration (mg m-3) and Chla surface concentrations (mg m-3) from the Moderate-Resolution Imaging 

Spectroradiometer (MODIS-Aqua Satellite) Level 3 mapped product with a spatial resolution of 0.04° (~ 

4.4 Km) for 2015, 2016 and 2017 (NASA Ocean Biology Processing Group, 2018). Because of the lack of 

data at some station locations due to clouds, sun glint, low light levels, etc., we filled the gaps using the 

average value of the nearest data points by considering radial increments of 0.04° around the location, up 

https://oceancolor.gsfc.nasa.gov/data/aqua/
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to a fourth iteration when needed (for a maximum radius of 0.16° around a station). If surface POC 

concentrations were unavailable within the maximum, the station was eliminated from further analysis. 

The surface POC concentration is based on an empirical relationship between in-situ measurements of 

POC and blue-to-green band ratios of remote sensing reflectance. The algorithms have yielded good 

performance over vast areas of the oceans, including different hyper oligotrophic and oligotrophic 

provinces, with a determination coefficient between 0.7 and 0.9 (Stramski et al., 2008). 

Daily SSH data were obtained from AVISO (https://www.aviso.altimetry.fr/en/home.html) using a gridded 

mesh with a spatial resolution of 0.25° (~ 27.8 Km) for 2015, 2016 and 2017. The non-steric SSH (SSHns) 

was calculated by subtracting the average SSH value for the GoM data (Domínguez-Guadarrama & Pérez-

Brunius, 2017). 

2.2.3.2 Hydrographic, data, and biogeochemical proxies 

The in-situ density profiles were calculated from conservative temperature, absolute salinity, and pressure 

profiles using the GSW Oceanographic Toolbox from The International Thermodynamic Equation of 

Seawater (TEOS-10) (McDougall & Barker, 2011). 

Apparent oxygen utilization (AOU) profiles were calculated as the difference between oxygen gas solubility 

and the measured oxygen concentration in water using TEOS-10 (McDougall & Barker, 2011). In the 

absence of direct turbulent dissipation measurements, the MLD is commonly derived from oceanic profile 

data using threshold, integral, least squares regression, or other proxies (Thomson & Fine, 2003). In our 

case, the MLD was defined as the depth of the maximum Brunt- Väisälä Frequency, calculated from 

absolute salinity, conservative temperature, pressure, and latitude using TEOS-10 (McDougall & Barker, 

2011). The maximum fluorescence depth (MFD) was defined as the highest fluorescence value obtained 

from the vertical profile of each station. 

2.2.3.3 POC data 

Quantitative estimates of integrated POC in the surface layer vary depending on the choice of the depth 

to which the integration is made (Stramska, 2009). We used three different depths to estimate integrated 

https://www.aviso.altimetry.fr/en/home.html
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POC: (1) to a constant depth of 100 m (POC100), (2) within the mixed layer at each station, with a boundary 

defined by the Brunt Väisällä frequency since it provides a link between the physical structure of the water 

column and the depth of mixing, and (3) to the depth of the fluorescence maximum, as indicative of the 

depth with the highest chlorophyll fluorescence.  

This was done to evaluate which criteria better explained the spatial patterns of POC in terms of the 

physical and biological variables used in this study. To examine the main controls on the POC concentration 

in the upper layer of the GoM, POC data for each station were interpolated with a Piecewise Cubic Hermite 

Interpolating Polynomial method with a 1 m resolution, which preserves the shape of the data and 

respects monotonicity (Fritsch & Carlson, 1980). 

2.2.3.4 SSHns data 

To find out how the SSHns may influence the concentrations of POC in the water column, we correlated the 

surface POC concentrations against the SSHns. We generated two data sets of SSHns: 

• Daily sea surface height, which corresponds to SSHns for the day when the samples were taken. 

• Monthly sea surface height, which corresponds to the average of the SSHns during the period of 

the cruise. 

Kelly et al. (2021) examined the contributions and mechanisms of the carbon budgets in the GoM. They 

concluded that lateral transport of organic matter is substantial in oligotrophic ocean regions of the 

northeastern Gulf near the LC and may be crucial to multiple trophic levels in the GoM.  

To explore the possibility of lateral transport between the production and formation of POC, we also 

correlated POC concentrations with SSHns considered a radius of 0.25 degrees around the stations (daily 

and monthly SSH (0.25°)). 

We also correlated the surface POC concentration of each cruise vs. the surface Chla concentrations, MFD, 

and MLD to evaluate whether there was a spatial relationship. 
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2.2.3.5 Identification and classification of mesoscale structures 

Mesoscale structures are mainly generated by ocean large-scale circulation instabilities due to wind or 

topographic obstacles, creating variability around the ocean´s mean state. It helps us to understand the 

role of mesoscale structures on ocean dynamics (including POC production and export) and to discriminate 

the effect of eddies from other processes 2014 (Pegliasco et al., 2022). 

To understand the relationship between mesoscale features and POC concentrations, we used “The 

altimetric Mesoscale Eddy Trajectories Atlas (META3.2 DT allsat) products, processed by CNES/CLS in the 

DUACS system and distributed by AVISO+ (https://aviso.altimetry.fr)”. The algorithm used for these 

products is derived from Mason et al., (2014) and further described in (Pegliasco et al., 2022).This method 

follows four steps: filtering, detection, estimation of eddy characteristics, and tracking. For further 

algorithm descriptions, check the manual ¨Mesoscale Eddy Trajectory Atlas Product Handboook¨ (Aviso+ 

Altimetry, 2022). 

After downloading the altimetric mesoscale eddy trajectories dataset, we filtered it by date, longitude, 

and latitude. We used this to identify daily mesoscale structures within the GoM during the three cruises, 

obtaining a map for each day; in total, 21, 15, and 25 maps were obtained for 2015, 2016, and 2017, 

respectively (Table 1). 

Figure 3 presents an example of the approach to selecting centers and borders in cyclones and 

anticyclones. To aid in the understanding of the results obtained from eddy identification, we also 

examined geostrophic flows (downloaded from https://cds.climate.copernicus.eu/#!/home). 

We classified eddies based on their rotational direction in the Northern Hemisphere as either cyclonic 

(counterclockwise) or anticyclonic (clockwise). The results from the Mesoscale Eddy Trajectories Atlas 

allow us to visually determine whether our sampling stations were located near the center of a structure 

or near the border (within a radius less than ~0.08° from the contour). 

We classified stations based on whether they were located near the center of a cyclonic eddy (CCE), near 

the border of a cyclonic eddy (BCE), near the center of an anticyclonic eddy (CAE), or near the border of 

an anticyclonic eddy (BAE). 

https://aviso.altimetry.fr/
https://cds.climate.copernicus.eu/#!/home
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 Stations outside these features were classified as no eddy (NE). We grouped the stations according to 

their categories and made composite vertical profiles of fluorescence, density, AOU, and POC using pooled 

data for the three cruises. 

 

Figure 3. Absolute dynamic topography anomaly map depicting cyclonic and anticyclonic mesoscale structures 

observed on June 24, 2016. The blue/red line and dot represents the cyclone/anticyclone contour and center, data 
extracted from the altimetric Mesoscale Eddy Trajectories Atlas at AVISO+. The areas delimited by the dotted lines 
represent the border and center classification zone for the sampling stations that were in mesoscale structures. 

2.2.3.6 Statistical analysis 

A two-sided Wilcoxon rank sum test (equivalent to a Mann-Whitney U-test) was used to compare the 

medians of MLD and MFD between years.  

A Kruskal-Wallis analysis was used to test differences in the MLD and MFD between cruises and in surface 

POC concentrations and integrated POC100 in each category of mesoscale feature (α = 0.05). 

Principal component analysis (PCA) was applied to examine associations between the oceanographic 

variables and the POC concentrations among the station’s classifications. When two variables were highly 

correlated (Pearson’s correlation r>0.7), one was removed prior to PCA.  
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The analysis included density at 10 m depth, MLD, MFD, SSHns, surface Chla, the fluorescence maximum, 

the depth at which the slope of the AOU changes towards positive values, surface salinity, sea surface 

temperature, the average temperature in the first 100 m and integrated POC100 concentration. 

2.3 Results 

2.3.1 Oceanographic conditions and POC concentrations 

Figure 4 presents maps of non-steric SSH, sampled stations, and the geostrophic velocities mapped from 

the average period of each cruise (Table 1). During 2015 and 2016, there were stronger mesoscale 

circulation features in the central GoM than during 2017. During the 2015 cruise, two large anticyclones 

were observed between 24° and 28°N; Olympus (1), recently released from the LC, and the remnant of 

Nautilus (2) formed in May 2015 (www.horizonmarine.com; Figure 4). During this cruise we further 

observed the lowest SSHns values in the Bay of Campeche region. In 2016, a large anticyclone called 

Poseidon (3) had been recently detached from the LC, and the rest of the GoM presented higher SSHns 

values than during the 2015 cruise. In 2017, the LC showed a high level of intrusion into the GoM, but 

there were no large anticyclones within the gulf, and the SSHns were generally higher than during the 2016 

cruise but lower than in 2015. 

 

Figure 4. Mean non-steric sea surface height (SSHns) for the GoM during 2015, 2016, and 2017 cruises. Arrows 
represent geostrophic velocities. 1: Olympus. 2: Nautilus remnants. 3: Poseidon. Circles represent stations sampled 
during each cruise. 

 

A Kruskal-Wallis test indicated that the median MLD differed between years (p<<0.001). The MLD maps 

presented in Figure 5 indicate that during 2015 the MLD was deeper in the northwestern part of the 

study area (~58 m), while the shallowest depths (~20 m) were in the east.  

http://www.horizonmarine.com/
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MLDs were markedly shallower during the 2016 cruise (Figure 5-middle panel) with an overall mean of 

27 m. During that cruise, the Bay of Campeche showed the shallowest MLD, around ~15 m. During 2017, 

the MLD was deeper than in 2016 (Figure 5-right panel) with a mean of 35±9 m and with the deepest 

values toward the center of the GoM. 

The median MFD differed significantly between years, as indicated by the Kruskal-Wallis test (p = 0.012). 

The MFD maps in Figure 5B (cruise´s average is in Table 2) show that the highest values were consistently 

located over the central gulf (abyssal region) during the three cruises, with a mean depth during 2015 of 

73±24 m, 88±15 m during 2016, and 86±21 m during 2017. 

Table 2. Mixed layer depth and maximum fluorescence depth during three cruises covering the southern Gulf of 
Mexico’s deep-water region. 

Year 
MLD (m) MFD (m) 

Average SD Max Min Average SD Max Min 

2015 37 12 58 8 73 24 121 7 

2016 27 9 51 15 88 15 122 63 

2017 35 9 56 13 86 21 136 29 

 

 

Figure 5. Mixed layer depth (MLD - A, top panels) and maximum fluorescence depth (MFD - B, bottom panels) in the 
GoM during 2015, 2016, and 2017 cruises. 
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2.3.2 Characterization of POC profiles and the integrated POC100 

In Figure 6, POC profiles showed a pattern consistent with the well-known exponential decay with depth 

in the water column (Suess, 1980), with higher concentrations at the surface (between 2 to 7 µmol L-1) and 

decreasing with depth to values less than 1 µmol L-1 below 700m.  

The sinking velocity of POC aggregates is mainly determined by their size, internal microstructure (porosity 

and heterogeneous composition), density, and the amounts of biogenic calcium carbonate and opal 

structures that act as ballast minerals (Iversen & Ploug, 2010; De La Rocha & Passow, 2007 and Armstrong 

et al., 2001). In addition, POC’s sinking velocity and flux are hypothesized to be modulated by microbial 

remineralization and by zooplankton grazing (Guidi et al., 2009). 

To understand the control of the surface ocean conditions on POC concentrations in the GoM, we 

considered different integrated depths sampled during the 2015, 2016, and 2017 cruises; the maps are 

shown in Figure 7, and the average, standard deviations and coefficients of variation are in Table 3. 

 

Figure 6. Surface and subsurface particulate organic carbon (POC) concentrations at different depths in the GoM for 
2015, 2016, and 2017 cruises. POC concentrations at depths below the surface reflected the mean of the three 
discrete water sampling depths from which water samples were pooled. 
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Figure 7. Integrated particulate organic carbon concentration for the first 100 m (POC100). 

 

In Figure 7, integrated POC100 showed mean values of 276 mmol m-2 during 2015 and 2016, and lower 

mean values during 2017 (207 mmol m-2). The Kruskal-Wallis test indicated the medians in the integrated 

POC100, between 2015, 2016 and 2017 were significantly different (p = 0.003). 

The integrated POC100 during 2015 showed a spread of values between 125 – 200 mmol m-2 throughout 

the GoM, with highest values (300 mmol m-2) at two stations located in the western region, and the lowest 

between 21º–22º N. During 2016, the spatial distribution of POC100 showed similar spatial patterns to 

2015, with values between 150 - 250 mmol m-2 and the lowest values in the Bay of Campeche. In contrast, 

during 2017 all integrated measures of POC were mostly lower than during the previous two years. POC100 

showed values between 60 and 150 mmol m-2 in the central GoM stations. 

Table 3. Integrated POC100 during three cruises covering the southern Gulf of Mexico’s deepwater region. 

Year Variable  
Average  

(mmol m-2) 
S. D 

Variation 
coefficient 

2015 POC100 276 183 0.66 

2016 POC100 276 82 0.29 

2017 POC100 207 60 0.29 

2.3.3 Influence of mesoscale structures on POC concentrations 

The interpolated POC, density, fluorescence, and AOU profiles for the stations in each category (CCE, CAE, 

BCE, BAE, and NE) were pooled across years to examine the influence of mesoscale structures; means and 

standard deviations were calculated to provide a visual representation of the variability (Figure 8). 

The CCE (yellow) density profile presented the shallowest MLD, with a shallow pycnocline at ~20 m (Figure 

8A - top panel). The MFD was located close to 75 m, with increasing AOU's values below ~50 m. POC 

showed a mean concentration of ~3.6 µmol L-1 near the surface, decreasing to 0.7 µmol L-1 at 250 m depth. 
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Profiles from BCE stations (purple) showed well-stratified waters, with a relatively deeper mixed layer 

depth of ~35 m, and deeper MFD than stations near the center of cyclonic eddies (~75 m depth with a 

secondary peak at about 100m). The AOU profiles were similar at CCE and BCE stations, showing negative 

or close to 0 values from the surface to ~60 m. Below this depth, consumption and recycling of organic 

carbon was more important than production by primary productivity, as indicated by increasingly positive 

AOU values. 

Mean POC concentrations were higher at stations near the center of cyclonic eddies (CCE) than near their 

borders (BCE). CCE stations showed the shallowest of the density profiles, which is consistent with the 

shallowest pycnocline near the core of cyclonic eddies.  

The fluorescence profiles (CCE and BCE) showed a similar maximum fluorescence depth (~75 m), however, 

consistently higher fluorescence values were observed at all depths at stations near the CCE than in the 

BCE, suggesting higher chlorophyll concentrations throughout the water column. As for AOU, profiles from 

the CCE showed changes in the slope to positive values at shallower depths than stations in BCE (Figure 

8A - top panel). The stations located near the core of anticyclones (CAE, blue) showed a weak pycnocline 

and a MFD between 80 m to 125 m. The AOU profiles showed changes towards positive values at ~100 m. 

In contrast, for BAE stations (orange), the pycnocline was located at ~25 m, while the MFD was found at 

~80 m; the AOU profile showed a balance between consumption and production values for the first 50 m. 

The average POC average on the surface was ~2.8 µmol L-1(Figure 8B - middle panel). 

Near-surface POC concentrations at CAE stations were slightly lower (between ~1.9 and ~2.3 µmol L-1) than 

stations near BAE (between ~2.1 and ~3 µmol L-1) up to ~40 m depth (among ~0.8 and ~2.1 µmol L-1); below 

that depth POC values were very similar (with values ranging between ~0.1 and ~1.7 µmol L-1).  

Comparison of CAE and BAE density profiles indicated a higher density at a given depth below ~30 m, 

indicative of a deepening of the isopycnals at the core of the anticyclonic eddies. CAE had lower 

fluorescence values down to 100 m, and a deeper fluorescence maximum than BAE stations. The AOU 

profiles for CAE show the change in slope to positive values almost 25 m deeper than BAE (Figure 8B - 

middle panel). 

The mean profiles of density, fluorescence, AOU and POC for NE stations are in Figure 8C. The pycnocline 

is observed in the first upper ~25 m implying a relatively shallow mixed layer, and a relatively deep 

fluorescence maximum at ~80 m. The AOU profile indicates a close balance between production and 
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consumption for the first 50 m, below which respiration begins to dominate as AOU increases. The POC 

concentrations show an overall average value of ~3.7 µmol L-1, although showing a high variability (Figure 

8C - bottom panel). 

A Kruskal-Wallis test was applied to the median integrated POC100 between the four different structures 

(CCE, BCE, CAE, and BAE), and there was no difference (p=0.131). Another Kruskal-Wallis test was applied 

for the medians of surface POC (5m) between the four different structures (CCE, BCE, CAE, and BAE) and 

results show that the means in the surface POC were different (p=0.023). 

 

Figure 8. Mean and standard deviation profiles of density, fluorescence, apparent oxygen utilization, and particulate 
organic carbon for stations that fell near the center of a cyclonic eddy (CCE - yellow, A, top panel), near the border 
of a cyclonic eddy (BCE - purple, A, top panel), near the center of an anticyclonic eddy (CAE - blue, B, middle panel), 
near the border of an anticyclonic eddy (BAE - B, orange, middle panel) and the stations free of eddy influence (NE - 
black, C, bottom panel) during the 2015, 2016 and 2017 GoM cruises. 
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2.3.4 Correlations between POC and oceanographic variables  

There were weak negative and non-significant Pearson correlation coefficients between integrated POC 

concentrations and SSHns (r= -0.10 to -0.22), even when SSH was estimated over a broader area around 

each station (daily SSH and daily SSH (0.25°) as well as monthly SSH and monthly SSH (0.25°)). 

The correlation between integrated POC and the MLD, MFD, and Chla are shown in Table 4. Only the 2015 

cruise showed significant correlations between the POC100 and MLD, MFD, and Chla. 

The statistically significant negative correlations most likely result from higher (lower) POC integrated 

values associated with shallower (deeper) mixed layer depths and a shoaling (deepening) of the maximum 

fluorescence depth. 

Table 4. Correlation analysis between POC100 vs. mixed layer depth, maximum fluorescence depth, and surface Chla 
concentrations. Significant correlations are in bold. N/A means not applicable. 

Year Variable  POC100 

r p 

2015 
MLD -0.44 0.00 
MFD -0.33 0.02 
Chla 0.63 0.00 

2016 
MLD 0.22 0.23 
MFD -0.05 0.77 
Chla 0.19 0.30 

2017 
MLD -0.12 0.54 
MFD -0.02 0.90 
Chla 0.32 0.09 

 

The correlations between SSHns and MLD, MFD and Chla are shown in Table 5. Satellite-derived SSHns and 

MLD show statistically significant positive correlations during 2015 and 2017. There were also significant 

positive correlations between SSHns and MFD for 2015 and 2016; when SSHns was negative (positive), the 

maximum fluorescence depth was found at a shallower (deeper) depth. Negative SSHns values are 

associated with divergence in cyclonic structures, which leads to a shallower MLD and MFD, while positive 

SSHns values are associated with convergence and anticyclonic structures with the opposite pattern in the 

MLD and MFD. 

Surface Chla vs. MFD and MLD consistently showed negative and statistically significant correlations for 

the three cruises. The negative correlation coefficients imply a deeper (shallower) maximum fluorescence 

depth associated with lower (higher) concentrations of a Chla (Table 5). 
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Table 5. Correlations between non-steric sea surface height, maximum fluorescence depth, mixed layer depth, and 
surface Chla concentrations. Significant correlations are in bold. 

Year 
SSHns - MLD SSHns - MFD MFD - MLD MFD – Chla MLD – Chla 

r p r p r p r p r p 

2015 0.28 0.06 0.59 0.00 0.48 0.00 -0.62 0.00 -0.51 0.00 

2016 0.13 0.47 0.66 0.00 0.38 0.03 -0.8 0.00 -0.36 0.05 

2017 0.35 0.06 0.29 0.12 0.31 0.1 -0.43 0.02 -0.32 0.08 

 

The PCA indicated that components 1 and 2 explained 52.1% of the variability (Component 1= 33.2% and 

Component 2=18.9%; Figure 9). 

The PCA results grouped stations based on their locations at the centers and edges of mesoscale 

structures, showing the largest separation between stations at the CCE and CAE, and an overlap between 

BCE and BAE (Figure 9). 

 

Figure 9. Principal component analysis of oceanographic variables and integrated POC100 estimates. The color 
indicates the classification of the mesoscale structures; stations near the center of cyclonic eddies are in yellow, near 
the border of cyclonic eddies in purple, near the center of anticyclonic eddies in blue, and near the border of 
anticyclonic eddies in orange. Colorless symbols indicate stations outside of eddies. The stations sampled in 2015 are 
indicated in circles, 2016 in triangles, and 2017 in squares. 

 

The CCE stations (yellow) were positively correlated with Chla, Fluorescence, salinity and POC100, and 

negatively correlated with the average temperature at 100m, MLD, MFD, SSHns and to a lesser extent the 

density. CAE stations (blue) were negatively correlated with Sal, Fluor, Chla and POC100, and positively 

correlated with average temperature at 100m, MLD, MFD, SSHns and density. 
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Chla, fluorescence, integrated POC100 and salinity cluster in the positive region of component 1 while MFD, 

average temperature at 100m, SSHns density and MLD are grouped in the negative region. Most of the 

stations sampled during 2015 (circles) were correlated with sea surface temperature, MLD, salinity, and 

fluorescence. 

In contrast, during 2016 (triangles), the stations were correlated with the average temperature at 100m, 

density and the depth where the AOU changes towards positive values. The stations sampled in 2017 

(squares) fell all over the multivariate space. 

2.4 Discussion 

The mechanisms that control POC concentrations in the ocean differ depending on the region and the 

season (Dobashi et al., 2022). Sources of organic carbon in the GoM can include terrestrial and marine 

sources (Bianchi et al., 1997). The contribution of terrestrial organic carbon from terrestrial sources, 

including estuaries, is particularly important in coastal and shelf waters and constitutes an important 

component of global organic carbon (Hedges, 1992). Specifically, river inputs play a significant role in the 

distribution of POC (Meybeck, 1982). The Mississippi-Atchafalaya River and the Grijalva-Usumacinta River 

Systems are the largest sources of freshwater inflow to the northern and southern GoM, respectively 

(Kemp et al., 2016). The Mississippi- Atchafalaya River System has been shown to influence the distribution 

of POC and plays an important role in the organic carbon transport to the shelf and northern oceanic 

region (Trefry et al., 1994 and Rosenheim et al., 2013), while in the southern Gulf the Usumacinta-Grijalva 

River System is the main source of POC (Cuevas-Lara et al., 2021). In addition, POC fluxes are further 

influenced by mineral ballast, such as calcium carbonate, the concentrations of which are closely related 

to POC concentrations (Klaas & Archer, 2002). 

The concentration profiles of POC in the GoM’s deep-water region showed values that range between 2 

and 7µM in the upper layer during the summer season. These concentrations are comparable with the 

values (4.48 ± 5.22 𝜇M) previously reported for samples obtained under oligotrophic conditions in South 

and North Pacific Gyres in 2004 and 2012 (Stramski et al., 2022) in Table 6. Also, POC concentrations in the 

Equatorial Pacific Ocean collected between 30°N-15°S and 180-160°W in 2012 range between 0.75 and 

8.8 𝜇M; the smallest values were from oligotrophic regions, and the highest for the high-nutrient 

Equatorial Pacific region (Graff et al., 2015). 
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Stramski et al., (2022) sampled different oceanographic conditions ranging from oligotrophic 

environments like the South Atlantic Gyre to higher productivity regions of the Atlantic Ocean. They report 

concentrations of 4.77 ± 1.68 𝜇M along north-to-south transects covered in 2005 and 2010. In another 

study, POC concentrations ranging between 1.67 and 6.33 𝜇M were reported from samples collected in 

the North Atlantic Drift, North Atlantic Subtropical Gyre, North Atlantic Tropical Gyre, Western Tropical 

Atlantic, the South Atlantic Gyre, and the South Subtropical Convergence during 2014 (Strubinger Sandoval 

et al., 2022). 

Reports from comparable oligotrophic regions like the Sargasso Sea showed POC concentrations between 

1.18 and 2.96 𝜇M from 1988 to 2004 (Duforêt-Gaurier et al., 2010), while the Hawaii Ocean time-series 

showed a range between 2 and 5 𝜇M (Świrgoń & Stramska, 2015). In the southern deep-water region of 

the GoM, we found POC concentrations that are comparable with those reported for the northern open 

waters of GoM by Liu & Xue, (2020), who measured concentrations of 3±1 µM in May between 2010 and 

2013 along the coast of Louisiana in the north GoM. However, they also reported much higher 

concentrations in the surface waters influenced by the plumes near the Mississippi River Delta (values 

around 14±6 µM). These high concentrations were attributed to the discharge of the Mississippi and 

Atchafalaya Rivers. 

Table 6. Particulate organic carbon concentrations from different study areas. 

Study 
POC concentration (µM) 

[min-max] 
{Mean±SD} 

Location Sampling years 

This study [2-7] 
Deep-water region of 

the GoM 
[2015-2017] 

Graff et al., 2015 [0.75-8.88] 
Equatorial Pacific 

Ocean 
2012 

Duforêt-Gaurier et al., 
2010 

[1.18-2.96] Sargasso Sea [1988-2004] 

Strubinger-Sandoval et 
al., 2022 

[1.67-6.33] Atlantic Ocean 2014 

Świrgoń and Stramska 
2015 

[2-5] Hawaiian Islands [1997-2012] 

Liu et al., 2020 {3±1} 
Offshore Louisiana  

(Northern GoM) 
[2010-2013] 

Stramski et al., 2022 {4.48±5.22} Pacific Ocean  [2004-2012] 

Stramski et al., 2022 {4.77±1.68} Atlantic Ocean  [2005 2010] 

Liu et al., 2020 {14±6} 
Mississippi River Delta 

(Northern GoM) 
[2010-2013] 
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Hence, POC concentrations in the southern deep-water region of the GoM fall within the range observed 

in oligotrophic regions like the Sargasso Sea, and the subtropical gyres in the Atlantic and Pacific oceans 

during the summer season. An analysis of the global distribution of integrated POC100 from 1995 to 2012 

showed a range of values from ~20 to ~900 mmol m-2 (Balch et al., 2018). The comparison of global 

estimates with our results is consistent with the oligotrophic nature of the southern deep-water region of 

GoM during the summer season. 

POC concentrations in the water column showed the consistent well-known exponential decay with depth, 

with relatively high variability in the euphotic layer and decreasing concentrations below 700 m (<1 𝜇M). 

To understand the mechanisms that could control this upper layer variability in the southern region of 

GoM, POC concentrations were integrated over different depths (100 m, MLD, MFD) and correlated with 

different variables. Integrated POC within the mixed layer depth and the fluorescence maximum depth did 

not show significant correlations with any of the oceanographic variables for any of the 3 years. 

However, when integrating over the euphotic layer (with depths of ~100 m; (Linacre et al., 2019) our 

results showed a negative correlation with the MFD and the MLD and a positive one with the surface Chla 

concentration for the 2015 cruise. The POC100 showed similar average integrated concentrations of ~276 

mmol m-2 for 2015 and 2016, although the variability was much higher in 2015 than in 2016. In contrast, 

during the 2017 cruise, POC100 was lower, with a mean value of 207 mmol m-2. Differences in POC100 

between years were significant due to the high variability between stations. These data suggest that MFD 

and MLD may occasionally play a role in modulating POC concentrations in the upper water column 

although it is not a consistent control over time and that there may be other mechanisms contributing to 

this intermittent relationship. 

It is important to mention that although the three cruises took place during the summer season, the level 

of mesoscale activity differed. During 2015 and 2016 mesoscale activity was higher in central GoM than in 

2017. The observed significant correlations between POC100 and the MLD, MFD and surface Chla 

concentrations for the 2015 cruise may be related to the two large anticyclones that were present in the 

central deep-water region; these were the remnants of Nautilus eddy and the recently released Olympus 

eddy. Thus, the higher variability in integrated POC concentrations found for 2015, may be attributed to 

an intensification of mixing processes associated with the edges of the anticyclonic eddies and 

consequently with the vertical transport of nutrients fueling the POC production in the euphotic layer. 

According to the results from the algorithm of AVISO, the average number of anticyclones during the cruise 

in 2015 was 6.7, in 2016 it was 5.4 and in 2017 was 4.7. Hence, the number of mesoscale structures may 
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be another contributing control to the variability of integrated POC100, especially during the summer 

season characteristic for strongly stratified upper ocean conditions. 

Large and highly energetic mesoscale eddies exert a strong influence on the biogeochemical variables of 

the upper water column. Eddies are associated with vertical mixing, which affects nutrient transport and 

the Chla concentration in the euphotic layer (McGillicuddy, 2016), and our results in Figure 8 show that 

the POC upper layer concentrations may be modulated by their location within cyclonic and anticyclonic 

eddies. However, although we observed significant differences in the medians considering the first 5 m 

of the water column, we did not find significant differences in the integrated POC100 medians. 

Higher POC concentrations, associated with the shoaling of density profiles and the deep fluorescence 

maximum are consistently observed at stations near the CCE than at stations near the BCE. These features 

are consistent with a shallowing (deepening) of the pycnocline near the core (border) of cyclonic eddies. 

Cyclonic eddies show an anti-clockwise flow of currents with negative SSHns at its center and 

counterclockwise geostrophic velocities, a shallower thermocline, and a conspicuous shoaling of 

isopycnals bringing colder, nutrient-rich subsurface waters closer to the euphotic zone at its center (Seki 

et al., 2001), all of them enhancing phytoplankton productivity, higher chlorophyll and POC concentrations 

in the euphotic layer (Bakun, 2006 and Bidigare et al., 2003). 

The BCE shows consistently lower POC concentrations than stations in the CCE, with close to ~0.5 µmol L-

1 difference in their mean values (Figure 7). The Chla concentrations at the center of a cyclonic eddy are 

consistently higher than at the borders, most likely as a result of the shoaling of the pycnocline allowing 

nutrients to reach the euphotic layer and thus fuel the phytoplankton productivity at depth (McGillicuddy, 

2016). Honda et al., (2018) have shown how cyclonic eddies may affect the POC flux in the oligotrophic 

region of the subtropical North Pacific Ocean through the shoaling of the pycnocline driven by the passage 

of cyclonic eddies over the observation area, resulting in increased Chla in the subsurface layer and 

enhanced POC flux to the deep-sea region. This flux is positively related to the concentration of POC in the 

water column (Roca-Martí et al., 2021). 

In contrast, anticyclonic eddies with clockwise geostrophic velocities (arrows) are convergence zones 

favoring the piling up of relatively warmer and lower-density water masses at their core, producing 

positive SSHns. Anticyclonic eddies are generally considered nutrient-depleted relative to cyclonic eddies 

(Seki et al., 2001). However, the POC fluxes observed in anticyclones in the eastern tropical North Atlantic 

show the opposite behavior, with larger fluxes comparable to those observed in mesotrophic or eutrophic 
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regions (Fiedler et al., 2016). Here, stations at the CAE mostly showed lower POC average concentrations 

by ~0.4 µmol L-1 (Figure 7) than those in the BAE. In addition, near the core of the anticyclones, there was 

a lower density gradient with depth, lower fluorescence, and a deeper MFD. A characteristic transect 

through an anticyclonic eddy shows a deepening (shallowing) of the pycnocline and MFD near the core 

(border) of these mesoscale features. 

Previous work reported differences in cyclonic and anticyclonic eddies within the GoM. (Lee-Sánchez et 

al., 2022) analyzed vertical nutrient profiles for two cruises, one in the winter (February - March) of 2013 

and the other in the beginning of summer (June) of 2016. Their results showed that mesoscale eddies play 

a strong modulating role in the vertical distribution of nitrate and nitrite, particularly in the first 250 m. In 

the cores of recently detached Loop Current eddies, the nitracline reached maximum depths, and there 

were lower nutrient concentrations in the euphotic layer. Data from ARGO measurements in the GoM 

showed that the depth and the magnitude of the DFM or deep chlorophyll maximum are also strongly 

controlled by the mesoscale variability, showing consistently lower chlorophyll concentration in 

anticyclones (Damien et al., 2018 and Pasqueron De Fommervault et al., 2017). Based on a biogeochemical 

model, primary productivity in the Loop Current Eddies is higher than the average rates in the surrounding 

open waters of the GoM. This anomalous behavior is explained by the mixed layer response during winter 

convective mixing, which reaches deeper into nutrient-rich waters due to the very low-density gradient 

with depth in the anticyclonic eddy. Although we didn’t observe this process, since our data were always 

collected in the summer season, we coincide with their observation of the strong influence exerted by the 

mesoscale activity in the surface ocean chlorophyll concentration and, more specifically, within Loop 

Current Eddies (Damien et al., 2021). 

All these observations show how mesoscale structures do exert some influence in the concentrations of 

POC in the upper layer. However, correlations of POC concentrations versus SSHns, which in principle is 

related to the mesoscale structures, didn't show a significant relationship. To explore this apparent lack of 

correlation, we calculated the Pearson correlation coefficient between satellite POC concentrations and 

SSHns in every coordinate of the data mesh of the GoM, considering the average of 8 days for the three 

summer months of 2015, 2016, and 2017 (Figure 10). 

The relationship is presented in Figure 10, and a clear negative relationship between the POC 

concentrations in the surface ocean and SSHns was observed over a broad region in the central abyssal 

region, especially during 2015 and 2016. This is most likely related to the east-west trajectories of large, 

detached eddies from the LC. These negative correlations show lower POC concentrations associated with 
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higher SSHns, implying the importance of these mesoscale structures in controlling POC concentrations in 

the euphotic layer of the deep-water region of the GoM. 

 

Figure 10. Spatial correlation maps for the summers of 2015, 2016, and 2017 between surface POC 
(https://oceancolor.gsfc.nasa.gov/data/aqua/ ) and SSHns (https://www.aviso.altimetry.fr/en/home.html ), both 
derived from satellite data. Pearson’s correlation coefficients are shown in colors, with hot colors indicating positive 
correlation and cold colors negative correlation. The black contours represent a confidence level of 95%. 

 

Although our observations show how the POC concentrations may be modulated by mesoscale dynamics 

in the southern deep-water region of the GoM, it is important to mention that other processes deserve 

further studies to explain the observed variability. For instance, primary production is associated with 

seasonal high freshwater inputs, including those from the Tamaulipas shelf in the west, the Mississippi-

Atchafalaya River System in the north, and the outflows of the Grijalva-Usumacinta River System in the 

south. In addition, further studies should be focused on the possible effects of increasing the stability of 

the upper water column due to rising sea surface temperatures in the interior of the GoM, and how this 

warming affects mixing in mesoscale features, and, consequently, primary production and upper layer POC 

concentrations to better understand the biological carbon pump in the GoM. 

  

https://oceancolor.gsfc.nasa.gov/data/aqua/
https://www.aviso.altimetry.fr/en/home.html
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Chapter 3.  Estimate the POM fluxes in the water column from 

two sediment traps in the northwest and south of the Gulf of Mexico 

3.1 Introduction 

Throughout Earth's history, the ocean has acted as a major reservoir of carbon, undergoing continuous 

cycles along with various other elements on a global scale, from the surface waters to the sea floor depths 

(Boyd et al., 2019). 

Since the onset of industrialization in the mid-18th century, the ocean has sequestered a minimum of 25% 

of anthropogenic carbon dioxide (CO2) emissions, thus playing a crucial role in mitigating the effects of 

climate change (Sabine et al., 2004). 

Ocean ecosystems drive the biological pump, exporting organic carbon from the well-lit upper ocean 

through sinking biogenic particles into the stratified interior, where it's sequestered over varying time 

scales (Falkowski et al., 1998). The gravitational sinking of organic debris from ocean ecosystems is a 

dominant mechanism of biological carbon pump that regulates the global climate (Laurenceau‐Cornec et 

al., 2023). 

Sediment traps are indispensable tools for quantifying the vertical flux of particulate matter in marine 

environments on seasonal and annual timescales, playing a crucial role in biogeochemical studies. They 

enable researchers to capture sinking particles from various depths in the water column, thus providing 

insights into the processes governing the transport and deposition of organic and inorganic materials 

(Buesseler et al., 2007). 

The GoM is a semi-enclosed basin characterized by its complex hydrography and dynamic circulation 

patterns, which are influenced by factors such as riverine inputs, seasonal stratification, and mesoscale 

circulation features like eddies and the Loop Current (Oey et al., 2005 and Sturges & Leben, 2000). These 

factors create a heterogeneous environment that affects the distribution and flux of particulate matter. 

Sediment traps in the GoM have been used to study a variety of oceanographic processes, including the 

cycling of carbon and nutrients, the impact of mesoscale eddies, and the formation and transport of 
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marine snow, particularly in the northern region (Daly et al., 2016; Giering et al., 2018 and Hung et al., 

2010). These studies have provided valuable insights into the dynamics of particulate matter and the 

biogeochemical processes that regulate the marine ecosystem. 

Sediment traps also provide valuable data for understanding long-term changes in particulate fluxes and 

their responses to climatic and anthropogenic influences. For example, increased nutrient loading from 

rivers due to agricultural runoff has been linked to eutrophication and hypoxia in the northern GoM, 

affecting POM fluxes and sedimentation rates (Rabalais et al., 2002). By capturing temporal variations in 

particle fluxes, sediment traps help elucidate the interplay between natural processes and human 

activities in shaping the marine environment. 

Rivers generally exhibit an isotopic signature ranging from approximately -24 ‰ to -28 ‰ (Kendall et al., 

2001), while hydrocarbons typically display isotopic compositions around -25 ‰ or lighter (Freeman et al., 

1990; Silverman & Epstein, 1958). These isotopic signatures are important for tracing the origin of organic 

carbon in marine environments, allowing for the identification of riverine and hydrocarbon inputs to the 

ocean. 

Furthermore, sediment trap data contributes to the calibration and validation of biogeochemical models, 

enhancing our ability to predict the impacts of environmental changes on marine ecosystems. They 

provide measurements that complement remote sensing observations and improve the accuracy of 

carbon flux estimates in regional and global areas. 

They offer insights into the complex interactions between physical and biological processes that govern 

particulate matter fluxes and their implications for carbon cycling and marine ecosystem health (Honjo et 

al., 2008). 

3.2 Materials and methods 

3.2.1 Sampling 

Sediment trap moorings were deployed at two sites of the GoM: Perdido region (PR) (25.431° N, 96.072° 

W) and Coatzacoalcos (Coat) (19.386° N, 94.059° W, Figure 11).  
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The traps collected material at synchronous 18-day intervals from June 2016 to July 2017 (Table 7). 

Both sites featured sediment traps at 1000 m depth, approximately 55 m above the sea floor.  

The traps used were from McLane Research Labs Inc. model Parflux Mark78H-21 with a 0.5 m2 collection 

opening and 21 collection bottles of 500 ml capacity filled with a formaldehyde solution at 37% prepared 

with filtered (0.2 μm) seawater. 

 

Figure 11. Location of Perdido region and Coatzacoalcos sediment traps in the Gulf of Mexico. 

 

The design of each of the arrangements was anchored to the seabed through a 900 kg dead weight, had 

two acoustic releasers model 865-A from Teledyne Benthos, and included a series of buoys to maintain 

verticality and flotation. 

3.2.2 Sampling processing, chemical analysis and measurement 

Upon sediment trap recovery on board, forty-one samples were retrieved: twenty for PR and twenty-one 

for Coat. The sample cups were stored at 4°C in the dark until processed at the laboratory. 
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Table 7. Coatzacoalcos and Perdido region sediment trap sampling dates. 

Perdido region Coatzacoalcos 

Sample Days Start End Sample Days Start End 

1 - - - 1 18 16-Jun-16 3-Jul-16 

2 18 4-Jul-16 21-Jul-16 2 18 4-Jul-16 21-Jul-16 

3 18 22-Jul-16 8-Aug-16 3 18 22-Jul-16 8-Aug-16 

4 18 9-Aug-16 26-Aug-16 4 18 9-Aug-16 26-Aug-16 

5 18 27-Aug-16 13-Sep-16 5 18 27-Aug-16 13-Sep-16 

6 18 14-Sep-16 1-Oct-16 6 18 14-Sep-16 1-Oct-16 

7 18 2-Oct-16 19-Oct-16 7 18 2-Oct-16 19-Oct-16 

8 18 20-Oct-16 6-Nov-16 8 18 20-Oct-16 6-Nov-16 

9 18 7-Nov-16 24-Nov-16 9 18 7-Nov-16 24-Nov-16 

10 18 25-Nov-16 12-Dec-16 10 18 25-Nov-16 12-Dec-16 

11 18 13-Dec-16 30-Dec-16 11 18 13-Dec-16 30-Dec-16 

12 18 31-Dec-16 17-Jan-17 12 18 31-Dec-16 17-Jan-17 

13 18 18-Jan-17 4-Feb-17 13 18 18-Jan-17 4-Feb-17 

14 18 5-Feb-17 22-Feb-17 14 18 5-Feb-17 22-Feb-17 

15 18 23-Feb-17 12-Mar-17 15 18 23-Feb-17 12-Mar-17 

16 18 13-Mar-17 30-Mar-17 16 18 13-Mar-17 30-Mar-17 

17 18 31-Mar-17 17-Apr-17 17 18 31-Mar-17 17-Apr-17 

18 18 18-Apr-17 5-May-17 18 18 18-Apr-17 5-May-17 

19 18 6-May-17 23-May-17 19 18 6-May-17 23-May-17 

20 18 24-May-17 10-Jun-17 20 18 24-May-17 10-Jun-17 

21 18 11-Jun-17 28-Jun-17 21 18 11-Jun-17 28-Jun-17 

22 18 29-Jun-17 16-Jul-17 22 - - - 

Ʃ 378   Ʃ 378   

 

Once in the laboratory, samples were sieved through a 1 mm nylon mesh to remove swimmers and large 

aggregates. Subsequently, each sample was evenly divided into ten subsamples of 50 ml using a wet 

sampler divider (WSD-10 McLane Laboratory) with deviations between aliquots <5.0% and stored in 50 ml 

conical tubes. The aliquots were freeze-dried, grounded, and homogenized with an agate mortar. Total 

mass was determined by weighing two freeze-dried aliquots of each sample.  
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To determine organic carbon concentration, aliquots were treated with a hydrochloric acid solution (HCl, 

1N) to dissolve carbonates. Deionized water was added, and after centrifugation to remove the 

supernatant, the remaining sediments were dried at 25 °C in an oven and encapsulated in tin capsules. To 

determine organic nitrogen concentration, aliquots were directly encapsulated in tin capsules after freeze-

dried, without any preceding treatment. 

Organic carbon and nitrogen concentrations, along with their isotopic compositions (δ13C and δ15N), were 

determined on a Costech® CHN analyzer coupled to a Thermo Scientific DeltaV plus Advantage® isotope 

ratio mass spectrometer at the Stable Isotope Laboratory at CICESE. Organic carbon and nitrogen 

concentrations are reported as µg and isotope ratios were expressed in standard δ-notation relative to 

Pee Dee Belemnite (v PDB) for the δ13C and atmospheric N2 for the δ15N via laboratory standards calibrated 

to internationally certified reference standards, USGS40 and Sucrose for carbon and nitrogen the IAEA-N2 

and USGS40. The average precision from certified values was ±0.06‰. We did 2 or 3 replicates for each 

sample, depending on the availability and the reproducibility. The organic carbon concentrations were 

corrected for the carbonate dissolution prior to the analysis and reported as a percent of total sediment.  

3.2.3 Data analysis 

3.2.3.1 Buoy data 

We obtained the wind speed (m/s) time series from the National Data Buoy Center 

(https://www.ndbc.noaa.gov/station_history.php?station=kywf1). We used data from two buoys, Station 

ID 42045 and Station ID 42055. The data reported represents the average over an eight-minute period; we 

compute the average over a period of 1 day. 

3.2.3.2 Model-generated data 

Daily net primary production surface data was obtained from the Vertically Generalized Production Model 

(VGOM) in Ocean Productivity (http://orca.science.oregonstate.edu/npp_products.php ). 

https://www.ndbc.noaa.gov/station_history.php?station=kywf1
http://orca.science.oregonstate.edu/npp_products.php
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Daily geostrophic velocities were obtained from the Hybrid Coordinate Ocean Model (HYCOM) 

(https://www.hycom.org/data/goml0pt04/expt-32pt5 ). The GoM model has a 1/25° equatorial resolution 

and a latitudinal resolution of 1/25°. The data assimilation is performed using the Navy Coupled Ocean 

Data Assimilation (NCODA) system with a model forecast as the first guess. NCODA assimilates available 

satellite altimeter observations, satellite imaging, and in-situ sea surface temperature, as well as available 

in-situ vertical temperature and salinity profiles from XBTs, ARGO floats, and moored buoys. 

3.2.3.3 Satellite data 

We obtained daily surface concentrations estimates of Chla (mg m-3), POC (mg m-3), PIC (mol m-3), and SST 

(°C) from the Moderate-Resolution Imaging Spectroradiometer (MODIS-Aqua Satellite) Level 3 

(https://oceancolor.gsfc.nasa.gov/l3/) mapped product with a spatial resolution of 0.04° (~4.4 Km) for 

2016 and 2017 (NASA Goddard Space Flight Center, et al., 2018). 

Daily satellite surface salinity data, measured in parts per thousand (1e-3), is obtained from NASA's Soil 

Moisture Active Passive (SMAP) mission (https://salinity.oceansciences.org/ ). This data is provided on a 

0.25x0.25-degree grid and is averaged over an 8-day period. 

Daily SSH data were obtained from AVISO (https://www.aviso.altimetry.fr/en/home.html ) using a gridded 

mesh with a spatial resolution of 0.25° (~27.8 Km) for 2016 and 2017. The SSHns was calculated by 

subtracting the average SSH value for the GoM data (Domínguez-Guadarrama & Pérez-Brunius, 2017). 

3.2.3.4 Statistical analysis 

A Shapiro-Wilk test was applied to our data to assess whether they follow a normal distribution. We use 

the median and its quartiles to describe the central tendency and dispersion of the data set. 

We conducted a multiple linear regression analysis to establish a model that captures the linear 

relationship between chlorophyll-a, sea surface temperature (SST), and their connections to the organic 

carbon fluxes captured by the sediment traps.  

https://www.hycom.org/data/goml0pt04/expt-32pt5
https://oceancolor.gsfc.nasa.gov/l3/
https://salinity.oceansciences.org/
https://www.aviso.altimetry.fr/en/home.html


 37 

To evaluate multicollinearity, we calculated Pearson correlation coefficients. The normality of the residual 

distribution was examined using the Shapiro-Wilk test. We also investigated the autocorrelation among 

the residuals through the Durbin-Watson test and evaluated the homoscedasticity using the Breusch-

Pagan test. 

3.3 Results 

The total mass fluxes (TMF) in mg m-2d-1 for both stations were calculated using the following equation: 

 𝑇𝑀𝐹 =
𝑀 ∗ 𝑁

𝐴𝑡 ∗ 𝑇
 (1) 

Where M (mg) is the dry mass of the aliquot, N is the sample fraction, At is the trap opening area (m), and 

T (days) is the elapsed time. Organic carbon fluxes were determined by multiplying the TMF by organic 

carbon concentration. 

3.3.1 Perdido region 

The median value of organic carbon fluxes was 6.29 mg m⁻²d⁻¹, which aligns with the Q2 line shown in 

Figure 12a. Two flux peaks stand out above the median: the first one during September and October 2016 

and the second one during March and the first half of April 2017. Additionally, a smaller third pulse was 

observed in December 2016. 

In the upper-right panel (Figure 12b), the δ¹³C isotopic composition showed a median value of -23.67‰, 

with most values clustering around this central tendency, indicating negligible variability until the end of 

the record in June 2017. However, a small shift towards a lighter isotopic composition was observed in 

mid-September 2016, accompanied by increased data dispersion. Similar variations occurred in February 

of 2017. The summer of 2017 exhibits the most significant transition toward consistently heavier isotopic 

values -23‰ in the last three samples. 

In the lower-right panel illustrating the C: N ratio (Figure 12d), the observed values exhibit significant 

variability, spanning from 5 to 11, with a median value of 8, closely resembling values typically found in 

marine environments. An elevated carbon-to-nitrogen ratio is often associated with continental influences 
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or refractory carbon, indicating continental inputs or the presence of refractory carbon. Elevated C: N 

ratios coincide with the timing of the initial organic carbon flux pulse and the period corresponding to the 

second significant peak. A notable contrast emerges in the lowest C: N values, aligning with the summer 

of 2017, a period characterized by the lowest organic carbon fluxes. 

The δ¹⁵N isotopic composition exhibited a median value of 3.65‰ (Figure 12c). From the summer of 2016 

through the end of spring, the isotopic values displayed minimal fluctuations. However, a distinct shift 

becomes evident in the summer of 2017, with significantly heavier values reaching approximately 6‰. 

Subsequently, in the following month, the values declined, moving towards markedly lighter values and 

approaching 2.5‰ at the end of the sampling period. 

 

Figure 12. A comprehensive view of organic carbon and nitrogen-related parameters for the Perdido region during 
the period from July 2016 to June 2017. a) time series of organic carbon fluxes, b) isotopic organic carbon composition 
(δ13C‰ PDB), c) isotopic nitrogen composition (δ15N‰ AIR), and d) carbon-to-nitrogen ratio. In each panel, the Q2 line 
represents the median value, serving as a measure of central tendency. To assess the variability of these medians, 
we've added dashed lines, Q1 and Q3, which correspond to the lower and upper interquartile ranges, encompassing 
25% of the observations each and aiding in identifying data points that fall outside the typical range. 

 

In Figure 13, we present the time series data from satellites for the same time interval. The first panel 

(Figure 13a) shows the seasonality of the SSTs in the PR. Summer temperatures peak at 30 °C, while in 

winter, there is a decrease to around 25°C. Subsequently, the temperature experiences a gradual increase 

after spring, finally reaching levels like those recorded in the summer of 2016. 
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In the PR, SSHns (Figure 13b) showed the arrival of mesoscale features, negative anomalies showed the 

passage of cyclonic eddies, and positive anomalies to anticyclonic eddies. Negative anomalies during the 

summer of 2016 suggest the area is at the center of a cyclonic eddy or the edge of the anticyclonic eddy. 

There is a transition during mid-summer to values close to zero, probably due to the absence of eddies, 

lasting all winter. Subsequently, there is a modest elevation, probably the passage of an anticyclonic gyre 

during spring. In the third panel (Figure 13c), salinity data from June 2016 show abnormally low salinity 

values at the beginning of the sampling period. Showing an increase to approximately 36.5 units for the 

rest of the summer and fluctuating values during fall and winter, reaching higher values during summer. 

 

Figure 13. Time series of different variables potentially associated with the organic carbon fluxes in sediment traps 
within PR. Variables are presented in a top-to-bottom sequence and include sea surface temperature (SST), non-
steric sea surface height (SSHns), salinity (SSS), wind speed, Chlora, net primary productivity (NPP), and satellite 
particulate organic carbon (POC). 

 

Wind speed data (Figure 13d) from a buoy located near the sediment trap station is initially unavailable 

for the early period of the trap deployment. Nevertheless, a noticeable change in wind speed is observed 
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during the winter, reaching the highest speed of up to 15 m s-1, a significant increase compared to the 

summer months in both years. 

The chlorophyll-a time series (Figure 13e) showed consistently low values throughout the entire sampling 

period, except for the period from December to February, apparently coinciding with the change to lower 

SSTs and higher wind speeds. During this period, the highest chlorophyll-a values ranged between 0.3 to 

0.45 mg m-3, in contrast to the rest of the series, where values remained around 0.15 mg m-3. 

A similar variability to chlorophyll-a is observed in net primary production (Figure 13f), though with 

exceptionally high values in early summer showing fluctuation values around 700 mg C m⁻² d⁻¹. 

Subsequently, the values decreased by half and stayed within the range of 100 to 300 mg C m⁻² d⁻¹. 

Maximum values are observed in winter (~700 mg C m⁻² d⁻¹), followed by a gradual decrease until late 

spring, resulting in values ranging around 200 mg C m⁻² d ⁻¹. The satellite-derived particulate organic 

carbon data (Figure 13g) showed values in the range of 30 to 70 mg m⁻³ during the summer months. 

Notably, a significant increase of ~110 mg m⁻³ was observed between December 2016 and March 2017. 

We show a spatial distribution map of the period when significant pulses of chlorophyll-a concentrations 

were observed in PR above the trap marked with a red dot; we further plot the HYCOM-derived 

geostrophic flows shown with black arrows in Figure 14. These visualizations result from averaging data 

over an 18-day period, corresponding to the duration of particle collection in the sediment trap cups. The 

Chla images suggest a possible offshore transport of chlorophyll-a from the continental shelf to the 

sediment trap location (Figure 14). The left panel in the middle (Figure 14c) indicates higher chlorophyll-a 

concentrations near our study area, and while not entirely distinct, this observation aligns with the flow 

data, as it falls just beyond the Q3 percentile (Figure 12a) but remains lower than the other two observed 

pulses. In the middle right panel (Figure 14d) a plume of elevated chlorophyll-a concentration is observed 

in the surface waters near the trap, coinciding with increased organic carbon fluxes of ~20 mg m⁻² d⁻¹ in 

February 2017. 

3.3.2 Coatzacoalcos region 

The Coatzacoalcos region's organic carbon fluxes showed two pulses: one during the summer and the 

other in the winter (Figure 15a). The median value for the organic carbon fluxes is recorded at 7.36 mg m⁻² 

d⁻¹. 
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Figure 14. Spatial distribution of chlorophyll-a and currents (black arrows) corresponding to organic carbon flux 
peaks. Numbers indicate cup samples within the Perdido region (red rectangle). 

 

The δ¹³C isotopic composition (Figure 15b) presented a median value of approximately -23.79‰. However, 

during the winter season, there is a shift towards slightly heavier values, with measurements nearly 

reaching -23‰. Subsequently, a consistent decrease in its isotopic composition is observed throughout 

most of the sampling period, except for the final two samples, where values once again exhibit a shift 

towards a heavier isotopic signature. 
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The C: N ratio, as shown in the lower right panel (Figure 15d), had a central median value of 8, and most 

of the data points cluster closely around this median throughout most of the time series. However, a 

deviation from this pattern is observed in late spring when the ratio drops to ~4.5. Additionally, an 

increased dispersion during the winter suggests a higher variance in C: N ratios during this period. 

The δ¹⁵N isotopic composition (Figure 15c) maintained a relatively stable median value of ~3.32‰ 

throughout almost the entire sampling period, with a change of values shifting towards a heavier isotopic 

in late spring. 

 

Figure 15. Time series of organic carbon and nitrogen-related parameters for Coatzacoalcos during the period from 

June 2016 to June 2017. The top-left panel depicts a time series of organic carbon fluxes, and the top-right panel 
showcases the isotopic organic carbon composition(δ13C‰PDB). The lower-right panel presents the carbon-to-
nitrogen ratio, while the bottom-left panel illustrates the isotopic nitrogen composition (δ15N‰AIR). In each panel, 
the Q2 line represents the median value, serving as a measure of central tendency. To assess the variability of these 
medians, we've added dashed lines, Q1 and Q3, which correspond to the lower and upper interquartile ranges, 
encompassing 25% of the observations each and aiding in identifying data points that fall outside the typical range. 

 

The SST in the Coatzacoalcos region (Figure 16a) showed seasonality, with values spanning 25-30°C over 

the sampling year. The SSHns data (Figure 16b) showed values ranging from approximately -20 cm to 10 

cm.  
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Negative values observed during the summer of 2016 likely indicate the presence of the semi-permanent 

Campeche gyre. In winter, we observed greater variability, probably influenced by the cyclonic gyre and 

temperature changes. 

Salinity (Figure 16c) consistently ranges from 35 to 37 units throughout the year. Brief dips to around 35 

units occurred in October and December 2016. Despite the rainy season in the summer months, which 

would typically lead to a higher influx of freshwater from the Grijalva-Usumacinta River complex, no 

significant salinity change is observed. 

The wind speed data (Figure 16d) was collected from a buoy located at a moderate distance from the 

sampling station. Nevertheless, it demonstrated relative constancy throughout the year, with an increase 

during the winter season. 

Chlorophyll-a concentrations (Figure 16e) exhibited significant variability, especially during the summer of 

2016, with a concentration of ~0.35 mg m⁻³. This was followed by a decline in late summer and autumn, 

stabilizing around 0.10 mg m⁻³. A second peak occurred, reaching roughly 0.45 mg m⁻³, and persisted until 

February 2017. Afterward, chlorophyll-a concentrations decline, oscillating around 0.15 mg m⁻³ for the 

remainder of the time series. 

The behavior of NPP (Figure 16f) closely mirrors the fluctuations in chlorophyll-a concentration, with 

values ranging from 300 mg C m⁻² d⁻¹ to a peak of ~800 mg C m⁻² d⁻¹ during winter. Satellite-derived POC 

(Figure 16g) showed a pattern similar to chlorophyll-a and NPP, with lower concentrations in late winter 

of ~30 mg m⁻³. The highest values were observed in August 2016 and winter 2017, reaching ~110 mg m⁻³ 

during both periods. 

Figure 17 shows chlorophyll-a concentration and current patterns for Coatzacoalcos, highlighting the two 

largest fluxes. In the left pair of images (Figure 17a and Figure 17c) showed the first peak in organic carbon 

at nearly 50 mg m⁻²d⁻¹, and a significant increase in chlorophyll-a concentration is observed in the region. 

The currents, though not entirely clear, seem to flow east-to-west across the continental shelf, dispersing 

chlorophyll-a offshore near our study area, indicating the current's important role in chlorophyll-a 

distribution and thereby in the particulate organic carbon fluxes. 
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Figure 16. Time series of different variables potentially associated with the organic carbon fluxes in the sediment 
traps. The variables presented on a top-to-bottom include SST, SSHns, SSS, wind speed, Chlora, NPP and POC from 
Coatzacoalcos. 

 

During the second pulse episode observed in winter (Figures b and 17d), with particulate organic fluxes 

~25 mg m⁻² d⁻¹, we could observe the formation of the semi-permanent Campeche cyclone. The cyclone's 

outer periphery redistributed chlorophyll-a near the continental shelf, transporting it offshore, just above 

the trap.  

However, it is discernible that the eddy has undergone a modification, indicating a potential decrease in 

its intensity, leading to less chlorophyll-a being swept away and a reduced flow toward the sediment trap. 
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Figure 17. Spatial distribution of chlorophyll-a and currents (black arrows) corresponding to organic carbon flux 
peaks. Numbers indicate cup samples within the Coatzacoalcos (red rectangle). 

3.4 Discussion 

Organic carbon fluxes in the Perdido region and Coatzacoalcos showed temporal variability, though with 

distinct patterns and magnitudes. In the Perdido region, notable peaks occur during September-October 

2016 and March-April 2017 (Figure 12). In Coatzacoalcos, two prominent pulses were observed in summer 

and winter (Figure 15). 

In the oligotrophic subtropical gyres, low flux values are attributed to strongly stratified, nutrient-depleted 

upper waters, resulting in low primary production rates. Contributing factors include organic matter 

degradation, variations in the ocean's mixed layer depth, and the impacts of physical mixing, such as 

surface wind stress and eddies. In the GoM, we similarly observed consistently lower organic carbon fluxes 

during late summer in the Perdido region and Coatzacoalcos (Figure 12 and Figure 15), suggesting that 

these low fluxes could be influenced by similar low primary production in the surface waters. 
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The POC isotopic composition in the Perdido region revealed distinct low values during the first pulse in 

the summer of 2016 and the third pulse in February 2017, averaging -24.24‰ and -24.37‰, respectively. 

These values suggest contributions from specific sources, as rivers typically range from ~-24‰ to -28‰ 

(Kendall et al., 2001), and hydrocarbons are often around -25‰ or lighter (Silverman & Epstein, 1958 and 

Freeman et al., 1990). The observed isotopic composition is lighter than the expected open sea range of 

~-21‰ to ~-23‰ (Goericke & Fry, 1994), indicating that other local sources, likely influence the region’s 

isotopic signature. Further studies are needed to quantify their relative contributions 

The median total value from the sediment trap was -23.67‰, indicating a consistent phenomenon that 

deviates from open sea conditions. These relatively lower values could be interpreted as the imprint of 

the Suess effect that lowers the 13C of the surface DIC through the dissolution of atmospheric CO2 in 

surface waters, although we cannot rule out the influence of continental sources of carbon on the Perdido 

region's surface waters carbon isotopic composition. 

Notably, the particulate organic carbon isotopic compositions observed during these pulse events exhibit 

higher dispersion, likely due to the inherent variability of the sources and drivers of organic carbon in this 

region. This variability results in fluctuations among individual samples, particularly noticeable when 

values deviate significantly towards lighter isotopic signatures implying a stronger continental source of 

variability. 

In the Perdido region during the initial organic carbon pulse, most likely remnants of the anticyclone that 

flowed over the continental platform swept nutrients and chlorophyll-a offshore from the continental 

shelf, advecting these nutrient and chlorophyll-rich waters to the study area (Figure 14). The proximity 

between the first and second points suggests a delay in the fluxes of organic carbon. In December 2016, 

the interaction between the anticyclonic gyre and the continental shelf drove the advection of the 

chlorophyll-rich plume offshore and over our sediment trap. 

The lower SSTs observed regionally in February 2017 played a significant role in increasing the organic 

carbon flux observed during this period. This suggests that temperature and, most likely, the deepening of 

the mixed layer, along with other factors, contributed to this phenomenon. However, the effectiveness of 

this transport was notably reduced in January 2017. 

During the last three sampling periods in the Coatzacoalcos trap, carbon isotopic compositions showed 

anomalously heavy values (-22.54‰ to -22.81‰) with low organic carbon fluxes during late summer, 
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resembling open ocean stable isotopic composition values, implying minimal continental influence during 

low organic carbon flow periods. 

The C: N ratios also displayed regional differences. In Perdido, the C: N ratios varied from 5 to 11, with a 

median of 8, showing elevated values during the organic carbon flux peaks and the lowest values in the 

summer of 2017. Coatzacoalcos, on the other hand, had a more stable C: N ratio with a median of 8 but 

with increased variability during winter and a significant drop in late spring. 

In the Perdido region, the C: N ratio reached relatively high values of 9.79 and 9.23 during the first and 

third episodes, respectively, suggesting continental influence or refractory carbon. In Coatzacoalcos, the 

median C: N ratio was also around 8, within the interquartile range for both episodes. Notably, during 

periods of lowest flux, its behavior resembled that observed in the Perdido region. 

Regarding the δ¹⁵N values in PR had a median of 3.65‰ and showed significant fluctuations, particularly 

in the summer of 2017, reaching values as high as 6‰ before declining. In Coatzacoalcos, the δ¹⁵N values 

were more stable with a median of 3.32‰, with a notable shift towards heavier values in late spring. 

During periods of elevated organic carbon flux in the PR, nitrogen isotopic values consistently fluctuated 

within the interquartile range, ranging from 3.51‰ to 3.95‰. Values slightly below the first quartile 

indicated a lighter isotopic composition. Surface water nitrogen isotope values in the GoM typically fall 

between ~3.5‰ and ~5‰ (Howe et al., 2020). The values reported from both regions fall mostly within 

these broad boundary values. While in the Coatzacoalcos region, the variability is low, except for the last 

values in the PR, the variability is slightly higher around the median, probably influenced by inputs from 

agricultural fertilizers and other continental sources (Sigman & Fripiat, 2019). Synthetic fertilizers have a 

narrow δ¹⁵N range of around 0‰, with most values between -2‰ and 2‰ (Bateman & Kelly, 2007). While 

these values suggest a continental influence, other processes like N fixation by nitrogen fixers in the 

surface ocean may play a small contribution, with typical values between 0.0‰ and 2.0‰ (Sigman & 

Fripiat, 2019). 

Similar patterns were observed in Coatzacoalcos, where nitrogen isotopic values cluster around the 

median during both high-organic carbon periods, showing slight decreases in the first period. Overall, the 

data series exhibited stable variability except for the final periods, with the PR showing a fast alternation 

with distinctly higher and very low values and, in Coatzacoalcos, significantly heavier values at the end of 

the sampling period. The heavier values could result from the depletion of N in the surface ocean, 
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highlighted by the very low Corg values, and the return to light values at the end of the time series may 

imply a brief period of nitrogen fixation in the Perdido region. 

Environmental variables, such as the SST, SSHns, salinity, wind speed, chlorophyll-a, NPP, and POC, further 

showed the similarities and differences between the two regions. In the case of the SSTs both regions 

showed maximum during summer months, implying a highly stratified surface ocean briefly stirred by 

mesoscales eddies associated with low PP values and low POC export fluxes. Cooling during winter months 

promotes a deeper mixed layer, which eventually is stirred by the northern winds “Nortes”, leading to the 

injection of nutrients and higher primary productivity and, consequently, higher POC export fluxes in both 

regions. The lowest POC fluxes to the traps are consistently observed in both regions during the transition 

from spring into summer, probably implying the complete utilization of nutrients after the winter bloom 

period. However, there are two prominent organic carbon pulses happening during late summer, which 

cannot be readily explained by the seasonality of SSTs or the wind regime. 

SSHns track mesoscale circulation, and the spatial distribution of surface chlorophyll highlights the 

importance of mesoscale oceanographic processes in both regions, influencing the distribution and flux of 

organic carbon. In the Perdido region, the interaction of an anticyclonic eddy with the continental platform 

during August redistributed chlorophyll-a and organic carbon over the shelf and probably nutrients, 

sweeping them from the shelf environments offshore, generating as could be seen from the circulation 

features showing a strong offshore flow during July and August. In the Coatzacoalcos region, the SSHns and 

current flow in July showed a strong flow over the Tabasco shelf, sweeping surface chlorophyll-a offshore 

over the trap location, further reflected in the high organic carbon fluxes during that month in the trap 

samples (Figure 14 and Figure 17). 

The comparison between the Perdido region and Coatzacoalcos highlights the complexity and variability 

of organic carbon fluxes in the GoM. Fluxes of organic carbon to the traps in both regions are partially 

controlled by the SSTs, and wind seasonality is on top of the interaction between the mesoscale eddies 

with the continental shelf rich in chlorophyll and nutrients sweeping them offshore for hundreds of km. 

In Table 8, we show data from sediment traps reported by Honjo et al., 2008 near 1000 m depth across 

various study areas highlighting the variability and insights into biogeochemical processes. Organic carbon 

flux values range from the high value of 6.132 g m⁻² yr⁻¹ at Greenland Sea (Trap ID: I-3) to 0.204 g m⁻² yr⁻¹ 

at the low-productivity mid-gyre region in Hawaii (Trap ID: P-42). In the current study, the PR showed 

median values around 3.114 g m-2 yr-1 and slightly higher for Coatzacoalcos, 3.878 g m-2 yr-1. These values 
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are relatively high compared to other regions, particularly Coatzacoalcos. These median values were 

clearly influenced by high organic carbon pulses observed during mid to late summer in both regions, 

suggesting the relevance of the geographic location of the traps, which are relatively close to eutrophic 

shelf environments coupled with the mesoscale circulation features that transfer organic carbon and 

nutrients from shelf environments offshore. These data can refine carbon export models and improve 

understanding of how ocean processes like mesoscale eddies control carbon transfer from the surface 

coastal to the deep ocean. 

The elevated export of particulate organic carbon in the Perdido region and Coatzacoalcos reflects regional 

variability in carbon fluxes. Mesoscale processes and the interaction with continental shelf drive the 

offshore transport of nutrients and Chla to slope and deep-water regions, generating pulses that set the 

GoM apart from other oligotrophic regions (Table 8). Mesoscale processes, such as eddies and the 

continental platform, play a crucial role in redistributing nutrients from the continental shelf to deeper 

waters, influencing primary production, and thereby affecting the export of organic carbon to the deep 

ocean (Williams & Follows, 2003). This effect was observed in Figure 14 and Figure 17. 

Based on the POC differences observed between 1000 and 2000 m depths in the data from Honjo et al. 

(2008), it was determined that approximately 55% of the organic carbon present at 1000 m reaches 2000 

m. Assuming this same fraction applies to our measurements, we calculated the theoretical organic carbon 

fluxes at 2000 m based on the values recorded at 1000 m in our sediment traps. The resulting fluxes were 

1.71 g m² yr⁻¹ in the Perdido region and 2.13 g m² yr⁻¹ in Coatzacoalcos, which are consistent with the 

average values reported by Rixen et al., (2019) (Figure 18). 

Although the fluxes have been evaluated as average according to the levels proposed by Rixen et al., 

(2019), if the pulse-induced fluxes (marked with * in Table X) are excluded, the adjusted values are 0.77 g 

m² yr⁻¹ for the Perdido region and 1.02 g m² yr⁻¹ for Coatzacoalcos. Despite the significant decrease in flux 

values when these pulses are removed, the results still fall within the average range. This may be attributed 

to the relative proximity of the sediment traps to the continental platform and the influence of continental 

shelf nutrient input in both regions. 
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Table 8. Organic carbon fluxes comparison with global data and other oligotrophic regions. 

Trap 
ID 

Location 
FCorg 

(g m-2 yr-1) 
Depth 

(m) 
References 

 Latitude Longitude    

PR 25.431 96.072 3.114 1000 (this study) 

Coatz 19.386 94.059 3.878 1000 (this study) 

A-5 70 0 1.812 1000 Von Bodungen et al., (1995) 

A-6 70 0 1.728 1000 Von Bodungen et al., (1995) 

A-7 70 0 3.06 1000 Von Bodungen et al., (1995) 

A-15 -12.8 93 3.372 1020 
Scholten et al., (2001) and 
Antia et al., (2001) 

A-20 47.8 -19.8 0.84 1030 
Kuss & Kremling, (1999) and 
(Scholten et al., (2001) 

A-25 47.7 -20.9 1.548 1018 Honjo et al., (1992, 1993) 

A-28 33.8 -21 0.936 1070 Honjo et al., (1992, 1993) 

A-31 33 -22 0.516 1050 Scholten et al., (2001) 

A-36 29.1 -15.4 0.444 1021 
Scholten et al., (2001) and 
Neuer et al., (1997) 

A-45 1.8 -11.3 2.796 953 
Fischer & Wefer, (1996) and 
Wefer & Fischer, (1993) 

A-46 -2.2 -10.1 1.2 1068 
Fischer & Wefer, (1996) and 
Wefer & Fischer, (1993) 

P-5 53 149 1.488 1061 Honjo (1996) 

P-10 50 -145 4.824 1000 Wong et al., (1999) 

P-11 50 -145 2.952 1000 Wong et al., (1999) 

P-12 50 -145 1.656 1000 Wong et al., (1999) 

P-13 50 -145 1.74 1000 Wong et al., (1999) 

P-14 50 -145 2.4 1000 Wong et al., (1999) 

P-27 40 165 1.536 953 Honda, 2001 

P-28 40 165 2.196 950 Honda, 2001 

P-42 15.4 -151.5 0.204 978 Honjo, (1982) 

S-5 -56.9 -170.2 1.692 982 Honjo et al., (2000) 

S-6 -60.3 -170.1 2.34 1003 Honjo et al., (2000) 

S-7 -62 73 0.924 1000 Pilskaln, 2004 

S-11 -63.1 -169.9 2.484 1031 Honjo et al., (2000) 

S-13 -66.2 -168.7 1.944 937 Honjo et al., (2000) 

I-1 17.7 57.9 4.14 998 Honjo et al., (1999) 

I-3 17.4 58.8 6.132 903 Honjo et al., (1999) 
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Table 9. Organic carbon fluxes in Coatzacoalcos and Perdido region 

  Coatzacoalcos   Perdido region 

Start date End date Bottle ID FCorg  FCorg (55%) Bottle ID FCorg  FCorg (55%) 

(mm/dd/yyyy)  (mgCorg/m2 * 18 days)   (mgCorg/m2 * 18 days)  

6/16/2016 7/3/2016 C1 97.19 53.45 - - - 

7/4/2016 7/21/2016 C2* 859.11* 472.51* - - - 

7/22/2016 8/8/2016 C3* 392.31* 215.77* P2* 312.70* 171.99* 

8/9/2016 8/26/2016 C4 163.31 89.82 P3* 390.46* 214.75* 

8/27/2016 9/13/2016 C5 179.37 98.65 P4 140.02 77.01 

9/14/2016 10/1/2016 C6 96.92 53.31 P5 147.17 80.95 

10/2/2016 10/19/2016 C7 47.08 25.90 P6 107.04 58.87 

10/20/2016 11/6/2016 C8 157.79 86.79 P7 160.34 88.19 

11/7/2016 11/24/2016 C9 139.43 76.69 P8 130.47 71.76 

11/25/2016 12/12/2016 C10* 383.28* 210.8* P9* 229.44* 126.19* 

12/13/2016 12/30/2016 C11* 394.29* 216.86* P10 113.26 62.29 

12/31/2016 1/17/2017 C12 212.52 116.88 P11 136.74 75.20 

1/18/2017 2/4/2017 C13 209.27 115.10 P12* 301.62* 165.89* 

2/5/2017 2/22/2017 C14 125.64 69.10 P13* 328.49* 180.67* 

2/23/2017 3/12/2017 C15 64.84 35.66 P14 190.09 104.55 

3/13/2017 3/30/2017 C16 32.33 17.78 P15 54.70 30.08 

3/31/2017 4/17/2017 C17 28.60 15.73 P16 36.04 19.82 

4/18/2017 5/5/2017 C18 19.21 10.57 P17 36.54 20.10 

5/6/2017 5/23/2017 C19 19.28 10.61 P18 37.72 20.75 

5/24/2017 6/10/2017 C20 152.55 83.90 P19 57.65 31.71 

6/11/2017 6/28/2017 C21 104.10 57.25 P20 20.61 11.33 

6/29/2017 7/16/2017 - - - P21 34.35 18.90 

*Pulses of organic carbon fluxes in the sediment traps.
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Figure 18. Annual mean organic carbon fluxes adjusted to a water depth of 2000m versus latitude (upper panel) at 
the trap locations depicted in the lower panel. Color coding is arbitrary and highlights high carbon fluxes in the 
Arabian Sea. The data are from (Honjo et al., 2008) and include also records discussed here. The red lines on the map 
indicate major coastal upwelling systems. Yellow and red triangles indicate organic carbon fluxes at the Perdido and 
Coatzacoalcos sediment trap in the GoM (Image modified from Rixen et al., 2019). 
 

These values may be classified as average due to the influence of pulses in both regions, generated by 

mesoscale processes or continental input. The calculations were based on the global compilations, with a 

comparison between sediment traps at 1000 m and 2000 m depths (Honjo et al., 2008). 

To determine the linear relationship between variables and relate them with the particulate organic 

carbon fluxes in the trap, we performed a multiple linear regression, considering SST and chlorophyll-a as 

independent variables for each region. 
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For the PR, the analysis provided the following model for particulate organic carbon fluxes (Equation 2): 

 𝐶𝑜𝑟𝑔𝐹𝑙𝑢𝑥𝑃𝑅 =  −0.0828 ∗ 𝑆𝑆𝑇 − 287.554 ∗ 𝐶ℎ𝑙𝑎 + 12.0277 ∗ (𝑆𝑆𝑇 ∗ 𝐶ℎ𝑙𝑎) (2) 

The coefficient of determination (R2) for this model is 0.8705, indicating that approximately 87.05% of the 

variability in the particulate organic carbon fluxes can be explained by the SST with a 30-day lag and Chla 

with a 7-day lag. The model's p-value <0.05, shows that the regression is statistically significant. 

Normality, homoscedasticity, and the absence of autocorrelation represent fundamental assumptions in 

regression models. Normality underpins the validity of parametric tests and the reliability of confidence 

intervals, while homoscedasticity ensures that the variance of residuals remains consistent across different 

levels of the independent variables, thereby reinforcing the model’s stability (Khaled et al., 2019; Paul & 

Zhang, 2010). Moreover, the absence of autocorrelation confirms the independence of residuals, which is 

imperative for obtaining unbiased parameter estimates (Harris, 2019). Understanding these parameters is 

essential because they validate the underlying assumptions of statistical models, ensuring that the 

conclusions drawn are reliable and robust. 

To check for multicollinearity, we calculated the Pearson correlation coefficient between the independent 

variables SST and Chla, which was -0.4317. This value suggests a moderate negative correlation between 

the predictors. 

The normality of the residuals was assessed using the Shapiro-Wilk test, which yielded a W statistic of 

0.9174 and a p-value of 0.1012. This result indicates that the residuals are approximately normally 

distributed, as the p-value is greater than 0.05. 

The Durbin-Watson test (DW) was used to check for autocorrelation among the residuals. The DW statistic 

was 1.7933 with a p-value of 0.356. Since the DW statistics are close to 2, there is little to no 

autocorrelation in the residuals. 

Homoscedasticity was evaluated using the Breusch-Pagan test (BP), which resulted in a BP value of 1.5725 

and a p-value of 0.4556. This indicates that the variance of the residuals is constant across levels of the 

independent variables, as the p-value is well above 0.05. 

The multiple linear regression analysis for the Coatzacoalcos region produced the following model for 

particulate organic carbon fluxes (Equation 3): 
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 𝐶𝑜𝑟𝑔𝐹𝑙𝑢𝑥𝐶 =  −0.3157𝑆𝑆𝑇 − 269.7562 ∗ 𝐶ℎ𝑙𝑎 + 13.4977 ∗ (𝑆𝑆𝑇 ∗ 𝐶ℎ𝑙𝑎) (3) 

The R2 for this model is 0.8836, and the p-value <0.05, showed a strong statistical significance. To assess 

multicollinearity, we calculated the Pearson correlation coefficient between SST with 30-day lag and Chla, 

which was 0.0375, suggesting a very weak positive correlation between the independent variables. 

The normality of the residuals (W) is 0.9709, with a p-value of 0.7742. This indicates that the residuals are 

normally distributed, as the p-value is greater than 0.05. The DW test is 2.1839 with a p-value of 1, 

suggesting there is no autocorrelation in the residuals. Homoscedasticity was evaluated with the BP test, 

resulting in 6.2509 and a p-value of 0.0439, indicating a slight presence of heteroscedasticity, as the p-

value is just below the 0.05 threshold. 

The models for both regions demonstrated a strong relationship between particulate organic carbon fluxes 

and the independent variables (SST and Chla). The coefficients for SST and Chla in both regions indicate 

their respective impacts on particulate organic carbon fluxes. Notably, the interaction term is positive and 

significant in both models, suggesting that the combined effect of SST and Chla are important in predicting 

organic carbon fluxes. 

These results indicate that SST and Chla significantly influence particulate organic carbon fluxes in our study 

areas, though their effects vary between regions. The high R² values for both models confirm that SST and 

Chla are key controlling variables, accounting for much of the observed variability. 

In the Perdido region, the negative correlation between SST and Chla suggests an inverse relationship, 

where lower SSTs coincide with higher chlorophyll concentrations. This pattern likely reflects enhanced 

primary productivity in cooler waters, most likely with a deeper mixed layer and input nutrients to the 

photic zone, where phytoplankton growth is favored, leading to increased organic carbon production and 

export to deeper waters. 

While in Coatzacoalcos, the correlation between SST and Chla is weaker, suggesting a more complex 

interaction. Here, each variable appears to influence carbon fluxes independently rather than through a 

direct inverse relationship. This may indicate that additional factors, such as mesoscale eddies' dynamic 

forcing and their interactions with nutrient-rich shelf waters and offshore transport processes, increase 

nutrient availability in the deeper GoM waters and play a more prominent role in regulating biological 

productivity and carbon export. 
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The contrast between these regions highlights the influence of local oceanographic conditions on carbon 

flux dynamics. While SST and Chla are consistently important, their specific interactions with organic 

carbon fluxes appear to be region-dependent. The Perdido region shows higher amplitude seasonal SST, 

and deeper mixed layer depth cycles where the interaction with mesoscale eddies plays a lesser role, in 

contrast to the Coatzacoalcos region where a dampened seasonal SST cycle allows for an increased 

importance of mesoscale and offshore transport processes, pointing to the need for further investigation 

into other underlying processes shaping these patterns. 

In conclusion, this chapter highlights the temporal variability of organic carbon fluxes in the Perdido and 

Coatzacoalcos regions, marked by significant pulses during two distinct periods. The analysis suggests that 

both regions experience organic carbon flux influenced by mesoscale eddies, temperature changes, and 

possibly continental sources. 
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Chapter 4.  Spatial and temporal variability of the accumulation 

of organic carbon in the sediments 

4.1 Introduction 

The accumulation of organic carbon in marine sediments plays a crucial role in the global carbon cycle, 

acting as a long-term sink for atmospheric carbon dioxide and influencing the overall health of marine 

ecosystems (Hedges & Keil, 1995). In the Gulf of Mexico, the spatial and temporal variation in organic 

carbon accumulation is influenced by a complex interplay of biological, carbon primary productivity, water 

column dynamics, export productivity, utilization during the water column transfer, sedimentation rates, 

and hydrodynamic conditions (Müller-Karger et al., 2015). Quantifying the accumulation of organic carbon 

in deep-sea sediments is key to understanding its role as a sink of the global carbon cycle and its potential 

change in magnitude and direction due to global climate warming and anthropogenic activities. Marine 

sediments are an important reservoir of carbon regulating climate change by effectively sequestering 

organic carbon on millennial to million years’ time scales (Berner, 2003; Burdige, 2007). Recent studies 

emphasize the need to quantify carbon sinks and understand the influence of natural and emerging 

anthropogenic processes across different time scales (Middelburg, 2018). 

Spatially, the distribution of organic carbon in sediments is highly heterogeneous in the GoM, with higher 

concentrations typically found in areas of high primary productivity and low-energy environments where 

fine particles can settle (Bianchi et al., 2002). Regions near river mouths and coastal areas usually exhibit 

a high accumulation of organic carbon due to terrestrial inputs and greater availability of nutrients (Goñi 

et al., 2003). 

Seasonal to interannual variability SSTs, light availability, and nutrient fluxes control primary productivity 

patterns, and, consequently, the export of organic matter to depth until the organic matter reaches the 

sea floor (Lohrenz et al., 1999). Episodic events such as storms, hurricanes, and mesoscale eddies can 

further influence the deposition and resuspension of organic carbon in sediments (Allison et al., 2012). 

In the abyssal region of the Gulf of Mexico, these processes are compounded by the complex interplay of 

deep-water currents and topographical features, which can create localized areas of enhanced or reduced 

sediment accumulation (Ward, 2017). Understanding the patterns and drivers of organic carbon 
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accumulation in this region is essential for predicting how these deep-sea environments respond to natural 

and anthropogenic changes. The objective of this chapter is to characterize the organic carbon 

accumulation in the deep-sea sediment in the GoM. 

4.2 Materials and methods 

4.2.1 Sampling 

The sediment samples in Figure 19 were collected using a Soutar-type box core and a multicore, each of 

the cores having an average length of 35 cm. These corers penetrate the sediments by gravity, aided by 

weights positioned at both sides of the box corer, or on the structural top of the multicorer. As the winch 

on the ship pulls up these corers, a blade closes the box corer from beneath, and the upper lid closes at 

the same time to ensure it does not leak out during ascent to the surface, in the multicorer; a top and 

bottom lids close each of the cylindrical acrylic tubes during the retrieval. In both cases, the penetration 

into the sediments and the subsequent closure mechanisms are designed to ensure an optimal 

preservation of the sediment-water interface. 

 

Figure 19. Map showing sediment sample stations collected during XIXIMI's cruises in black dots, with sediment trap 
locations indicated by red dots. 
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4.2.2 Sampling, processing, and chemical analysis 

During the seven XIXIMI cruises from 2010 until 2019, we were able to collect a total of 66 sediment cores 

from 41 stations. All these stations are represented in Figure 19, where the red-filled dots mark the 

location of the sediment traps of the Perdido region in the northwestern GoM and Coatzacoalcos to the 

south. 

On board the ship, sediment cores were sectioned at intervals of 1 cm intervals for the upper 5 to 6 cm 

and the rest of the core usually was sampled at 2 cm resolution. The samples were stored and frozen 

during the cruise and were kept frozen until they arrived in the refrigerated facilities at CICESE. Once in 

the lab, these samples were weighed, freeze-dried, and weighed again to derive the water content and 

the dry weight. The sediment slices were then subsampled, manually grounded into fine powder in Agatha 

mortar, and from the ~150 mg, an aliquot was encapsulated for subsequent elemental analysis of organic 

carbon and nitrogen and the stable isotopic determinations of carbon and nitrogen in an elemental 

analyzer coupled to a continuous flow mass spectrometer. 

For the determinations of organic carbon concentrations and their isotopic signatures, aliquots were first 

treated with a 1N HCl solution to dissolve calcium carbonate (CaCO3). Deionized water was used to rinse 

the residue, followed by centrifugation to eliminate the supernatant. The remaining sediments were dried 

in an oven at 25°C and then encapsulated in tin capsules for further analysis in the Stable Isotope 

Laboratory at CICESE. 

4.2.2.1 Measurement of organic carbon and its isotopic composition 

Organic carbon concentrations, along with their isotopic compositions (δ13C), were determined on a 

Costech® CHN analyzer coupled to a Thermo Scientific DeltaV plus Advantage® isotope ratio mass 

spectrometer at the Stable Isotope Laboratory at CICESE. Organic carbon concentrations are reported as 

µg and isotope ratios were expressed in standard δ-notation relative to Pee Dee Belemnite (v PDB) for the 

δ13C via laboratory standards calibrated to international certified reference standards, USGS40, and 

Sucrose. The average precision from certified values over the period of the analysis was ±0.06‰ for δ13C. 

The organic carbon concentrations were corrected for the carbonate removal to report the organic carbon 

as a percent of total sediment. 
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4.2.2.2 Sediment dating (AMS 14C) 

To calculate the sedimentation rates, we used planktic foraminifera for AMS 14C dating purposes. 

Approximately 1500 specimens were picked from selected levels at the Paleoceanography Lab in CICESE, 

yielding 1-2 mg of carbon suitable for dating. For cores obtained during XIXIMI cruises 1, 2, and 3, AMS 14C 

dating was conducted at the University of Arizona AMS Laboratory. Cores from XIXIMI cruises 4, 5, 6, and 

7 were dated at the Keck Carbon Cycle AMS Facility at the University of California, Irvine (Díaz-Asencio et 

al., 2019). 

4.2.3 Data analysis 

The accumulation of organic carbon is derived from sedimentation rates (Sm), the physical parameters of 

the sediments, and the relative concentration of organic carbon in the sediments (Calvert, 1987). 

The organic carbon accumulation rates (OCAR) in the sediments are derived from the product of organic 

carbon percentage with the mass accumulation rates for a quantitative understanding of organic carbon 

accumulation in the sediment and indirectly on the utilization of organic carbon by the benthos on the sea 

floor at different times and space scales. The mass accumulation rates are multiplied by organic carbon 

concentration to obtain the organic carbon accumulation in the sediment. 

We used the following equation to derive the carbon accumulation rates: 

 𝑂𝐶𝐴𝑅𝑆𝑒𝑑 = 𝑀𝐴𝑅𝑆𝑒𝑑  ×  𝑂𝐶𝑆𝑒𝑑 (1) 

Where OCARSed is the organic carbon accumulation rate of sediments (g m-2yr-1), MARSed is the mass 

accumulation rate (g m-2yr-1) of deep-sea sediment fluxes. The MARSed is calculated from the dry bulk 

density (DBDSed) and the mean sedimentation rates (MSRSed) (Equation 5): 

 𝑀𝐴𝑅𝑆𝑒𝑑 = 𝐷𝐵𝐷𝑆𝑒𝑑  ×  𝑀𝑆𝑅𝑆𝑒𝑑  (2) 

Where the units of the DBDSed are calculated as the dry mass of each sediment subsample divided by its 

bulk volume in the sampling cylinder, expressed in grams per cubic centimeter. The MSRSed units are in cm 

kyr-1. To estimate it, the sediment age is determined by the slope derived from the relationship between 
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14C and the sediment depth. The OCSed is the organic carbon concentration in sediments (%) and is 

determined with the methodology previously explained. 

4.3  Results 

4.3.1 Spatial distribution maps 

The dry bulk density was calculated as the dry mass of each sediment subsample divided by its bulk volume 

in the sampling cylinder, expressed in grams per cubic centimeter (Brooks et al., 2015). DBD data from 

Díaz-Asencio et al. (2020 and 2023) are used in this study, to which we have added a few more cores (
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Table 10). 

 

Figure 20. Mean dry bulk density from the abyssal region, black dots represent the sediment stations. 

 

The black dots in Figure 20 represent the sediment stations and show the distribution of DBD in the abyssal 

region. Warm colors indicate areas with the highest DBD, whereas stations near the continental slopes 

exhibit the lowest DBD values.  
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Table 10. Sediment core’s locations, characteristics, and organic carbon accumulation rates. 

 

Core id. Long. Lat. 
Bott. 

Depth 
DBD Depth OC Sm MAR OCAR 

(cruise-St) (east) (north) (m) (g cm-3) (cm) (%) (cm kyr-1) (g m-2yr-1) (g m-2yr-1) 

      Ave. u Ave. u Ave. u Ave. u 

XI5-A3 -94.013 25.050 3685 0.54 0-1 0.647 0.001 5.5 0.1 31 0.1 0.201 0.006 

XI5-A5 -92.010 25.124 3513 0.57 0-1 0.454 0.000 6.9 0.1 41 0.1 0.186 0.005 

XI5-A8 -89.053 25.124 3477 0.6 0-1 0.673 0.001 7.1 0.3 41 0.2 0.276 0.013 

XI3-A8a -88.983 25.010 3488 0.6 0-1 0.862 0.001 7.5 0.7 46 0.4 0.396 0.034 

XI6-B12 -95.123 24.060 3508 0.61 0-1 0.539 0.001 7.5 0.7 48 0.2 0.259 0.011 

XI2-B13 -93.749 24.006 3739 0.59 0-1 0.753 0.001 5.8 0.8 36 0.5 0.271 0.038 

XI4-B14 -92.317 24.004 3734 0.59 0-1 0.556 0.001 8.8 0.5 52 0.6 0.289 0.033 

XI1-B16 -89.986 24.006 3727 0.65 0-1 0.631 0.001 6 0.7 40 0.4 0.252 0.025 

XI5-C22 -94.557 22.988 3717 0.53 0-1 0.433 0.000 6.6 1.6 42 0.9 0.182 0.039 

XI6-C22 -94.519 23.015 3727 0.65 0-1 0.478 0.000 6.5 0.2 44 0.2 0.211 0.010 

XI7-C22 -94.495 22.993 3729 0.58 0-1 0.600 0.001 7.2 2.1 45 0.4 0.270 0.024 

XI1-C22a -95.028 23.021 3547 0.62 0-1 0.599 0.001 5 0.3 32 0.2 0.192 0.012 

XI3-C23 -92.985 22.998 3741 0.51 0-1 0.607 0.001 6.5 1.8 35 1 0.212 0.061 

XI7-C23 -93.003 22.998 3739 0.51 0-1 0.661 0.001 8.6 0.7 45 0.2 0.298 0.013 

XI3-C24 -92.018 22.489 3551 0.6 0-1 0.954 0.001 5.4 0.4 34 0.3 0.324 0.029 

XI1-C25 -91.015 23.018 3801 0.65 0-1 0.727 0.001 7.3 0.8 49 0.5 0.356 0.036 

XI5-D28 -95.060 21.984 3721 0.54 0-1 0.756 0.001 6.8 0.6 38 0.4 0.287 0.030 

XI3-D29 -94.004 21.997 3559 0.63 0-1 0.888 0.001 5.7 2.3 38 1.5 0.338 0.133 

XI7-D29 -94.012 21.992 3564 0.63 0-1 0.705 0.001 6.5 2.7 43 1.8 0.303 0.127 

XI3-D30a -93.491 21.872 2960 0.55 0-1 0.770 0.001 6.7 0.1 38 0.1 0.293 0.008 

XI1-D30 -93.033 21.972 3546 0.55 0-1 0.936 0.001 7.2 0.2 41 0.1 0.384 0.009 

XI6-E33 -94.509 21.484 3431 0.54 0-1 0.787 0.001 8.8 0.1 55 0.4 0.433 0.031 

XI7-E33 -94.498 21.497 3435 0.54 0-1 0.833 0.001 11 0.1 62 0.4 0.517 0.033 
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Table 11. Continued 

 

Core id. Long. Lat. 
Bott. 

Depth 
DBD Depth OC Sm MAR OCAR 

(cruise-St) (east) (north) (m) (g cm-3) (cm) (%) (cm kyr-1) (g m-2yr-1) (g m-2yr-1) 

      Ave. u Ave. u Ave. u Ave. u 

XI5-TS1 -95.541 25.741 1355 0.48 0-1 0.675 0.001 6.8 0.3 34 0.1 0.230 0.007 

XI7-TS1a -95.591 26.010 2417 0.5 0-1 1.030 0.001 12.8 4.1 66 1.7 0.680 0.175 

XI7-B11 -96.001 24.014 2400 0.5 0-1 1.065 0.001 11.1 0.6 61 0.1 0.649 0.011 

XI1-B18 -86.752 23.999 1234 0.69 0-1 0.881 0.001 4.2 0.5 29 0.4 0.256 0.035 

XI5-B18 -86.727 23.977 1242 0.69 0-1 0.717 0.001 4.5 0.1 32 0.1 0.229 0.007 

XI6-B18 -86.892 24.054 1150 0.69 0-1 0.795 0.001 4.2 0.5 29 0.5 0.231 0.040 

XI7-B18 -86.806 24.004 1182 0.7 0-1 0.897 0.001 3.8 0.7 29 0.4 0.260 0.036 

XI2-C20 -96.720 23.019 1782 0.54 0-1 0.779 0.001 8.1 0.7 46 0.4 0.358 0.031 

XI4-E31 -96.527 21.508 1549 0.53 0-1 0.777 0.001 10.4 0.2 49 0.3 0.381 0.023 

XI7-F38 -94.003 21.008 2822 0.54 0-1 1.124 0.001 12.1 1.2 70 1 0.787 0.112 

XI1-F39 -92.927 21.017 2873 0.55 0-1 0.889 0.001 10.3 0.1 58 0.1 0.516 0.009 

XI4-G40 -95.998 20.485 1930 0.58 0-1 0.768 0.001 9.8 1.1 57 1 0.438 0.077 

XI3-H44 -96.018 20.029 1739 0.58 0-1 0.865 0.001 7.2 1.5 4 0.9 0.381 0.078 

XI1-H46 -95.010 20.022 2784 0.58 0-1 0.910 0.001 10.3 0.8 62 0.5 0.564 0.046 

XI1-A1 -95.603 25.023 2130 0.47 0-1 1.193 0.001 18.1 1.8 87 0.9 1.038 0.107 

XI6-D26 -97.127 22.025 966 0.54 0-1 0.783 0.001 22.8 1.4 126 0.8 0.987 0.063 

XI6-D27 -96.006 22.000 2722 0.64 0-1 0.679 0.001 17 4 110 4.3 0.747 0.292 

XI4-E34 -93.503 21.484 3146 0.55 0-1 1.195 0.001 23.6 3.7 131 3 1.566 0.359 

XI1-G44 -92.689 20.492 2240 0.54 0-1 1.374 0.001 14.3 1.6 79 0.7 1.085 0.096 

XI1-A5 -91.981 25.007 3480 0.57 0-1 0.731 0.001 6.4 0.9 38 0.5 0.277 0.039 

XI2-C22a -94.552 23.000 3711 0.62 0-1 0.585 0.001 5 0.3 32 0.2 0.190 0.011 

XI2-D28 -95.008 22.024 3383 0.54 0-1 0.664 0.001 7.7 3.8 43 2.1 0.286 0.141 

XI2-A3 -93.937 24.943 3684 0.54 0-1 1.012 0.001 5.5 0.1 31 0.1 0.314 0.006 
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Table 12. Continued 

 

  

Core id. Long. Lat. 
Bott. 

Depth 
DBD Depth OC Sm MAR OCAR 

(cruise-St) (east) (north) (m) (g cm-3) (cm) (%) (cm kyr-1) (g m-2yr-1) (g m-2yr-1) 

      Ave. u Ave. u Ave. u Ave. u 

XI4-C22 -94.564 23.008 3721 0.59 0-1 0.954 0.001 6.76 1.3 41 0.8 0.394 0.076 

XI4-G44 -92.631 20.525 2470 0.54 0-1 1.275 0.001 14.3 1.6 79 0.9 1.008 0.113 

XI4-H47 -94.018 20.000 1342 0.52 0-1 0.965 0.001 25 3.5 132 1.9 1.277 0.179 

XI4-H45 -95.609 19.987 2159 0.58 0-1 0.911 0.001 19.9 10.3 118 6.1 1.071 0.554 

XI4-A1 -95.539 25.009 2429 0.47 0-1 1.055 0.001 18.1 1.8 87 0.9 0.917 0.091 

XI4-A5 -92.010 25.124 3528 0.57 0-1 0.684 0.001 6.9 0.1 41 0.1 0.279 0.004 

XI5-B11 -95.946 24.058 2298 0.5 0-1 0.751 0.001 11.1 0.6 57 0.3 0.429 0.023 

XI5-G44 -92.517 20.536 2353 0.54 0-1 1.197 0.001 17.3 1.6 95 0.9 1.141 0.106 

XI6-G44 -92.503 20.512 2384 0.54 0-1 1.266 0.001 16.1 1.6 89 0.9 1.125 0.112 

XI6-H48 -93.023 20.020 1201 0.52 0-1 1.344 0.001 21.4 3.5 113 1.9 1.523 0.249 
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The MAR, derived from the DBD and MSR, many of them reported by Diaz-Asencio et al. (2020 and 2023) 

and complemented by additional data in this study are depicted in Figure 21 and Table 10. Generally, mean 

MARs are relatively low in the central abyssal plain. However, anomalously high values are observed in 

three regions, predominantly to the north of the Yucatan platform and the Campeche escarpment; in the 

southeastern region on the Campeche Knolls slope characteristic of its rough and irregular topography; 

and at the exit of an intricate mesh of submarine canyons. The abrupt topographic features on the 

Campeche Knolls are mostly controlled by the emerging diapiric structures on that slope generating abrupt 

topographies and relatively small and intricate canyons that control the highly variable sedimentation 

rates observed. 

 

Figure 21. Mass accumulation rates in the abyssal region of the GoM, black dots represent the locations of the 
sediment stations where average values were calculated. 

 

In Figure 22, we present the relative content of organic carbon in surface sediments. The data indicates 

elevated concentrations in stations located near the exit of large submarine canyons on the western 

continental slopes, and in the southern region on the foot of the Campeche Knolls and close to the 

Campeche Canyon. 

The OCAR in sediments, derived from the organic carbon percentage and mass accumulation rates, shows 

the organic carbon accumulation patterns on the surface sediments of the slopes and abyssal plain 

environments in the GoM. 
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Figure 22. Patterns of organic carbon relative content in surface sediment of the GoM. Black dots indicate sediment 
stations. 

 

The results represented in Figure 23, show the highest values to the south in the Campeche Knolls 

escarpment, with rates as high as 1.3 g m-2yr-1, and at the exit of the large canyon systems in the western 

slopes with values between 1 and 0.8 3 g m-2yr-1, while the rest of the GoM exhibits values below 1 g m-

2yr-1. 

 

Figure 23. Organic carbon accumulation rates in the deep-sea sediment of the GoM. 



 67 

4.3.1.1 Quantifying organic carbon storage in abyssal sediments 

The profiles of relative organic carbon content consistently showed decreasing concentrations with depth, 

particularly in the first 2-7 cm of the sediment’s column. This behavior implies the consumption of organic 

carbon by the benthic organisms in the upper core tops. For this analysis, we disregard bacterial 

consumption in the deeper sediment layers. By analyzing these sediment profiles, we can estimate the 

amount of organic carbon utilized in the uppermost sediment layer and distinguish it from the carbon 

preserved or buried in the geological record (Figure 24). 

To characterize carbon storage in the deep-sea sediments of the GoM, we chose the depth at which the 

OCAR profile reaches constant values. To achieve this more precisely, we employed the first derivative 

(Equation 6) to characterize the most labile and reactive organic carbon (y) with respect to depth (x) in the 

upper cm of each core. 

 𝑦′ =
𝑑𝑦

𝑑𝑥
=

∆𝑂𝐶𝐴𝑅

∆𝐷𝑒𝑝𝑡ℎ
=

𝑂𝐶𝐴𝑅𝑛+1 − 𝑂𝐶𝐴𝑅𝑛

𝐷𝑒𝑝𝑡ℎ𝑛+1 − 𝐷𝑒𝑝𝑡ℎ𝑛
 (6) 

 

 

Figure 24. Conceptual model of the buried organic carbon and the biodiffusive layer in the sediments. 

 



 68 

As illustrated in Figure 25, the shallowest depths of stabilization were typically observed in sediments on 

the southern abyssal plain and the deepest on the continental slopes. The accompanying histogram reveals 

that the most frequent depths were 3.5 cm, followed by 4.5 cm (Figure 26). 

 

Figure 25. Sediment mixed layer depth in cm or biodiffusion layer in the deep-sea sediments of the GoM. 

 

 

Figure 26. Histogram of the mixed layer depth or sediment biodifussive layer depths from the GoM. 

 

The mixing layer depth reported by Díaz-Asencio et al., (2019) ranges from 2.4 to 24.3 cm, with an average 

of 13.0 cm in the abyssal region. These values are comparable to those observed in the equatorial Pacific 

but higher than in other abyssal regions. 

Mixing is shallower on the continental slope. Bioturbation and deep circulation influence the mixing layer, 

while high turbulence decreases net sedimentation from the surface to the deep-sea sediments. 

In comparison, the results from this study show similar spatial patterns but differ in magnitude in 
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comparison with the results from Díaz-Asencio et al., (2019). Mixing is most active in the central region 

and western margin in both works.  

However, Díaz-Asencio et al., (2019) reported a significantly deeper mixing layer, with distinct maxima in 

the west, while this work shows a shallower, more gradual depth transition, suggesting a more 

homogeneous biodiffusion process. This may indicate that diffusion accounts for only a fraction of the 

total mixing. 

These differences are likely due to varying controlling factors. While bioturbation plays a significant role 

in both layers, it has a stronger influence on this work, as it directly depends on benthic activity. In contrast, 

the findings of Díaz-Asencio et al., (2019) are also influenced by physical processes such as deep currents 

and resuspension events, explaining the greater depth and spatial heterogeneity. 

Figure 27 displays the OCAR at the depths where the sediment core profile showed constant values with 

depth. The pattern observed in the OCAR of surface sediments in Figure 23 is very similar to that in Figure 

27, where the OCAR values represent carbon effectively sequestered in the sediments. The highest values 

cluster around the exit of large canyons to the abyssal plain, and in the southern part, the Campeche Knolls 

complex and Campeche Canyon to the east. 

 

Figure 27. Organic carbon accumulation rates below the biodiffusion layer in sediments of the GoM. 
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4.4 Discussion 

4.4.1 Comparative analysis of organic matter between surface deep-sea 

Sediments and the water column  

The deployment over a year period of two sediment traps on the western and southern slopes of the GoM 

allows for a comparison between the water column and deep-sea sediment fluxes of organic carbon in 

these two regions. This comparative approach seeks to detect recent changes from the past few centuries 

in organic carbon flux variability as recorded in the sediment trap and the sediment core tops. 

4.4.2 Organic carbon storage in deep-sea sediments in the GoM 

Organic carbon consumption can be attributed to various processes (Figure 24), including use, 

bioturbation, and remineralization reactions driven mainly by the microbiota living in the sediments. 

Abyssal benthic communities in the GM rely on the export of biogenic carbon and inhabit soft sediment 

on the deep-sea floor characterized by sediments with a high biogenic component, composed of coccoliths 

and mostly planktic foraminifera with a minor addition by benthic foraminifera. The main macrofaunal 

components of these benthic epi and infaunal communities are polychaetes and pericaridean crustaceans; 

and the primary meiofaunal components are nematodes, harpacticoid copepods and benthic 

foraminifera(Escobar-Briones et al., 1999; Lalli & Parsons, 2006; Talley, 2011; Ward, 2017). 

Megafauna is scarce and more widely dispersed than smaller organisms. There is significant variability at 

depths greater than 3,000 meters, suggesting that organisms inhabiting soft abyssal floors are patchily 

distributed(Escobar-Briones et al., 1999). 

Organic carbon consumption was determined by subtracting the OCAR at the surface from the OCAR at 

the biodiffusion layer, as illustrated in Figure 28. The analysis showed a clear association between 

consumption rates and OCAR values, with higher consumption observed in Campeche knolls and in the 

canyon, with a relation with some canyons existing in the north, too; these regions exhibit elevated OCAR 

values. In contrast, OC consumption in the abyssal region was found to be extremely low.  
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These estimates could be further used as a low-limit predictor of the benthic biomass living in the upper 

few cm of the sediments, showing a higher standing stock in the southern region, Campeche Knolls, 

Campeche Canyon, and the exit of some large canyons in the northwest region. 

 

Figure 28. Organic carbon consumption within the biodiffusive layer of GoM sediments. 

 

We further estimate the organic carbon storage in the deep-sea sediments of the total area of the GoM. 

The total area of the GoM is close to 16.2X1011 m2, and the polygon enclosing all the stations where the 

sediment cores were retrieved has an extension of 3.43X1011m2. This polygon represents about 21% of the 

total area of the GoM. This approach allowed for a first-order assessment of organic carbon distribution 

within this geographical area. 

The product of the surface average OCAR (0.494 g m-2 yr-1) and the polygon area give us an estimation of 

the total flux of organic carbon arriving at the surface sediments in this area of 0.1695 Pg C yr-1 and carbon 

storage of 0.122 Pg C yr-1, considering the OCAR average from the diffusive layer of 0.356 g m-2 yr-1. 

However, these calculations using the mean values may be an overestimate.  

A better representation would be the median of the OCAR values (Figure 29), obtaining an OCAR of 0.115 

Pg C yr-1 in the surface and 0.088 Pg C yr-1 below the diffusive layer, an estimate that may be close to the 

organic carbon sequestered in the polygon of our study.  
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Figure 29. Organic carbon accumulation rates in surface sediments on the left and the biodiffusive layer on the right, 

shown through box plot analysis. 

 

Extrapolating the median value to the entire GoM, the organic carbon arriving at the slope and abyssal at 

the sediment would be 0.545 Pg C yr-1, and the storage of organic carbon in the biodiffusive layer would 

be 0.417 Pg C yr-1. 

For comparison, Mexico's annual carbon emissions averaged 0.646 Pg C yr⁻¹ between 2000 and 2019 and 

increased to 0.763 Pg C yr⁻¹ by 2023 (Lara & Li, 2024). Our results show that the organic carbon stored in 

the sediments of the GoM represents approximately one-sixth of Mexico's current annual carbon 

emissions. 

This comparison emphasizes the critical need for mitigation strategies, improving their integration into 

broader carbon budgets and climate policies to address increasing greenhouse gas emissions in Mexico, 

and highlights the role of marine sediments as significant, though insufficient, carbon sinks relative to 

human-induced emissions. 

To further explore this, we compare the OCAR in surface sediments with the organic carbon fluxes in the 

sediment traps, focusing on the stations nearest to the traps. In the Coatzacoalcos region (southern GoM), 

select stations H46, H47, and H48, as depicted on the Figure 30. 

In the Perdido region (Figure 31), we compare OCAR between stations A1 and TS1 from two different 

research cruises and the sediment trap fluxes. 
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Figure 30. Coatzacoalcos sediment trap location is indicated by the red dot, along with the nearest sediment core 
station in black dots. 

 

 

Figure 31. The Perdido region sediment trap location is indicated by the red dot, along with the nearest sediment 
core station in black dots. 

 

Fluxes of OCAR in the Coatzacoalcos sediment trap are higher by a factor of 2 to 3 than the estimated 

OCAR in the sediments, with the lowest value recorded at station H46, likely due to its greater depth. In 

the Perdido region, the fluxes of OCAR in the trap are higher by a factor of 2 to 3 than the ones estimated 

in the sediments. The variance in the OCAR values in the traps surpasses those in the sediments. The 

variance in OCAR at station TS1 between cruises XI 5 and XI 7 could be attributed to depth variations. 

The accumulation of organic carbon in the deep-sea sediments of the GoM is a dynamic and complex 

process influenced by multiple spatial, geological, and temporal factors.  
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Table 13. Organic carbon accumulation rates comparison between sediments and sediment traps. 

Location OCAR (g m-2yr-1) Depth (m) 

Coatzacoalcos (ST) 3.878 1045 

XI1 H46 0.569 2784 

XI4 H47 1.277 1342 

XI6 H48 1.523 1201 

Perdido region (ST) 2.965 1075 

XI1 A1 1.038 2391 

XI4 A1 0.917 2417 

XI5 TS1 0.229 1355 

XI7 TS1a 0.679 2417 

 

The results highlight significant spatial variability in the organic carbon accumulation rates, with higher 

rates observed in regions influenced by specific hydrodynamic conditions and sedimentation processes, 

such as those near the Campeche Knolls. These findings demonstrated the importance of understanding 

localized variations in organic carbon accumulation to predict how these deep-sea environments may 

respond to natural and anthropogenic changes.  

Climate change introduces additional complexities by altering physical and biogeochemical processes that 

regulate organic carbon fluxes. Rising temperatures significantly affect the mixed layer dynamics, 

enhancing ocean stratification during warmer months. This stratification limits nutrient injections into the 

surface waters, reducing primary productivity (Dobashi et al., 2022; Velásquez-Aristizábal et al., 2022) and 

subsequent carbon fluxes and accumulation. In contrast, winter mixing processes, driven mainly by cold 

fronts (“northers”), may require intensification to overcome stratification, further impacting nutrient 

mixing, surface productivity, and carbon accumulation dynamics.  

Furthermore, the dynamics of eddies released by the Loop Current have also been linked to ocean 

warming. Studies suggest that the frequency of eddy shedding has decreased since the 1990s, a trend 

associated with rising temperatures (Müller-Karger et al., 2015; Sturges & Leben, 2000). If the frequency 

of eddy shedding continues to decrease, fewer eddies will interact with the continental shelf, limiting 

nutrient transport to deeper waters and subsequently reducing organic carbon fluxes and sequestration. 
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Under a continued warming scenario, the GoM will lower carbon fluxes and reduce sequestration 

accumulation, potentially, reaching numbers similar to its deep-water regions from about 0.6 g m-2 yr-1 to 

0.1 g m-2 yr-1. 

Another potential source of change is the anthropogenic nutrient input from urban centers and industrial 

activities, especially in the southern GoM, where most of the hydrocarbon industry is concentrated, and 

with little known data to quantify these inputs onto the shelf and much less on its offshore transport by 

the interaction of coastal currents and eddies and its enrichment in nutrients especially on the surface 

waters over the continental slopes bordering these regions.  
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Chapter 5.   Conclusions 

The concentrations and distribution of POC in the GoM are primarily regulated by a combination of 

seasonal changes, riverine inputs, and mesoscale oceanographic processes. Riverine sources such as the 

Mississippi-Atchafalaya and Grijalva-Usumacinta systems introduce terrestrial organic carbon and 

nutrients into coastal and shelf waters, while mesoscale eddies, particularly cyclonic and anticyclonic ones, 

play a crucial role in the open ocean. Cyclonic eddies, with their upwelling effect at its center, bring 

nutrients closer to the euphotic layer, favoring primary productivity and enhancing POC concentrations. 

In contrast, anticyclonic eddies promote nutrient-poor conditions at their core due to the sinking of 

nutrient-poor water masses, which reduces POC levels. Spatial variability in POC concentrations reflects 

the balance between nutrient availability, organic matter input, and physical mixing processes, 

underscoring the oligotrophic nature of the deepwater region in the GoM. 

The Perdido and Coatzacoalcos regions exhibit marked seasonal pulses in organic carbon fluxes, which are 

closely linked to regional oceanographic conditions, temperature changes, and exchanges between 

continental and marine sources. The interaction between mesoscale eddies and the continental shelf, 

transport circulation promotes the transport of nutrients and chlorophyll-rich waters offshore, enhancing 

organic carbon fluxes in the open ocean waters of the GoM. 

Sediment core analysis throughout the GoM shows considerable spatial variability in organic carbon 

accumulation rates, particularly in regions such as the Campeche knolls and submarine canyons, where 

geomorphological features create localized conditions for increased organic carbon burial. Sediment 

organic carbon uptake varies, with higher rates observed in areas with greater organic carbon flux, 

suggesting that benthic communities and bioturbation play a role in modulating carbon storage at these 

depths. Overall, deepwater sediments in the GoM act as an organic carbon reservoir, with distinct 

differences based on biological primary productivity patterns enhanced by offshore transport of nutrients, 

sediment composition, benthic activity, and sea bottom morphology. 

Studies in these three reservoirs highlight the interconnected nature of organic carbon dynamics in the 

GoM, where organic carbon distribution, fluxes, and storage are influenced by a combination of mesoscale 

eddies, riverine inputs, and geomorphological features. This work further emphasizes the need to monitor 

the interaction between physical, biogeochemical, and climatic processes in this critical region for carbon 

sequestration and the changes and trends that may modify the relative importance of this large sink of 
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organic carbon either through a further stratification of its surface waters by upper ocean warming, 

through changes in the circulation and mesoscale dynamics and by anthropogenic inputs from its urban 

centers. 
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