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Abstract

The temporal and spatial variations of total organic carbon (TOC) and nitrogen (TN) contents, and the carbon-nitrogen ratio in 
superficial sediments collected at 115 locations at depths between 1,025 and 3,795 m in the Gulf of Mexico during the SIGSBEE, 
PROMEBIO and DGoMB cruises are herein reported. The average TOC concentration was 0.9 ± 0.3%, the TN 0.12 ± 0.03% and the 
C/N ratio 8.0 ± 1.7. None of the typically hemipelagic sediment samples recorded any sulfur. In contrast, chemosynthetic sediment 
samples from the immediate area of the Chapopote asphalt volcano in the Campeche Bay (3,300 m deep) were significantly higher both 
in their TOC and TN values than hemipelagic samples, and were characterized by high sulfur contents with local variations associated 
with bathymetric features in the lower continental slope and the abyssal plain. This study shows that the elemental composition of the 
abyssal sediments is controlled by depth and follows a parabolic pattern for both TOC and TN. Average values for the continental slope 
were TOC = 0.8 ± 0.2%, TN = 0.11 ± 0.0 4% (n=39), and for the abyssal plain TOC = 1.0 ± 0.3%, TN = 0.12 ± 0.03%  (n=44). The C/N 
ratio suggests that the organic matter in the superficial sediments has a mixed hemipelagic-terrigenous origin, and it depends on the 
distance from the coast. This is a major contrast to open-coast gradients where C/N ratios remain constant, and thus it is characteristic 
of a marginal sea. The bathymetry affects TOC and TN, causing significant differences among the physiographic regions. TOC and 
TN recorded in a long-term time series station in the abyssal plain displayed changes with time, showing alternating periods of high 
terrigenous and photoautotrophic input. This study provides evidence of the inter-yearly variability in the origin of the organic matter 
in the abyssal plain. TOC and TN decrease with depth in the sediment due to the changing sedimentation conditions.

Key words: Abyssal plain, continental slope, continental rise, C/N ratio, elemental composition.

Resumen

Este estudio presenta la variabilidad en espacio y tiempo de los valores de contenido de carbono orgánico total (COT), nitrógeno 
total (NT) y la tasa de carbono-nitrógeno (C/N) en sedimento superficial recolectado en las campañas oceanográficas SIGSBEE, 
PROMEBIO y DGoMB en 115 localidades del Golfo de México, a profundidades en un intervalo de 1,025 a 3,795 m. La concentración 
promedio del COT fue de 0.9 ± 0.3%, la del NT 0.12 ± 0.03%  y la tasa de C/N 8.0 ± 1.7. De las muestras hemipelágicas ninguna registró 
contenidos de azufre. En contraste, las muestras de sedimento de localidades quimiosintéticas procedentes de las inmediaciones del 
volcán de asfalto Chapopote en la Bahía de Campeche (3,300 m de profundidad) presentaron valores significativamente más elevados 
tanto en COT como en NT, y se caracterizaron por presentar azufre. Se encontró una variabilidad a escala local en dichos contenidos 
relacionada con la topografía de las zonas batimétricas del talud continental inferior y la planicie abisal. Este estudio muestra que la 
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1. Introduction

The organic matter in sediments, expressed as total 
organic carbon (TOC) and total nitrogen (TN), represents 
an important reservoir for the global carbon cycle (Hedges 
and Keil, 1995; Weston and Joye, 2005). It is linked with 
early diagenesis (Bordovskiy, 1965b) and plays an important 
role in the ocean chemistry (Lee, 1994). The largest 
fraction of carbon entrained in sediments is generated by 
means of inorganic carbon fixation of atmospheric CO2 by 
photosynthesis in the water column (Lee, 1994), and only 
a small fraction (1.5% in open ocean primary productivity, 
PP, and >17% on the slope) reaches the sediment, since 
most of it is oxidized (Seiter et al., 2004). Near 80% of 
the carbon is sequestered in the continental margins, thus 
representing the largest carbon storage in the current world 
ocean (Wollast, 1998). At the global scale, the storage of 
organic matter (in terms of TOC) mirrors the distribution 
pattern of phytoplankton biomass (Seiter et al., 2004). 
However, at a regional scale, diverse biogeochemical and 
sediment processes can modify such patterns (Zabel et al., 
1998). The preservation efficiency of organic matter in 
deep-sea sediments is <0.5%, with a global sequestration 
rate of 0.16 x 10 15 g•C•y-1 (Hedges and Keil, 1995); it varies 
for different sediment types and is controlled by the rate 
of organic matter production (Stein, 1991), the export rate 
(Suess, 1980), its origin (Aller and Mackin, 1984) and the 
amount of dissolved oxygen (Canfield, 1994).

TN plays an important role as a source of nutrients 
(Fütterer, 2000), decreasing with depth due to the 
remineralization of organic matter and non-biological 
oxidation (Stein, 1990; Wakeham, 2002).

Previous studies describing the distribution of organic 
carbon in deep-sea sediments date back to the 1960s and 
1970s (Bordovskiy, 1965a), and were summarized by 
Premuzic et al. (1982). The maps generated during such 
studies describe clear patterns, where continental margins 
are characterized by high organic carbon contents (>0.5%) 
that decrease (<0.5%) with distance and depth into the 
major ocean basins (Seiter et al., 2004). During the last 
two decades, several studies on this subject focused at a 

regional scale for the Northern Pacific (Cwienk, 1986), 
Atlantic (Mollenhauer et al., 2002) and Indian oceans 
(Vetrov and Romankevich, 1997; Vetrov et al., 1997) have 
been published. A compilation of diverse studies has been 
synthesized by Seiter et al. (2004), identifying conditions 
for regions and provinces of the world ocean.

Among the diverse methods to determine organic 
matter in the sediments, the elemental analysis allows 
determination of total and organic carbon fractions, and 
nitrogen and sulfur. The organic carbon fraction requires 
the analysis of carbonate-free samples (Stein, 1991). The 
C/N ratio allows determination of the origin of organic 
matter, based on ratios that are characteristic for different 
organisms, i.e. the average ratio for zooplankton and 
phytoplankton is 6, although it ranges from 4 to 10 according 
to preferential remineralization of their protein composition 
(Mayer, 1993), and the average ratio for terrestrial vascular 
plants is >15 (Wakeham, 2002).

This study aims to describe the elemental composition 
of the superficial sediments of the deep Gulf of Mexico, in 
view of the patterns described for similar latitudes in open 
oceans and coasts. This study contributes basic information 
required for regional balances of carbon and nitrogen 
fluxes, budgets and cycles. The results will be useful to 
understand diverse processes affecting the local variability 
and export of particulated organic matter (POM) with depth, 
the origin and availability of potential food sources for the 
deep-sea benthic fauna, and lateral transport, sequestration 
and early diagenesis in the superficial sediments. All these 
factors and processes play an important role in tropical 
deep-sea ecosystems and may modify the expected trends 
and homogeneous distribution patterns that characterize 
deep seas. 

2. Area of study

The Gulf of Mexico is a marginal sea located in the 
tropical and subtropical zones of the western Atlantic Ocean, 
at 18 - 30° N latitude and 82 - 92° W longitude (Monreal-
Gómez and Salas de León, 1997). It spans 1,500 km in 

composición elemental de los sedimentos abisales está controlada por la profundidad y sigue un patrón parabólico tanto para el COT 
como para el NT. Los valores promedio del talud continental fueron COT = 0.8 ± 0.2 %, NT = 0.11 ± 0.0 4% (n=39), y para la planicie 
abisal COT = 1.0 ± 0.3%, NT = 0.12 ± 0.03% (n=44). La tasa C/N sugiere que la materia orgánica en los sedimentos superficiales tiene 
un origen mixto hemipelágico-terrígeno, que varía con distancia de la costa. Este resultado contrasta con las tasas C/N observadas en 
gradientes en mar abierto, que permanecen constantes. Tal variabilidad es característica de un mar marginal. La batimetría afecta los 
valores de COT y NT, ocasionando diferencias entre regiones fisiográficas. Los valores registrados en la estación abisal de registros 
de largo plazo muestran cambios en el tiempo, reconociéndose periodos alternantes de aportes terrígenos y fotoautotróficos elevados. 
Este estudio da evidencias de la variabilidad interanual en el origen de la materia orgánica en la planicie abisal. Los valores de COT 
y NT disminuyen con la profundidad hacia el interior del sedimento y se atribuyen a condiciones de sedimentación variables.

Palabras clave: Planicie abisal, talud continental, elevación continental, tasa C/N, composición elemental.



TOC and TN distribution in the deep sea SW Gulf of Mexico 75

diameter (Bryant et al., 1991), covers an area of 1.51×106 
km2 (Wiseman and Sturges, 1999), and is up to ~3,900 m 
deep (Roberts et al., 1999).

The primary productivity varies from eutrophic 
conditions near the coast and during winters to oligotrophic 
in offshore waters and during summers (Lohrenz et al., 
1999). Its major mesoscale hydrographic features are: (a) 
the Loop Current, (b) the large anticyclonic and cyclonic 
gyres shed to the west that occur on the Texas-Louisiana 
and Florida shelves and on the Campeche Bay, and (c) the 
fronts off the Mississippi and Grijalva-Usumacinta rivers 
(Monreal-Gómez and Salas de León, 1997).

The Gulf of Mexico deep-sea waters are similar to 
the Deep Atlantic Water, varying only in its nutrient and 
oxygen concentration (220 mmol•kg-1; Shiller, 1999) through 
its transport in the deep Caribbean Sea. This deep water 
mass is characterized by salinities of 34.96-34.99 psu and 
temperatures of 4.0-4.1°C that are homogeneous at depths 
below 1,500 m (Shiller, 1999).

Three major geological provinces are characterized 
in the Gulf of Mexico by their morphology, tectonics and 
sediment types, and are divided into nine physiographic 
regions (Bryant et al., 1991). Offshore sediments are fine-
grained and pelagic or carbonated in origin; off Florida 
and the Campeche Bank sediments are mostly carbonated, 
whereas terrigenous sediments characterize the Texas-
Louisiana-Mississippi and western continental slopes 
(Balsam and Beeson, 2003). The only published information 
on the organic matter content in the Gulf of Mexico is 
from Balsam and Beeson (2003), who indicated the large 
contribution of organic matter to superficial sediments. 

3. Methodology

3.1. Fieldwork

Superficial sediment samples were collected at a depth 
range of 1,025 to 3,750 m onboard UNAM’s R/V Justo 
Sierra (SIGSBEE.1 to .8; PROMEBIO.1 to .3 cruises) and 
TAMU’s R/V Gyre (DGoMB cruise) in the summer of years 
1997 to 2005 (Figure 1, Table 1). The samples were collected 
from the top 5 cm of sediments, with a US-NEL boxcorer 
during the SIGSBEE.1 to .5 and PROMEBIO.1 to .3 cruises, 
with a multiple corer on the SIGSBEE.6 to .8 cruises, and 
with a GOMEX boxcorer on the DGoMB cruise. During 
the SIGSBEE.8 cruise, centimeter by centimeter vertical 
segmentation of the core was performed. The sediment 
samples were frozen onboard in labeled 25 mL centrifuge 
tubes at -20°C. 

3.2. Sample processing

The sediment samples were thawed at room temperature, 
placed in glass jars with distilled water and acidified with 
0.2 N HCl to eliminate the inorganic fraction. The pH was 

monitored throughout the process. Acidified samples were 
dried at 60°C, homogenized and prepared in capsules for 
elemental analyses (EA) in a FISONS EA1108 analyzer. 
Accuracy and precision were determined for the EA 
procedure and cystine was used as the calibration standard.

3.3 Data treatment

3.3.1. Variability of the sediment elemental composition
TOC, TN and the C/N ratio were determined for 

different depth zones (continental slope, continental rise, 
and abyssal plain). The value interval, the mean and 
standard deviation were determined. The continental slope 
was considered within the depth range between 1,000 and 
2,800 m (Pequegnat, 1970; Coleman et al., 1991; Roberts 
et al., 1999), the continental rise was considered from the 
outer limit of the continental slope to a depth of 3,600 
m, and deeper zones were considered part of the abyssal 
plain (Pequegnat, 1970; Bryant et al., 1991). The U Mann-
Whitney test allowed the identification of differences in 
the elemental values among the three depth intervals, after 
testing the datasets with an ANOVA Kruskal-Wallis test.

3.3.2. Variability with distance from the coast
The terrigenous input from the coastal zone to the deep 

sea was evaluated on samples obtained along three transects 
from SIGSBEE cruises 3, 4 and 5 (Figure 2). The distance 
from the coast was determined with the DTCC 4.1 software. 
The Spearman correlation test allowed the evaluation of 
the change of TOC, TN and C/N ratios with distance from 
the coast.

3.3.3. Variability by physiographic regions
The sampling stations are located in the nine 

physiographic regions described by Bryant et al. (1991) 
(Figure 1; Table 1). Their differences were evaluated with 
a U Mann-Whitney test.

3.3.4. Inter-yearly TN variability: the Sigsbee abyssal 
plain permanent station

The inter-yearly consistency in the elemental composition 
of the abyssal plain was evaluated from samples collected in 
a long term time series station located at 23° latitude N and 
93° longitude W for the years 2002, 2003, 2004 and 2005. 
A Spearman correlation test was used to test the variability 
with time of the studied factors.

3.3.5. Variability in response to the sedimentation 
conditions

Vertical segmentation, centimeter by centimeter, of four 
cores collected at stations 1, 3, 5, and 8 of the SIGSBEE.8 
cruise, was performed to evaluate the variability of the C 
and N elemental composition with depth in the sediments. 
A Spearman correlation test was used to evaluate the 
variability of the TOC, TN and the C/N ratio with depth.
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Figure 1. Study area and sampling stations. Solid circles = SIGSBEE cruises; open squares = PROMEBIO cruises; open circles = DGoMB cruises. 
Transects from west to east off the eastern Mexican coast.
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Figure 2. Stations analyzed for the coast distance elemental composition variability: SIGSBEE.3 with solid black markers, SIGSBEE.4 with solid grey 
markers, SIGSBEE.5 with white markers.
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Cruise Year Station Longitude 
W (°)

Latitude 
N (°)

Depth 
(m)

SIGSBEE.1 1997

3 96.44 24.04 1,260
4 97.16 24.09 1,698
5 96.09 24.13 2,220
6 96.01 24.24 2,662
9 93.26 25.15 3,620
10 94.47 24.59 3,700

SIGSBEE.2 1999

4 96.31 20.59 1,400
5 96.22 20.59 1,680
7 95.45 21.59 2,300
8 95.3 21.59 2,730
9 95.16 21 2,900
10 95.01 20.59 3,360
13 93.36 21.59 3,300
14 93.09 22.32 3,600
16 92.17 23.32 3,795
17 93.22 23.08 3,730
18 94.22 22.3 3,750
19 95.16 22 3,200
20 96.16 21.32 1,960
21 96.36 21.2 1,400

SIGSBEE.3 2000

3 97.11 23.01 1,157
4 97.01 22.59 1,510
5 96.45 22.59 1,779
6 96.31 23 2,210
7 96.16 23 2,440
8 96.01 23 2,524
9 95.46 23 2,750
10 95.46 23 3,200
11 95.16 22.59 3,380
12 95.02 22.59 3,630
13 94.45 23 3,680
14 94.31 23 3,720
15 94.16 23 3,765
16 94 23 3,760
17 93.46 23.02 3,775
18 93.3 23 3,740
19 94.2 22.34 3,730

SIGSBEE.4 2001

3 96.27 21.25 1,500
4 96.08 21.35 2,100
5 95.43 21.45 2,500
6 95.17 22 3,000
7 94.45 22.17 3,500
8 94.27 22.25 3,700
9 93.3 22.55 3,700

SIGSBEE.5 2002

1 92.02 23.58 3,710
2 92.3 23.5 3,740
3 92.51 23.35 3,720
4 93 23.08 3,720
5 93.46 23.82 3,720
6 93.94 22.57 3,700
7 94.45 22.36 3,660
8 94.94 22.08 3,420
9 95.4 21.85 3,000
10 95.87 21.6 2,500
11 96.35 21.35 1,860

SIGSBEE.6 2003
1 90.99 25 3,542
2 91 24 3,710

Cruise Year Station Longitude 
W (°)

Latitude 
N (°)

Depth 
(m)

SIGSBEE.6 2003

3 91.01 23.01 3,718
4 92.02 23 3,739
5 92.01 24.01 3,700
6 92 25 3,532
7 93 25 3,634
8 93.01 24 3,736
9 93.01 23 3,744

10 94.01 23 3,742
11 94 24 3,740
12 94 25.01 3,698
13 94.99 25 3,578
14 95.01 24 3,575
15 95.01 23.01 3,560
16 94.01 22 3,563

16 bis 93.01 21.99 3,326

SIGSBEE.7 2004

1 93 23.07 3,740
2 92.85 23.2 3,734
3 92.67 23.36 3,664
4 92.7 23.36 3,651
5 92.67 23.33 3,654
6 94.02 22.99 3,734

SIGSBEE.8 2005

1 87 25 3,344
2 87 26 3,171
3 87.99 25.74 3,166
4 88.03 24.98 3,430
5 88.99 24.99 3,495
6 88.99 25.67 3,264
7 90 25.71 3,282
8 90 25 3,529
9 90 23.96 3,631

10 92 23 3,737
11 93 23 3,740

DGoMB 2000

1 92 25.01 3,520
2 92.01 23.29 3,733
3 90.45 24.45 3,670
4 85.29 24.15 3,405
5 88.17 25.29 3,316

PROMEBIO 1 1999

2 92.85 21.58 3,020
3 92.78 21.60 3,050
5 92.59 21.59 2,500
9 92.99 21.10 2,900
11 92.93 21.10 2,840
15 93.41 21.08 2,480
20 92.77 20.92 2,750
25 92.77 20.76 2,420
26 92.76 20.67 2,560
30 93.43 20.82 2,460
31 93.45 20.59 1,800
32 93.44 20.46 1,820
36 92.61 20.58 2,460
37 92.61 20.49 2,420
38 92.53 20.38 2,320
39 92.43 20.40 1,600

PROMEBIO 2 1999
17 94.52 19.10 1,094
40 93.80 19.48 1,025

144 94.81 19.22 1,758

PROMEBIO 3 2000
123 93.01 21.01 2,520
132 93.57 20.14 2,243

Table 1. Location of the sampling stations.
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4. Results

4.1. Total Organic Carbon (TOC)

4.1.1. Variability of the sediment elemental composition
The TOC values range from 0.260 to 1.800% with a 

mean value of 0.9% and a standard deviation of 0.3% for the 
115 sampling locations in a depth interval of 1,025 to 3,975 
m. These values are not linearly related to depth (Figure 3, 
Table 2). The values were relatively low in the continental 
slope sediments (TOC = 0.9 ± 0.2%, n = 39), and increased 
within the continental rise (TOC = 1.0 ± 0.3%, n = 32) and 
the abyssal plain (TOC = 1.0 ± 0.3%, n = 44). Significant 
differences were recorded among the three depth intervals 
(ANOVA Kruskal-Wallis: H = 6.83, p = 0.03; c2 = 6.53, p = 
0.03), between the continental slope and the continental rise 
(U Mann-Whitney: Z-1.73 = 1.73, p = 0.08), and between the 
continental slope and the abyssal plain (U Mann-Whitney: 
Z-2.50 = -2.50, p = 0.01).

4.1.2. Variability with distance from the coast
The TOC values decrease with the distance from the 

coast (Figure 4; Wald-Wolfgovits: Z2.20 = -2.40, p = 0.01). 
These differences were significant for the transect off 
Tamiahua (Wald-Wolfgovits: Z1.23 = -1.76, p = 0.07). On 
the contrary, the TOC values from the transect off Tuxpan 
displayed a direct correlation with distance from the coast 
(Spearman: R = 1, p = 0.01, explaining 91% of the cases, 
r2 = 0.91).

4.1.3. Variability by physiographic regions
The lowest TOC concentrations were found in the 

continental slope of the western Gulf of Mexico (TOC = 
0.8 ± 0.2%, n = 22), in contrast with the values recorded 
in the Campeche Knolls (TOC = 0.9 ± 0.1%, n = 11), in 
the Campeche Canyon (TOC = 0.9 ± 0.3%, n = 10), and 
in the Mississippi Fan (TOC = 0.9 ± 0.3%, n = 10) (Figure 
5). The highest values were recorded on the continental 
rise of the Campeche Sound (TOC = 1.0 ± 0.3%, n = 12), 
the Sigsbee abyssal plain (TOC = 1.0 ± 0.3%, n = 44), the 
continental slope off Veracruz (TOC = 1.1 ± 0.4%, n = 3), 
and the Campeche Escarpment (TOC = 1.1-0.5%). The 
differences among the nine physiographic regions were not 
significant (ANOVA Kruskal-Wallis: H = 6.83, p = 0.03; 
c2 = 6.53, p = 0.03).

4.1.4. Interyearly TOC variability: the Sigsbee abyssal 
plain permanent station

The TOC values in the abyssal plain varied from 1.6% 
in 2003 to 0.8 % in 2005 (Figure 6). These differences were 
not significant (ANOVA Kruskal-Wallis: H = 2.66, p < 0.44; 
c2 = 4.00, p < 0.26).

4.1.5. TOC variability in response to the sedimentation 
conditions

The TOC values at three stations (E1, E5, and E8, 
SIGSBEE.8 cruise) decrease with depth in the sediment 
(Spearman: R = 0.956, R = 0.985 and R = 0.886; p < 0.05). 
The TOC values at station E3, near the Mississippi Canyon, 
did not show any correlation with depth in the sediment 
(Figure 7).

4.2. Nitrogen (TN)

4.2.1. Variability of the sediment elemental composition
The TN concentration ranges from 0.040 to 0.250% in 

the superficial sediments, with a mean value of 0.12% and 
standard deviation of 0.03% in the 115 stations sampled 
at depths from 1,025 to 3,975 m. The TN concentration in 
superficial sediments displays a polynomial pattern with 
increasing depth (Figure 3, Table 2). TN displays low values 
in the continental slope (N = 0.12 ± 0.04%, n = 39) and in 
the continental rise stations (N = 0.12 ± 0.03%, n = 32). TN 
concentrations in the abyssal plain station are slightly higher 
(N = 0.13 ± 0.03%, n = 44), without significant differences 
among different depth zones (ANOVA Kruskal-Wallis: H 
= 3.93, p = 0.14; c2 = 4.47, p = 0.11).

4.2.2. Variability with distance from the coast
TN varies with distance from the coast (Figure 4) in 

the transects off Barra del Tordo (SIGSBEE.3; Wald-
Wolfovits: Z1.94 = -2.22, p = 0.02), off Tuxpan (SIGSBEE.4; 
Spearman: R = 0.88, p = 0.01; r2 = 0.71), and off Tamiahua 
(SIGSBEE.5; Spearman: R = 0.94, p = 0.04; r2 = 0.70).

4.2.3. TN variability by physiographic regions
TN varies among the nine physiographic regions. The 

western continental slope and the Campeche Canyon have 
similar values (TN = 0.11 ± 0.03%, n = 22, and TN = 0.11 
± 0.04%, n = 10, respectively) (Figure 8). TN is higher in 
the Mississippi Fan (TN = 0.12 ± 0.03%, n = 10) and in 
the continental rise of the SW Gulf of Mexico (TN = 0.12 
± 0.03%, n = 12). High TN values were recorded in the 
Sigsbee abyssal plain (TN = 0.13 ± 0.03, n = 44) and in the 
Campeche continental slope and Knolls (TN = 0.13 ± 0.04%, 
n = 11). Three stations on the Veracruz slope displayed 
the highest values (TN = 0.19 ± 0.03%), followed by the 
Campeche Escarpment (TN = 0.14 ± 0.08%). Significant 
differences were recorded in the continental slopes of the 
western Gulf of Mexico and off Veracruz (U Mann-Whitney: 
Z(-2.34) = 2.34, p = 0.02), in the Sigsbee abyssal plain (Z(-2.58) 
= -2.58, p = 0.01), in the Campeche continental slope (Z(-

1.68) = 1.68, p = 0.09), and in the continental rise (Z(-1.78) = 
-1.78, p = 0.07). The other NT values showed no significant 
differences (ANOVA Kruskal-Wallis: H = 3.93, p = 0.14; 
c2 = 4.47, p = 0.11).

4.2.4. Interyearly TN variability: the Sigsbee abyssal 
plain permanent station

The TN values recorded changes between years (Figure 
6). The highest values were recorded in 2003 (TN = 0.17%) 
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Figure 3. Plot of TOC, TN and C/N in the basin sediments vs. depth.

Figure 4. Variation of C/N, TOC and TN in the basin sediments with respect 
to the distance to the coast, for three cruise samples.

Depth Zone
Depth 

(m)
Statistics

TOC 
(%)

N 
(%)

C/N n Cruises

Continental 
Slope 
(Bathyal)

1,025 
- 

2,750

x 0.862 0.118 7.557

39
PRO1, PRO2, 
S1, S2, S3, 
S4, S5

s 0.230 0.038 1.406
max 1.780 0.230 10.540
min 0.485 0.070 3.727

Continental 
Rise

2,840 
- 

3,578

x 0.966 0.117 8.370

32
DGoMB, 
PRO1, S2, S3, 
S4, S5, S6, S8

s 0.184 0.034 1.399
max 1.609 0.230 13.083
min 0.375 0.040 6.793

Abyssal Plain
3,600 

- 
3,795

x 1.004 0.125 8.039

44
DGoMB, S1, 
S2, S3, S4, S5, 
S6, S7, S8

s 0.310 0.027 1.978
max 1.575 0.178 11.883
min 0.260 0.075 3.250

Table 2. Sediment TOC, TN and C/N in the southwestern Gulf of Mexico. 
Abbreviations used: Mean (x), standard deviation (s), maximum value 
(max) and minimum value (min), number of replicated records (n). Cruise 
names: SIGSBEE (S), PROMEBIO (PRO) and DGoMB.
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Figure 5. Sediment TOC concentration isopletes. Values in percentage.
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Figure 6. Inter-yearly variability of the sediment TOC, TN and C/N in the 
time series long term ecological research station.

and the lowest in 2005 (TN = 0.12%), but such differences 
are not significant (ANOVA Kruskal-Wallis: H = 6.66, p < 
0.08; c2 = 8.00, p < 0.05).

4.2.5. TN variability in response to the sedimentation 
conditions

The TN concentrations (Figure 7) in three of the four 

Sigsbee abyssal plain stations (E1, E5 and E8; SIGSBEE.8 
cruise) correlate with depth in the sediment (Spearman: R 
= 0.886, R = 0.9354, R = 0.9847, p < 0.05).

4.3. Carbon-Nitrogen ratio
TOC shows a direct relation with TN in the superficial 

sediments of the deep Gulf of Mexico (ANOVA: F1,224 = 
204; p < 0.001), and adjusts to a linear regression with a 
correlation coefficient that explains 54% of the cases (r2 = 
0.54; Figure 9) for the SIGSBEE stations and 53% for the 
DGoMB stations (r2 = 0.53). The samples with the highest 
TOC were collected in the Campeche Canyon and in the 
Sigsbee Knolls, in the abyssal plain, during the PROMEBIO 
cruises, and do not show any linear correlation.

4.3.1. Variability of the sediment elemental composition
The carbon-nitrogen ratio (C/N) for the 115 samples, 

from depths of 1,025 to 3,975 m, has a mean value of 7.9 
with a standard deviation of 1.7 (Figure 3, Table 2). C/N does 
not change with increasing depth. The lowest C/N ratios are 
observed on the continental slope (C/N = 7.6 ± 1.4, n = 39), 
and the highest on the continental rise (C/N = 8.4 ± 1.4, n 
= 32), decreasing in the abyssal plain (C/N = 8.0 ± 2.0, n = 
44). These values are not significantly different (ANOVA 
Kruskal-Wallis: H = 3.42, p = 0.18; c2 = 2.99, p = 0.22).

4.3.2. C/N variability with distance to the coast
C/N varies with distance to the coast for the transects 

analyzed in this study (Spearman: R = 1, p = 0.01; r2 = 0.91, 
explaining 91% of the cases) (Figure 4).

4.3.3. C/N variability by physiographic region
C/N values do not show significant differences among 

the nine physiographic regions (ANOVA Kruskal-Wallis: 
H = 7.27, p = 0.50; c2 = 5.87, p = 0.66) (Figure 10). C/N 
is low in the Campeche continental slope and Campeche 
Knolls (C/N = 7.6 ± 1.1, n = 11), followed by the continental 
slope of the western Gulf of Mexico (C/N = 7.8 ± 1.5, n = 
22). The highest values are recorded in the continental rise 
of the SW Gulf of Mexico (C/N = 8.4 ± 1.1, n = 12) and in 
the Campeche Canyon (C/N = 8.3 ± 1.8, n = 10). Significant 
differences occur between the Veracruz continental slope 
stations and the continental rise in the SW Gulf of Mexico 
(U Mann-Whitney: Z(-2.02) = -2.02; p = 0.04), the western 
Gulf of Mexico continental slope (Z(1.67) = 1.67; p = 0.09) 
and the Campeche Canyon (Z(-1.85) = 1.85; p = 0.06), as well 
as between the SW Gulf of Mexico continental rise and the 
Campeche Knolls (U Mann-Whitney: Z(-1.7) = -1.7; p = 0.08).

4.3.4. Inter-yearly C/N ratio variability: the Sigsbee 
abyssal plain permanent long term ecological research 
station

The highest C/N was recorded in 2002 (10.3), the lowest 
in 2005 (6.6), and a diminishing trend in C/N is recorded 
with time (Figure 6). These differences adjust to a linear 
distribution (Spearman: R = 1, p = 0.01, r2 = 0.91, explaining 
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91% of the values).

4.3.5. C/N variability in response to the sedimentation 
conditions

C/N decreases with depth within the sediment column 
in only one (E5, cruise SIGSBEE.8) of the four sampling 
stations (Spearman: R = 0.8862, p < 0.05) (Figure 7).

5. Discussion

5.1. Variability of the sediment elemental composition

The expected TOC values for deep-sea sediments 
that characterize low export (Suess, 1980) under well 
oxygenated conditions (Stein, 1990) are <0.5% (Seiter et al., 
2004). The mean values recorded in this study are slightly 
higher than expected (0.9 ± 0.3%, range 0.26-1.80%, n = 
115), but are lower than those recorded in the continental 
margins (>1.5% in Seiter et al., 2004; 4–16% in Arthur et 
al., 1998) and cold seas (0.5–2%; Stein, 1990, 1991). The 
TOC values are similar to those recorded for the northern 
Gulf of Mexico (0.34-1.59% in Goñi et al., 1997, 1998; 
Gordon and Goñi, 2004; 0.37-1.3% in Morse and Beazley, 
2008) and those from other basins at similar latitudes, i.e.: 
the Argentina Basin (0.26-1.72% in Stevenson and Cheng, 
1972), and the Arabian Sea (0.04-1.5% in Grandel et al., 
2000). The highest value in this study is in agreement with 
the values described by Seiter et al. (2004) for tropical 
regions, including the continental margin of western Africa.

The TN values span over a wider range (TN = 0.04-
0.25%, 0.12 ± 0.03%, n = 115) than those expected for 
northern sector of the Gulf of Mexico (TN = 0.08-0.17% in 
Goñi et al., 1998; Gordon and Goñi, 2004). This variability 
is explained by the broader geographical coverage of this 

study. The obtained TN values are similar to those from 
the Argentina Basin (TN = 0.031-0.167% in Stevenson 
and Cheng, 1972), are lower than those recorded in the 
continental margin of the Arabian Sea (0.1-0.4% in Suthhof 
et al., 2000), and higher than those recorded in the China 
Sea (0.02-0.19% in Kao et al., 2003).

Nitrogen in deep-sea sediments is mostly organic 
(Hedges et al., 1988). The inorganic fraction recognized 
in our samples, in view of the intercept in the TOC vs. TN 
lineal correlation (Figure 9), can be explained by ammonium 
trapped in the clay fraction (Stevenson and Cheng, 1972) 
that usually occurs in the sediment at depths greater than 
1,000 m (Meyers, 1994).

The organic material of photoautotrophic origin mixes 
with continental organic matter near the coast and is 
usually transported by turbidity currents to the abyssal 
plain (Suthhof et al., 2000; Mari et al., 2001; Epping et al., 
2002; Gordon and Goñi, 2004). Values of carbon-nitrogen 
atomic ratio (C/Na) >15 suggest an organic matter input 
derived from vascular plants (Meyers, 1994), characterized 
by limiting nitrate concentration (Mari et al., 2001). The 
mean value in our study (C/N = 8.0 ± 1.7, equivalent to 
C/Na = 9.3) is above the Redfield ratio (C/N = 5.7, C/Na = 
6.65; Gordon and Goñi, 2004; Weston and Joye, 2005). Such 
a data range lies within the C/Na of algae (C/Na = 4-10 in 
Meyers, 1994) and of recently settled detrital organic matter 
(C/Na ≈ 8 in Tahey et al., 1994). The lowest values in this 
study (C/Na < 5) are within the recorded range of open-ocean 
deep-sea sediments (Fütterer, 2000). The TN of the deep-sea 
sediments avoids being remineralized into the water column 
by adsorption to the mineral clay surface, hence recording 
smaller C/Na ratios (Stevenson and Cheng, 1972; Suthhof 
et al., 2000) that are explained by selective degradation of 
the organic compounds, and by immobilization of N by 
microorganisms during early diagenesis (Meyers, 1994).

The largest C/Na ratios recorded in this study are similar 
to those recorded off the Mississippi delta (10–13 in Gordon 
and Goñi, 2004) and other basins at similar depths.

Other factors that can indicate the origin of organic 
matter in the sediments, but not performed in this study, 
include the Hydrogen index, microscopic observations, and 
carbon stable isotopic composition (Stein, 1990, 1991). The 
stable isotope composition of particulated organic matter in 
deep seawater samples from the same stations in the Gulf 
of Mexico (δ13C -25.3 to -22.70 ‰ in the abyssal plain, and 
δ13C -24.11 to -22.12 ‰ in the continental slope) indicate a 
photoautotrophic origin, with depleted values caused by the 
time of residence in the water column with a contribution of 
suspended material from the sediment (González-Ocampo, 
2005; González-Ocampo et al., 2007).

The local primary productivity, the preservation rate, 
and the input of continental organic matter are mechanisms 
that control the flux of organic matter in the sediment (Stein, 
1991). The absence of a correlation of the TOC with depth 
in our study differs from the pattern previously recorded 
in the northern sector of the Gulf of Mexico (Morse and 
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Beazley, 2008), in several regions of the world ocean (Suess, 
1980) and in TN in the global seafloor (Fütterer, 2000). Our 
results can be herein interpreted to be a consequence of 
bathymetric features (Mexican ridges, abyssal knolls) in the 
W and SW Gulf. These would have caused differences in 
the continental input and sediment transport, with minimum 
remineralization rates of organic matter recorded at 1,000-
2,000 m and increasing in the abyssal plain. A similar 
gradual increase was recorded at 2,000-3,750 m by Morse 
and Beazley (2008) in the northern Gulf, decreasing with 
depth, in a similar way as the quartz-free fraction described 
by Müller and Suess (1979) in offshore sediments.

The increase of TN with depth has been previously 
recorded as a consequence of the adsorption to clay minerals 
that protects the organic fraction from remineralization 
(Stevenson and Cheng, 1972; Suthhof et al., 2000). The 
organic matter follows the same distribution pattern of clay 
in the Gulf of Mexico (Balsam and Beeson, 2003). A similar 
distribution pattern in TOC and TN has been recorded in the 
Arctic (Stein, 1990, 1991) and in the Arabian Sea (Suthhof 
et al., 2000). Bioturbation plays an important role in the 
remineralization of particulate organic carbon (POC) that 
arrives to the seafloor (Emerson et al., 1985), affecting the 
TOC distribution, as recorded in the Mediterranean Sea 
(Tahey et al., 1994) and in regions with laminated sediments 
characterized by hypoxic conditions and better organic 
matter preservation (Suthhof et al., 2000).

C/N increases in the world ocean with depth (C/Na 8 to 
10 in Honjo et al., 1982). The sigmoidal pattern recorded 
in this study suggests a common origin, controlled by the 
sedimentation rate and by the preservation along the depth 
gradient, as reported in other regions (Suthhof et al., 2000).

5.2. Variability with distance from the coast

In marginal seas, the coastal effect on the deep sea is 
large and is recorded by the terrigenous organic matter input 
(Cranston, 1997). The presence of continental material in 
the central part of the basin suggests a long lateral transport 
(Stevenson and Cheng, 1972; Cranston, 1997) from the 
Mississippi River (Bouma, 1972; Balsam and Beeson, 2003) 
and from turbidity currents that are due to the hurricane 
effect on the slope (Stevenson and Cheng, 1972). The 
differences recorded between sectors from the northern 
and western Gulf of Mexico can be attributed, as in other 
sites, to local faunal activity in the sediments (Stevenson 
and Cheng, 1972).

5.3. Variability by physiographic regions

The elemental composition and distribution in the 
sediments can provide information on the deposit, current 
patterns and primary productivity conditions (Stein, 1990, 
1991). The elemental composition in the Gulf of Mexico 
deep sediments follows a distribution similar to the 
phytoplankton biomass obtained with satellite images, with 

local differences attributed to continental inputs (Balsam 
and Beeson, 2003).

The inexistent N-S and E-W differences in the Gulf of 
Mexico, besides those given by sand and carbonates, suggest 
a homogeneous basin (Balsam and Beeson, 2003). The 
transition between terrigenous and carbonate provinces has 
been suggested along the 75% CaCO3 isobaths (Hernández-
Arana et al., 2005). A correlation between organic matter 
and CaCO3 has been described in the water column (Suess, 
1970) and in the sediment-water interface, for both TOC 
(Suess, 1973) and TN (Müller and Suess, 1977). The N-S 
differences can be attributed to the effect of the Mississippi 
River (McKee et al., 2004) reaching the abyssal plain 
(Bouma, 1972; Balsam and Beeson, 2003) that has been 
recorded in superficial sediments (Goñi et al., 1997, 1998; 
Gordon and Goñi, 2004), similar to this study.

The lowest C/N in the southern Gulf is related to the 
pelagic origin of organic matter in the Campeche Bay, 
with eutrophic and mesotrophic conditions associated to 
the Grijalva-Usumacinta front (Signoret et al., 2006) that 
differs from values in the central Gulf of Mexico. In spite 
of its regional relevance and continental input to the basin 
(Carranza-Edwards et al., 1993), its effect is significantly 
minor, with C/Na = 9.2, in contrast to the C/Na = 13.8 at the 
same depth range in the northern sector. In addition, the C/N 
associated to asphalt seeps is significantly higher than in the 
surrounding abyssal sediments (50 vs. 7), thus providing 
evidence of local high hydrocarbon input (MacDonald 
et al., 2004; Canet et al., 2006). Seeps from the northern 
sector have high TOC values (>9.4%), with C/N notably 
lower (≈6.1) than neighboring sediments (Paull et al., 1992).

Local high TOC values in the Campeche Knolls area do 
not correlate with TN in presence of S (S = 1.9 ± 1.9%, n = 
23). This suggests high sulfur reduction rates (Arvidson et 
al., 2004) and chemosynthetic activity (MacDonald et al., 
2004), and indicates inorganic N predominance, absent in 
the typical abyssal soft sediments in the region.

5.4. Inter-yearly TN variability: the Sigsbee abyssal plain 
permanent station

Tropical deep-sea ecosystems receive low input of 
photoautotrophic organic matter through time (Jahnke, 
1996; Cosson et al., 1997). The Gulf of Mexico flux to the 
deep seafloor is controlled by different time scale effects 
(Wiseman and Sturges, 1999): (1) upwelling associated 
to the Loop Current and the gyres (Biggs and Müller-
Karger, 1994; Lohrenz et al, 1994), (2) the Mississippi and 
Atchafalaya river input in the northern sector (Wiseman 
and Sturges, 1999), and (3) the Grijalva-Usumacinta river 
input in the southwestern sector (Signoret et al., 2006) 
contribute with nutrients and localized fluxes of particles 
to the deep sea. Upwelling varies at a monthly scale (Biggs 
and Müller-Karger, 1994) whereas river input presents a 
yearly variability (Wiseman and Sturges, 1999). The pulses 
of organic matter to the seafloor respond to two time scales, 
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short and long term, that result in a geographic mosaic 
(Aller, 1997). The long-term ecological research station of 
the central abyssal plain is affected by the yearly flux. The 
decrease in C/Na from 12.0 (in 2002) to 7.7 (in 2005) in the 
abyssal plain reflects a mixture of continental organic matter 
from the Mississippi through turbidity currents (Bouma, 
1972; Bryant et al., 1991) and gravity fluxes (Normark et al., 
1993; Morse and Beazley, 2008) with predominantly pelagic 
materials exported in 2002 (Gordon and Goñi, 2004). A 
similar pattern was recorded by Rabiela-Alonso (2006) in 
macrofaunal density values that can be linked to the C/N 
ratios of this study by bioturbation and remineralization. El 
Niño years contribute with organic matter export to the deep 
sea in the Gulf of Mexico (Escobar-Briones, 2003) and, as 
recorded in other basins, may generate inter-yearly changes 
in the flux to the seafloor (Smith and Druffel, 1998).

5.5. Variability in response to the sedimentation 
conditions

TOC and TN decrease with depth in the sediments, while 
C/N increases by remineralization by microorganisms and 
metazoans in a well-oxygenated seafloor (Canfield, 1994; 
Wakeham, 2002). The pattern recorded in three sediment 
cores can be explained by such a mechanism. The core 
collected in the Mississippi Fan follows the characteristics 
described by Stevenson and Cheng (1972) and Grandel et al. 
(2000) for turbiditic sediments and lacks the typical pattern 
recorded in other cores from the area (Normak et al., 1993; 
Morse and Beazley, 2008).

6. Conclusions

TOC and TN concentrations in the southwestern Gulf 
of Mexico are in agreement with deep-sea values, and N is 
predominantly organic. The highest values are associated to 
hydrocarbon seepage in the abyssal plain. The polynomial 
distribution trends of TOC and TN with depth, and the C/N 
homogeneity in three depth intervals suggest an input of 
continental organic matter that was transported offshore.

This study shows significant differences among depth 
intervals and physiographic regions of the southwestern 
Gulf of Mexico. Variability was recorded in the long-term 
station and can be interpreted as inter-yearly differences in 
the export of POC to the seafloor related to hydrodynamic 
and climatic events in the region. Variability was also 
recorded in sediment cores from the abyssal plain, thus 
indicating lateral transport from the Mississippi Fan to the 
abyssal plain.
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