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• Black carbon accumulation rates were 6X greater in an aeolian plume compared to a 18 
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organic carbon. 21 
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Abstract  29 

Black carbon (BC) is ubiquitous in pelagic sediments and presumed to have an older radiocarbon 30 

age due to long ocean residence times and pre-aging in terrestrial soils. Here, we analyzed 31 

sediments from five regions in the subtropical Atlantic Ocean to quantify the black carbon 32 

fraction of the total organic carbon pool. Black carbon, derived from the chemothermal oxidation 33 

method, comprised between 17±6% of the sedimentary organic carbon in the Northwest 34 

Argentina Basin and 65±18% in the Amazon Delta. Black carbon sediment accumulation rates 35 

were six times greater in the Sierra Leone Rise (8.4±4.1 mg cm-2 kyr-1) compared to the remote 36 

Northwest Argentina Basin (1.3±0.4 mg cm-2 kyr-1), possibly due to enhanced regional 37 

atmospheric deposition from annual African grassland fires. The radiocarbon age for BC from 38 

subtropical Atlantic sediments were more modern compared to the bulk total organic carbon, and 39 

BC source was apportioned as biomass burning byproducts from their stable carbon isotopic 40 

signatures and characteristic ratios of polycyclic aromatic hydrocarbons. This study 41 

demonstrated that subtropical Atlantic Ocean sediments serve as an important sink for young 42 

BC.   43 

 44 

1. Introduction 45 

Black carbon (BC) is a byproduct of the incomplete combustion of organic matter, including 46 

contemporary fossil fuel emissions and both natural and anthropogenic biomass burning (Seiler 47 

and Crutzen, 1980; Goldberg, 1985; Schmidt and Noack, 2000, Mitra et al., 2014). Biomass 48 

burning events can release large quantities of aerosols, including BC, that can be at magnitudes 49 

comparable to modern fossil fuel emissions (Andreae, 1993). The need for a better understanding 50 

of BC concentrations, sources, and transport is driven by its implications in climate forcing 51 

(Bond and Sun, 2005), its role as a human health hazard (Li et al., 2016), its ability to sorb 52 



organic pollutants such as polycyclic aromatic hydrocarbons (Accardi-Dey and Gschwend, 53 

2002), and its potential to be a sink for fixed carbon when deposited to remote regions 54 

(Kuhlbusch, 1998). Quantifying BC concentrations in remote and understudied regions, such as 55 

the pelagic subtropical Atlantic Ocean, could offer insights into the input and accumulation of 56 

terrigenous organic matter in an oligotrophic region and assess the relative magnitude of pelagic 57 

sediment burial as a sink for BC.  58 

 59 

Black carbon measurements in the environment, however, are complicated by differences in 60 

analytical approach, operational definition, recalcitrance, and size of BC particles (Currie et al., 61 

2002; Masiello, 2004; Pohl et al., 2014). Additionally, many marine BC measurements have 62 

been performed in near-shore environments or have focused primarily on the Pacific basin, 63 

creating a general lack of knowledge of BC sediment concentrations in the remote Atlantic. For 64 

example, sedimentary graphitic BC concentrations of 0.14 to 0.65 gBC kgsediment
-1 have been 65 

measured off the Washington U.S. coast using an isotopic approach (Dickens et al., 2004) and 66 

BC concentrations ~0.44 gBC kgsediment
-1 have been measured in the deep Pacific using a chemical 67 

oxidation technique (Griffen and Goldberg, 1975). In the remote Pacific Ocean, BC 68 

accumulation rates were as low as 0.002 – 0.06 mg cm-2 kyr-1 and contributed ~15% to the 69 

sedimentary organic carbon pool (Griffen and Goldberg, 1975; Suman et al., 1997; Masiello and 70 

Druffel, 1998). It is unclear whether BC dynamics are similar in the Atlantic basin. Lohmann et 71 

al. (2009) reported that soot carbon, determined by chemothermal oxidation, composed up to 72 

34% of the bulk sedimentary organic carbon in the Subtropical Atlantic Ocean. This suggests 73 

that pyrogenic carbon inputs could be greater in the subtropical Atlantic region compared to the 74 

Pacific.  75 



 76 

The subtropical Atlantic Basin in particular could be a potential “hotspot” for atmospheric BC 77 

deposition due to intense grass burning events in the African Savanna, anthropogenic activity, 78 

and tropical easterly wind patterns favorable for the offshore transport of emission particulates 79 

(Cahoon et al., 1992). A previous study reported that BC aerosols from these African grass 80 

burning events composed up to 0.8% of the atmospheric particulate matter over the subtropical 81 

Atlantic Ocean (Pohl et al., 2014). Aerosols from northern Africa, including grass burning, have 82 

been measured as far as the eastern United States coast, demonstrating their long-range transport 83 

potential in this region and enhanced atmospheric deposition rate into the subtropical Atlantic 84 

Ocean (Perry et al., 1997; Pohl et al., 2014). Likewise, BC atmospheric particulates in Nairobi, 85 

Kenya, derived mostly from fossil fuel combustion, were found to exceed the World Health 86 

Organization’s safe concentration threshold (Kirago et al., 2022a). Recently, BC from savanna 87 

grassland burn emissions were found to have a clear interannual variability with stable carbon 88 

and radiocarbon isotopes showing significant (≥88%) contributions to the overall biomass 89 

burning emissions in Rwanda (Kirago et al., 2022b). It is clear that Africa may be a significant 90 

aeolian source of BC deposition to the ocean. 91 

 92 

In this study, sediments from the remote Sierra Leone Rise and South Atlantic Ocean, and near-93 

coastal samples from the Senegal, Amazon and Niger Deltas were collected and analyzed with 94 

the aims of: 1) determining the concentration of BC using a chemothermal oxidation procedure, 95 

2) contrasting BC accumulation rates in various regions across the subtropical Atlantic, and 3) 96 

performing a source apportionment of the BC using radiocarbon, stable carbon isotope 97 

measurements and ratios of polycyclic aromatic hydrocarbons (PAHs).  98 



 99 

2. Materials and Methods 100 

2.1 Sediment Collection 101 

Shallow sediment samples (≤12 cm) from EN-480-1, EN-480-2, EN-481-7, EN-481-8, and EN-102 

481-9 were collected in the summer of 2010 aboard the R/V Endeavor using a 4-barrel multi-103 

corer. Sediment cores were sliced into 1-2 cm sections immediately after recovery. All sediments 104 

were stored in pre-combusted (450°C) amber glass jars in a -10°C chest freezer until analysis. 105 

Additional sediments from the Department of Geosciences at Bremen University (GeoB cores 106 

4901, 4903, 4905, 4907, 4908, 1701, 9501, and 2814) were also analyzed. These sediment 107 

samples were previously collected using multicorer and box corer samplers, sliced into 1-10 cm 108 

sections, freeze-dried and ground with a mortar and pestle (Wagner et al., 2004; Zabel et al., 109 

2003).  110 

 111 

For this study, the top 10 cm were defined as well-mixed and homogeneous due to bioturbation, 112 

thus collectively called the surface sediments. This was supported by qualitatively measuring a 113 

suite of organochlorine pesticides, such as dichlorodiphenyltrichloroethane (DDT), which has 114 

only been produced since the 1940s (Carvalho et al., 2011), and its breakdown derivatives 115 

dichlorodiphenyldichloroethylene (DDE) and dichlorodiphenyldichloroethane (DDD; 116 

Supplementary Information). Additionally, a meta-analysis of 791 samples found a global 117 

average marine mixed layer depth, due to bioturbation, to be 5.75±5.67 cm for marine sediments 118 

(Teal et al., 2008). Lastly, Masiello and Druffel (1998) detected bioturbation up to 12 cm in 119 

pelagic Pacific sediments, thus 10 cm was deemed a conservative and appropriate threshold for 120 

the depth of the homogenous surface sediment layer. 121 



 122 

Sediment cores were grouped into the following regions (with average water depth): Amazon 123 

Delta (3140 m; n=4), Niger Delta (2500 m; n=6), Senegal Delta (330 m; n=1), Sierra Leone Rise 124 

(3300 m; n=3), and Northwest (NW) Argentina Basin (4950 m; n=1) (Figure 1). We note that 125 

samples from the Senegal Delta were shallower (~ 10x) compared to the Amazon Delta and 126 

Niger Delta regions. 127 

 128 

2.2 Black Carbon Methodology 129 

Sedimentary BC concentrations were quantified using chemothermal oxidation and petrographic 130 

analysis (Table 1). The chemothermal oxidation at 375°C (BCCTO) method relies on the thermal 131 

stability of soot-like carbonaceous particles to isolate the BC fraction but will oxidize charcoal-132 

like BC along with the organic carbon fraction (Gustafsson et al., 1997; Elmquist et al., 2004). 133 

For the purpose of this study, the BC fraction derived by chemothermal oxidation was 134 

considered as soot-like black carbon as suggested by the BC combustion continuum (Masiello, 135 

2004). All sediments were decalcified using 10% hydrochloric acid, added until effervescence 136 

ceased, dried slowly at 35°C, and homogenized with a mortar and pestle.  137 

 138 

Briefly, 10% hydrochloric acid was added dropwise to sediments dampened with Milli-Q water 139 

until effervescence ceased, similar to Lohmann et al. (2009). A thin layer of ~5 mg of sediment 140 

was combusted at 375°C with a steady stream of high purity compressed air for 24 hours to 141 

isolate the BCCTO. Sediment samples from the GeoB cores were quantified using an Elementar 142 

Vario MICRO cube elemental analyzer coupled to an Isoprime100 isotope ratio-mass 143 

spectrometer (IR-MS); sediments collected on EN-480 and EN-481 were analyzed on a Carlo 144 



Erba elemental analyzer coupled to a GV Optima 588 system IR-MS. The detection limit of both 145 

instruments was 100 ng of carbon. A portion of the decalcified sediment, prior to the 146 

chemothermal oxidation, was reserved to measure the bulk sediment total organic carbon (TOC) 147 

on the same instrumentation listed above. Hereafter, organic or black carbon concentrations will 148 

be reported as the fraction of carbon (TOC or BC) in that sample as gC kgsed
-1 where kgsed

-1 is 149 

carbonate free sediments.  150 

 151 

Additionally, a petrographic analysis was performed on sediment samples from the EN-480 152 

(Amazon Delta) and EN-481 (Sierra Leone Rise) expeditions (BCoptical). Approximately 50 g of 153 

sediment from the Amazon Delta (sediment depths 0-6.0, 5.5-9, and 8.5-12.0 cm) and Sierra 154 

Leone Rise (0-4.0 and 4.0-8.0 cm) were analyzed quantitatively using microscopy by Dr. 155 

Bertrand Ligouis at the Laboratories for Applied Organic Petrology at the University of 156 

Tübingen, Germany.  Briefly, polished sediments were observed under a Leitz DMRX-MPVSP 157 

microscope photometer using a magnification up to 500X with reflected white light, uѵ 158 

fluorescence, plane-polarized light, and cross-polarized light (Taylor et al., 1998; Crelling et al., 159 

2006). Various anthropogenic and natural organic matter fragments were detected including 160 

char, soot, coal, plastic, pollen, and fungal spores (see Supplementary Information). 161 

 162 

2.3 Sedimentation Rate Estimates  163 

Sedimentation rates were obtained by using published data from an existing data base to 164 

calculate the BC and PAH fluxes to the ocean floor (Table 2). Sedimentation rates for all regions 165 

were estimated using published data from the www.pangaea.de global inventory. If there was no 166 

published data for a specific core used in this study, the averaged sedimentation rates of nearby 167 

http://www.pangaea.de/


sites were used as an approximation. Black carbon accumulation rates were estimated as the 168 

product of the BCCTO concentration, the regional sedimentation rate, and the dry bulk density 169 

(DBD). The DBD was approximated using volume-calibrated ceramic crucibles to determine the 170 

dry mass per volume of the homogenized sediments similar to St.Laurent et al., (2020). 171 

 172 

2.4 Radiocarbon Analysis 173 

Radiocarbon was measured in surface sediment samples from the Amazon Delta (EN-480; Core 174 

1a; 0-6 cm; n=5) and Sierra Leone Rise (EN-481; Core 9a; 0-5 cm; n=5) regions at the National 175 

Ocean Sciences-Accelerator Mass Spectrometry (NOSAMS) facility at Woods Hole 176 

Oceanographic Institute using the ‘reconnaissance’ method.  This rapid analysis method was 177 

initially developed to quickly and cheaply quantify radiocarbon in corals by reducing organic 178 

matter into graphite before radiocarbon analysis on a continuous-flow accelerated mass 179 

spectrometer (Burke et al., 2010; McIntyre et al., 2011). Briefly, both TOC (~0.10 to 0.35 mgC) 180 

and BCCTO (~0.15 to 0.80 mgC) samples were combusted into carbon dioxide using a modified 181 

elemental analyzer and then converted to graphite using a zinc reduction method before analysis 182 

(Xu et al., 2007).  183 

 184 

While the reconnaissance method offers a reasonable number of samples to be prepared and 185 

processed quickly, it is less precise than traditional analytical approaches (Burke et al., 2010). 186 

However, for the purpose of this study, the accuracy of the data was within an acceptable range 187 

(1.0403±0.0050 fraction modern, expected 1.0398) as determined by oxalic acid standards 188 

compared to the continuous-flow mass spectrometer. The instrumental standard deviation for the 189 

sediment samples was 20-30 14C years for both TOC and BCCTO. Here, we report the radiocarbon 190 



values as the blank-corrected fraction modern (Fmc) and as 14C years as described by Burke et al. 191 

(2010).  192 

 193 

2.5 Polycyclic Aromatic Hydrocarbon Analysis  194 

Black carbon sources were assessed using δ13C and select polycyclic aromatic hydrocarbons 195 

(PAHs). δ13C values were determined alongside the chemothermal oxidation method via IR-MS.  196 

For the PAH analysis, homogenized sediments were extracted with an accelerated solvent 197 

extractor (Dionex ASE 350) in 6 cycles at 150°C using a 50/50 mix of hexane and acetone. Prior 198 

to extraction, d10-acenapthene, d10-phenanthrene, d12-chrysene, and d12-perylene were added to 199 

each sample to assess recovery. Solvent extracts were evaporated to 1 mL using a rotary 200 

evaporator and purified through a column containing 2 mg of activated silica with 45 mL of a 201 

30/70 solvent mixture of dichloromethane and hexane. Extracts were evaporated with N2 gas to 202 

50 μL and an injection surrogate of p-terphenyl was added before analysis on an Agilent 6890 203 

Series gas chromatograph coupled to a 5973 Mass Selection Detector (GC-MS). All samples 204 

were quantified using ChemStation software. The following 24 PAHs were measured: 205 

napthalene, 2-Methyl napthalene, acenapthylene, acenapthene, biphenyl, 1,5-dimethyl 206 

napthalene, flourene, 2,3,5-trimethyl napthalene, phenanthrene, anthracene (An), 2-methyl 207 

flourene, dibenzothiophene, 1-methyl phenanthrene, 9-methyl anthracene, fluoranthene (Fl), 208 

pyrene (Py), 4,5-dimethyl phenanthrene, 3,6-dimethyl phenanthrene, 1-methyl pyrene, retene, 209 

perylene, benzo(g,h,i)perylene (Bghi), indeno(1,2,3-c,d)pyrene (IP), dibenzo(a,h)anthracene. 210 

Source apportionment was assessed on all surface sediments using three PAH ratios as described 211 

in Yunker et al. (2002).  212 

 213 



2.6 Quality Control and Assurance 214 

The standard reference materials (SRMs) 1941b (marine sediment), 1650 (diesel soot), 1649a 215 

(urban dust), mollisol (chernozem soil), risotto char, and sand (methodological blank) were 216 

quantified alongside all sediments for BCCTO as recommended by the BC ring trial (Hammes et 217 

al., 2007). The analytical average and expected range, respectively, for these SRMs using the 218 

chemothermal oxidation method (BCCTO) were: 1941b (our average 0.51%; inter-laboratory 219 

range: 0.38-0.74%), 1649a (1.49%; 0.9-2.59%), mollisol (0.11%; 0.0-0.44%), risotto char (0.9%; 220 

0-2.1%), and 1650 (43.2%; 32.5-44.0%). Our BCCTO results are well within the values reported 221 

by Hammes et al., (2007). No BC was detected on the sand blank. 222 

 223 

For the ASE extractions, a blank cell using Fisher Scientific sea-washed sand was used for every 224 

5 sediment samples. Recoveries of internal surrogates were between 50-99% for all PAHs. Blank 225 

ΣPAH concentrations averaged 2.6 ng/g and were detected at a level of less than 4.5% of the 226 

smallest ΣPAH sample. 227 

 228 

2.5 Data Analysis 229 

All calculations and statistical analyses were conducted using R version 4.1.1. A Shapiro-Wilks 230 

test was used to test for normality. If data were considered to not be normally distributed, 231 

differences were calculated using a pairwise Wilcoxon Test with a Bonferroni correction. 232 

Significance was determined when the p-value was <0.05. Upcore trends were assessed using a 233 

Pearson’s product-movement correlation test using the cor.test() function in R (version 4.3.1).  234 

 235 



3. Results  236 

3.1.1 Surface Sediment Carbon Concentrations  237 

Surface sediment BCCTO concentrations, averaged by region, were greatest in the Senegal Delta 238 

(7.7±0.4 gC kg-1; n=6) and Niger Delta (7.4±2.4 gC kg-1; n=77) and lowest in the NW Argentina 239 

Basin (1.1±0.3 gC kg-1; n=8; Table 1; Figure 2). The Sierra Leone Rise, located approximately 240 

1000 km from the NW African Coast, had a greater BCCTO surface sediment concentration 241 

(6.5±3.1 gC kg-1; n=64) compared to the Amazon Delta (4.1±1.4 gC kg-1; n=48) which is located 242 

approximately 800 km from the Amazon River’s interface into the Atlantic. 243 

 244 

Total organic carbon surface sediment concentrations were greatest in the Senegal Delta 245 

(22.0±1.0 gC kg-1; n=6), Niger Delta (15.9±6.1 gC kg-1; n=77), and Sierra Leone Rise (15.4±3.4 246 

gC kg-1; n=58), and comparatively lowest in the NW Argentina Basin (7.0±0.9 gC kg-1; n=10) 247 

and Amazon Delta (6.4±1.8 gC kg-1; n=45). The BCCTO fraction of the bulk total organic carbon 248 

(TOC) was highly variable with the greatest ratio in the Amazon Delta (65±18%; n=45) and 249 

lowest ratio in the NW Argentina Basin (17±6%; n=8).  250 

 251 

Both the Amazon Delta and NW Argentina Basin were found to have statistically unique BCCTO 252 

concentrations while the BCCTO concentrations were not significantly different between the 253 

Niger Delta, Senegal Delta, or Sierra Leone Rise (Figure 2; pairwise Wilcoxon test with the 254 

Bonferroni correction method). Surface sediment TOC concentrations were not significantly 255 

different between the Niger Delta and Sierra Leone Rise, nor between the Amazon Delta and 256 



NW Argentina Basin. For the ratio of BC/TOC, the following pairs were considered not to be 257 

significantly different: the Amazon Delta and the Niger Delta, the NW Argentina Basin and the 258 

Senegal Delta, and the Senegal Delta and the Sierra Leone Rise (Table 1). 259 

3.1.2 Petrographic Analysis 260 

Anthropogenic particles were detected in the sediments analyzed from the Amazon Delta (0-9 261 

cm) and Sierra Leone Rise (0-9 cm) by an optical-based petrographic analysis (Table 1). Soot, 262 

possibly from traffic combustion (size fraction 3-60 and 3-100 µm for the Amazon Delta and 263 

Sierra Leone Rise, respectively), was the dominant form of anthropogenic BCoptical, followed by 264 

plastic and char from coal combustion (Sierra Leone Rise only). The BCoptical abundance for the 265 

surface Amazon Delta sediments (0-6 cm) ranged from 0.4 to 1.7% using an effective soot 266 

density of 0.5 g cm-3 (Gysel et al., 2011). The Sierra Leone Rise contained both soot particles 267 

(0.4 to 1.7%) and charcoal particles (0.06 to 0.11%) derived from coal combustion, resulting in a 268 

BCoptical concentration range between 0.5 to 1.8%.  269 

 270 

3.2 Upcore Black Carbon Concentrations 271 

Black carbon concentrations did not vary greatly with depth (Figure 3) which could be indicative 272 

of constant BC inputs over the chronologic period as represented by the sampling depth. We note 273 

that our regions had different sampling resolutions (e.g. depth interval of sampling and core 274 

length) but believe these data help depict the upcore variability of the sedimentary organic 275 

carbon. As the data were highly variable, our interpretation is mostly qualitative to describe 276 

general patterns and trends. The Amazon Delta was the only region with a visibly increasing 277 

trend of BCCTO concentration upcore (R2=0.47; p-value<0.05). The Senegal Delta region also 278 

had an increasing upward trend (R2=0.53; p-value<0.05) which could be an artifact of the small 279 



sample size (5 sampling intervals). The Sierra Leone Rise (R2=0.05; p-value=0.72), Niger Delta 280 

(R2=0.06; p-value=0.55), and NW Argentina Basin (R2=-0.02; p-value=0.90) had no general 281 

upcore trends of BCCTO concentrations and displayed the greatest variability near the surface.   282 

 283 

The Niger Delta had the greatest BCCTO variability across all sampled depths. This region had the 284 

greatest number of cores, all with varying distances to the mouth of the Niger River (Figure 1) 285 

which resulted in high regional variability. For example, the top 10 cm of the Niger Delta region 286 

has a range of surface BCCTO concentrations from 1.7 to 11.4 gC kg-1. Both the Senegal Delta 287 

and NW Argentina Basin displayed fairly stable upcore patterns (Figure 3). 288 

 289 

3.3 Carbon Source Assessment  290 

3.3.1 Stable Carbon Ratios  291 

The general δ13C range of organic material from the C3 carbon fixation pathway is -23 to -28‰ 292 

while the C4 fractionation is more enriched between -12 to 16‰ (Farquhar et al., 1989). Despite 293 

C4 biomass comprising only ~13% of modern-day plant metabolism, the Subtropical Atlantic 294 

receives significant C4 material inputs from African Savanna grasses delivered by the easterly 295 

winds (Cahoon et al., 1992; Cerling et al., 1993).  Additionally, the typical δ13C range for marine 296 

plankton is estimated between -19 and -22‰ (Holtvoeth et al., 2003); benthic foraminifera from 297 

the genus Cibicides, a common paleotracer, globally have a δ13C range between -0.7 to 1.9‰ 298 

(Schmittner et al., 2017), and petroleum sources including crude oil (-23.3 to -32.5‰) and gas 299 

(22.6 to 23.2‰) display wide ranges depending on region (Yeh and Epstein, 1981). 300 

 301 



The bulk TOC-δ13C values for the Atlantic surface sediments (Table 3) were broadly within the 302 

signature for marine plankton between -19 and -22‰ (Holtvoeth et al., 2003) with a study wide 303 

average of -19.1±1.9‰ (range of -15.3‰ in the Sierra Leone Rise to -23.5‰ in the Niger Delta). 304 

The δ13C-BCCTO had a range of mean values: -28.3±4.6‰ (Amazon Delta; n=48), -23.9±4.6‰ 305 

(Niger Delta; n=77), -21.2±3.1‰ (Senegal Delta; n=6), -23.2±4.6‰ (Sierra Leone Rise; n=63), -306 

25.4±1.5‰ (NW Argentina Basin; n=8). Bulk TOC-δ13C values were comparatively more 307 

enriched than the δ13C-BCCTO for these regions. 308 

 309 

A mass balance to estimate the OC-δ13C values was conducted by applying equation 1. The 310 

thermally labile δ13C-OC fraction was estimated using the regional average BCCTO, OC, and 311 

TOC concentrations and the δ13C values for BCCTO and TOC: 312 

𝛿𝛿13𝑂𝑂𝑂𝑂 = �[𝑇𝑇𝑇𝑇𝑇𝑇]∗𝛿𝛿13𝑇𝑇𝑇𝑇𝑇𝑇�−([𝐵𝐵𝐵𝐵]∗𝛿𝛿13𝐵𝐵𝐵𝐵)
[𝑂𝑂𝑂𝑂]

   eq 1. 313 

The average regional δ13C-OC values were -6.0‰ (Amazon Delta), -14.0‰ (Niger Delta), -314 

18.8‰ (Senegal Delta), -12.8‰ (Sierra Leone Rise), and -22.5‰ (NW Argentina Basin).  315 

 316 

3.3.2 Polycyclic aromatic hydrocarbons 317 

The concentration of ∑PAHs in surface sediments (Table 3) was greatest and most variable in 318 

the Niger Delta (14.12±24.21 μgPAH g-1; n=38) and lowest at the Sierra Leone Rise (1.13±0.89 319 

μgPAH g-1; n=18). Unexpectedly, ∑PAH was greater at the remote NW Argentina Basin 320 

(3.84±4.05 μgPAH g-1; n=5) compared to the Amazon Delta (1.93±0.94 μgPAH g-1; n=19) and 321 

similar to the Senegal Delta (3.87±2.31 μgPAH g-1; n=3). The elevated ∑PAH concentrations for 322 

the NW Argentina Basin were mostly due to variable contributions from indeno(1,2,3-c,d)pyrene 323 

(IP; 45.2±42.6%) and benzo(g,h,i)perylene (Bghi; 6.7±15.0%). Both IP and Bghi were also large 324 



components of the surface sediment ∑PAH concentrations for most regions, including the 325 

Amazon Delta (IP=40±21%; Bghi=31±20%), Sierra Leone Rise (IP=37±12%; Bghi=52±16%), 326 

Niger Delta (IP=19±24%; Bghi=40±32%), and Senegal Delta (IP=18±15%; Bghi=8±8%). This 327 

is consistent with findings from a previous study (Pikkarainen 2004).  328 

 329 

Ratios of select PAHs were used to apportion source in the surface sediments as described by 330 

Yunker et al., (2002; Figure 4). Approximately 97% of sediments extracted for PAHs were 331 

apportioned as combustion-derived using the ratio of anthracene (An) to the sum of PAHs with a 332 

molecular weight of 178 g mol-1 (An + phenanthrene). The ratios of fluoranthene 333 

(Fl)/FL+Pyrene(Py) versus IP/IP+Bghi indicated that ~25% of the PAHs extracted from these 334 

sediments were apportioned as grass, wood, and/or coal combustion, with the majority of those 335 

samples located in the Amazon Delta. Up to 58% of the samples could be apportioned as 336 

biomass burning. The Niger Delta was unique in that petroleum combustion and/or petroleum 337 

were the most likely source.  338 

 339 

3.3 Black carbon and polycyclic aromatic hydrocarbon accumulation rates in pelagic 340 

sediments 341 

The greatest average BCCTO accumulation rates were derived for the Senegal Delta (41.6±2.2 342 

mgBCCTO cm-2 kyr-1; n=6) and Niger Delta (24.6±8.0 mgBCCTO cm-2 kyr-1; n=77) while the 343 

lowest BCCTO accumulation rates were found in the Amazon Delta (2.9±1.0 mgBCCTO cm-2 kyr-1; 344 

n=48) and NW Argentina Basin (1.3±0.4 mgBCCTO cm-2 kyr-1; n=8 Table 2). BCCTO 345 

accumulation rates were 8.4±4.1 mgBCCTO cm-2 kyr-1 (n=64) in the remote Sierra Leone Rise. 346 

BCoptical accumulation rates for the Amazon Delta (range 2.8-12.1 mgBCCTO cm-2 kyr-1; n=3) and 347 



Sierra Leone Rise (6.6-23.8 mgBCCTO cm-2 kyr-1; n=2) were comparable to the BCCTO 348 

accumulation rates.  349 

 350 

Accumulation rates of ∑PAHs in this study ranged from 1.4±0.7 μgPAH cm-2 ky-1 (n=19) in the 351 

Amazon Delta region up to 47.0±80.6 μgPAH cm-2 ky-1 (n=38) in the Niger Delta. Both the 352 

Niger Delta and Senegal Delta (20.9±12.5 μgPAH cm-2 ky-1; n=3) had the greatest ∑PAH 353 

accumulation rate.  354 

 355 

3.4 Sedimentary radiocarbon assessment 356 

The BCCTO in Amazon Delta (Fmc=0.95±0.01; 450±40 14C years) and Sierra Leone Rise 357 

(Fmc=0.88±0.05; 1030±500 14C years) sediments were younger than the corresponding bulk 358 

sedimentary TOC in the Amazon Delta (Fmc=0.77±0.01; 2130±110 14C years) and Sierra Leone 359 

Rise (Fmc=0.83±0.02; 1520±200 14C years). The CTOBC and TOC were found to be significantly 360 

different for the Amazon Delta using paired sample t-test (p<0.05) but not for the Sierra Leone 361 

Rise (p = 0.11). We note, however, the limited sample size and lower precision from the 362 

reconnaissance method (Burke et al., 2010).  363 

 364 

4 Discussion  365 

4.1 The ubiquity of black carbon  366 

Black carbon was ubiquitous in all subtropical Atlantic sediments collected in this study, 367 

regardless of distance from continental emissions or river input. For example, BC was detected at 368 

the NW Argentina Basin, our most remote site, which is ~1400 km from the Southeast coast of 369 



South America, >1800 km from the mouth of the closest tributary (the Paraná River), and not 370 

impacted by any major atmospheric emission plumes. The NW Argentina Basin BCCTO 371 

concentration was 1.1±0.3 gBC kgsed
-1, which is comparable to other pelagic sites in both the 372 

Atlantic and Pacific Oceans; for example, 1.0-3.4 gBC kgsed
-1 off the Swedish Continental Shelf 373 

(chemothermal oxidation at 375°C; Sanchez-Garcia et al., 2012), 0.4-1.0 gBC kgsed
-1 off the South 374 

American Coast (chemothermal oxidation at 375°C; Lohmann et al., 2009), 2.2-6.3 gBC kgsed
-1 375 

off the Iberian Margin (chemothermal oxidation at 375°C; Middelburg et al., 1999), and 0.4-1.6 376 

gBC kgsed
-1 off the Iberian Margin (chemical oxidation via HNO3; Middelburg et al., 1999). 377 

Although BC is a minor fraction of the overall global carbon budget, the recalcitrance and 378 

ubiquity of BC in sediments renders it a potential carbon sink, effectively removing biogenic 379 

carbon on long-term timescales (Kuhlbusch and Crutzen, 1995).  380 

 381 

Similarly, BC has been found to comprise significant portions of the total sedimentary organic 382 

matter pool in the pelagic ocean. Previous studies have found BC to comprise 12-31% of the 383 

total organic carbon pool in the Pacific Ocean abyssal plain (chemical treatment via H2Cr2O7 + 384 

H2SO4; Masiello and Druffel, 1998;), 15.8% ±0.09% in global riverine systems (benzene 385 

polycarboxylic acid method; Coppola et al., 2018), 16-61% in the North Sea (chemothermal 386 

oxidation at 375°C and chemical treatment via HNO3; Middelburg et al., 1999), and 3-34% in 387 

pelagic Atlantic Ocean sediments (chemothermal oxidation at 375°C; Lohmann et al., 2009).  388 

 389 

However, our ranges in fluvial and pelagic Atlantic sediments suggest that BCCTO comprised 390 

significant portions of the sedimentary total organic matter pool, with BCCTO fractions being ~4 391 

times greater in fluvial Amazon sediments and ~6 times greater in the Sierra Leone Rise 392 



compared to the remote NW Argentina Basin. This supports that aeolian deposition likely played 393 

an important role in delivering BC to remote sediments in this study area. In this paper, we 394 

focused solely on the particulate BC; we note that dissolved black carbon and future feedbacks 395 

between climate, wildfires, and BC transport should be further explored (Coppola et al., 2022).  396 

 397 

Caution should be applied when comparing black carbon concentrations reported in previous 398 

studies since different methodologies measure different portions of the BC combustion 399 

continuum (Masiello, 2004); sedimentary BC concentrations and BC/TOC ratios may vary by 400 

study depending on the analytical method used. In this study, we applied the chemothermal 401 

oxidation at 375°C (CTO-375) approach which operationally isolates the more recalcitrant soot-402 

like BC particulates while oxidizing thermally labile organic carbon which may include char and 403 

charcoal-like BC (Forbes et al., 2006). Since the CTO-375 detects only the most thermally 404 

recalcitrant BC fractions, the values reported by this study are likely conservative estimates. 405 

 406 

4.2 Export of black carbon and polycyclic aromatic hydrocarbons to deep marine 407 

sediments 408 

The Subtropical Atlantic Ocean, even the remote areas removed from direct fluvial inputs, 409 

displayed measurable accumulation rates of BCCTO and PAHs. Black carbon and combustion-410 

derived PAHs originate from terrestrial processes; thus these accumulation rates represent an 411 

export of carbonaceous and hydrocarbon materials from land and the atmosphere to deep sea 412 

sediments. Accumulation rates of BCCTO using sedimentation rates from previously published 413 

studies ranged from 1.3±0.4 mgBC cm-2 kyr-1 in the NW Argentina Basin up to 41.6±2.2 mgBC 414 

cm-2 kyr-1 in the Senegal Delta (Table 2). This range is comparable and/or elevated to the U.S. 415 



Washington Coast (1.5-3.1 mgBC cm-2 kyr-1; chemothermal oxidation at 375°C and chemical 416 

treatment; Dickens et al., 2004), African Coast (0.5-7.8 mgBC cm-2 kyr-1; chemothermal 417 

oxidation at 375°C Lohmann et al., 2009), and the pelagic Pacific (0.002-3.6 mgBC cm-2 kyr-1; 418 

synthesis of multiple methods; Suman et al., 1997).  419 

 420 

The approximate age of the surface sediments (top 10 cm) analyzed in this study, using the 421 

literature-derived deposition rates, are 2.0 kyr (Niger Delta), 2.9 kyr (Senegal Delta), 3.3 kyr 422 

(Sierra Leone Rise), 9.2 kyr (Amazon Delta), and 13.2 kyr (NW Argentina Basin). We 423 

hypothesize that biomass burning is a primary source of BC and that inputs have been fairly 424 

stable for millennia with some observations of recent increases. This is supported by the PAH 425 

ratios (Table 3) which suggests the dominance of biomass combustion source of grass, wood, or 426 

coal combustion for all sites. A biomass burning source is further inferred by the δ13C signal 427 

suggesting contributions from C4 plant inputs, such as those from Savanna grasses.  428 

 429 

Black carbon accumulation rates derived from the petrographic analysis in the Amazon Delta 430 

and Sierra Leone Rise mostly agreed with the BCCTO quantification method (Table 2). In the 431 

Amazon Delta, the BCoptical accumulation rate ranged from 2.8 to 12.1 mg cm-2 kyr-1 and was 432 

2.9±1.0 mg cm-2 kyr-1 for the BCCTO accumulation rate. The BCoptical accumulation rate from the 433 

Sierra Leone Rise also agreed with the BCCTO accumulation rate at a range of 6.6 to 23.8 and 434 

8.4±4.1 mg cm-2 kyr-1, respectively. For the BCoptical accumulation rates, it is notable that the 435 

Sierra Leone Rise has a ~2 times greater accumulation rate compared to the Amazon Delta. This 436 

finding is consistent with expectations that the easterly trade winds transport large quantities of 437 

terrestrial particles to the Subtropical Atlantic Ocean (Pohl et al., 2014). 438 



 439 

∑PAHs in deep sea sites off the Mississippi River Delta ranged from 1.72 to 51.14 μgPAH cm-2 440 

ky-1 (Adhikari et al., 2016) and remote sediments off the U.S. Northeast had individual PAH 441 

deliveries consistently near 1 μgPAH cm-2 ky-1 and averaged 35 μgPAH cm-2 ky-1 closer to urban 442 

areas (Gschwend and Hites, 1981). Comparisons of ∑PAH accumulation rates can be 443 

challenging since many studies often measure different analytes. However, here we show that 444 

∑PAHs can accumulate in remote pelagic sediments in high rates. In the Niger Delta, PAH ratios 445 

indicated petrogenic source, which is in-line with the known oil production in that region (Elum 446 

et al., 2016).  447 

 448 

4.3 The importance of atmospheric deposition and biomass burning emissions 449 

The Sierra Leone Rise (Figure 1) is one of the shallowest parts of the abyssal Atlantic basin (site 450 

depth 3300 m) and is situated directly within the African emissions plume which transports large 451 

quantities of organic aerosols from the annual dry season grassland burnings due to southeasterly 452 

trade winds (Cahoon et al., 1992; Perry et al., 1997; Pohl et al., 2014). Black carbon from sub-453 

Saharan Africa were dominated by biomass burning emissions (93±3%), and BC particulates 454 

were composed equally of C3 and C4 plants (Kirago et al., 2022). An enhanced deposition of 455 

pyrogenic materials in this region is also consistent with previous buoy-based measurements 456 

which found 2.4 gBC kg-1 and a BC/TOC percent ratio of 24% (Eglinton et al., 2002). These 457 

materials were hypothesized to originate from Northwest Africa due to atmospheric patterns 458 

transporting burn emission to the Subtropical Atlantic Ocean.  459 

 460 



Both the Sierra Leone Rise and NW Argentina Basin are classified here as remote sites (>800km 461 

from the nearest continent). The NW Argentina Basin was expected to have the lowest BCCTO 462 

accumulation rate as there are no riverine inputs and synoptic atmospheric patterns are 463 

unfavorable for substantial atmospheric inputs; BCCTO accumulation rates measured in this study 464 

were comparable to soot-like BC accumulation rates measured in open ocean and margin 465 

sediments, where soot-like denotes a chemothermal oxidation BC method was applied (Suman et 466 

al., 1997; Lohmann et al. 2009). Thus, the NW Argentina Basin could represent a useful 467 

reference site for BCCTO accumulation in pelagic sediments removed from the Aeolian plume of 468 

terrestrial particles originating from the African continent (Pohl et al., 2014; Kirago et al., 2022). 469 

The enhanced accumulation rates of soot-like BC (Table 2) to the Sierra Leone Rise (8.4±4.1 470 

mgBCCTO cm-2 kyr-1) were up to six times greater than the NW Argentina Basin sediment region 471 

(1.3±0.4 mgBC cm-2 ky-1).  472 

 473 

Both the elevated TOC and BCCTO accumulation rates in the Sierra Leone Rise, compared to the 474 

NW Argentina Basin, are presumably from atmospheric deposition originating from Savanna 475 

grassland burn emissions (Eglinton et al., 2002; Pohl et al., 2014; Kirago et al., 2022). This is 476 

supported by the more enriched δ13C-TOC found at the Sierra Leone Rise (-17.2±1.2‰) 477 

compared to the NW Argentina Basin (-22.6±0.9‰), which suggests an input of C4 materials, 478 

such as Savanna grasses. Easterly trade winds in combination with interannual grassland burning 479 

events thus makes remote sites within sub-Tropical Atlantic Ocean prone to elevated aeolian 480 

deposition of TOC and BC compared to other marine basins such as the Pacific. The δ13C values 481 

we report for both TOC and BCCTO are consistent and similar to those reported in South Atlantic 482 

sediments by Lohmann et al., 2009. 483 



 484 

 We recognize that the derived δ13C-OC fraction of our data are highly enriched (eq. 1), 485 

particularly for the Amazon Delta (-6.0‰). This indicates that the Amazon Delta region was 486 

distinctly separate from the other regions analyzed in this study and it could indicate that we had 487 

a fraction of recalcitrant carbonates or petroleum included in the sediments (despite our rigorous 488 

acidification process to remove the inorganic carbon fraction). The general trends for δ13C-OC, 489 

though, are in-line with expectations. We observed a much stronger influence of thermally labile 490 

C4 organic matter close to the western coast of the African continent (Niger Delta (-14.0‰) and 491 

Sierra Leone Rise (-12.8‰)) compared to the more remote site in the NW Argentina Basin (-492 

22.5‰), which were more influenced by C3 organic matter and marine plankton sources. We 493 

note that previous studies have measured the δ13C of the particulate organic matter fraction of 494 

foraminifera and have found enriched values as high as -17‰ (Hoogakker et al., 2022). Thus, 495 

apportioning the organic matter source from δ13C values alone can be challenging. However, this 496 

study adds value by reporting δ13C-OC values for this under-represented area. 497 

 498 

Global climate model (GCM) simulations have suggested increases in wildfire severity and an 499 

extension of the global fire weather season, particularly in the Northwest United States and 500 

Amazonian Rainforest (de Groot et al., 2013). Additionally, GCMs have estimated an increase of 501 

elemental carbon emissions, a form of soot-like carbon using thermal optical transmittance, by 502 

20% by the year 2050 as a result of increased wildfire burn area in the Western United States 503 

(Spracklen et al., 2009). Thus, projected future climate changes have the potential to increase 504 

carbonaceous emissions as well as mobilize soil-bound charred biomass to the ocean.  505 

 506 



4.4 Young carbon in subtropical sediment  507 

This study found that the particulate BCCTO has a similar or greater 14C fraction modern 508 

compared to the bulk TOC in subtropical Atlantic sediments. Specifically, the BCCTO for the 509 

Sierra Leone Rise sediment displayed a modern age of 1030±500 14C years while the TOC had 510 

an age of 1520±200 14C years. This infers that young BC and TOC atmospheric deposition 511 

makes the organic carbon in sub-tropical Atlantic sediments vastly different compared to 512 

previous studies in the Pacific Ocean where aged BC was dominant (Coppola et al., 2014; 513 

Coppola and Druffel, 2016). Further, the radiocarbon age of atmospherically deposited bulk 514 

TOC particles on a meteorological surface buoy off the African coast was relatively modern at 515 

2070±35 14C years, suggesting biomass burning was a large contributor to the carbon content of 516 

atmospheric particles (Eglinton et al., 2002). Similarly, δ13C and Δ14C values apportioned that 517 

biomass burning derived BC in sub-Saharan Africa were almost entirely from savanna grassland 518 

fires (Kirago et al., 2022). 519 

 520 

Our radiocarbon values are consistent in that both the TOC and BC fractions were modern, 521 

suggesting little dilution by fossil fuel (radiocarbon dead) carbonaceous inputs in the surface 522 

sediments. Previous work had suggested that atmospherically transported material had a short 523 

residence time, and therefore undergoes little aging, between emission and deposition to the 524 

sediment (Raymond and Bauer, 2001; Masiello and Louchouarn, 2013). Coppola et al. (2018) 525 

also reported that BC in the Congo River displayed more modern ∆14C values than other global 526 

rivers, supporting our notion of biomass-derived, e.g. young, BC particles being transported from 527 

Africa which presumably include significant fractions of subtropical C4 grasses. The extent of 528 



the young dissolved BC plume remains unclear, and whether and how it affects sedimentary BC 529 

concentrations and its radiocarbon values. 530 

 531 

Additionally, younger carbon is often thought to be more labile than radiocarbon old material 532 

(Hedges et al., 1997), which suggests pelagic sediments in the subtropical Atlantic could be more 533 

labile compared to the remote Pacific. The young BC radiocarbon age implies that (i) the 534 

atmospheric deposition of carbon derived from biomass burning is an important transport vector 535 

of organic and black carbon in the subtropical Atlantic and (ii) that minimal aging occurs 536 

between atmospheric deposition to the ocean’s surface and depositional flux to the deep 537 

sediments. 538 

 539 

A recent study has reported an in situ mechanism for the abiotic generation of 14C depleted 540 

graphite via hydrothermal vents (Estes et al., 2019). Previous studies have found that the 541 

particulate graphite mostly settles within 200-300 m from the hydrothermal vent point source 542 

(Jedwab and Boulegue, 1984). However, the submicron fraction was demonstrated to have the 543 

potential for entrainment and thus could travel significant distances and be a source of aged 544 

organic carbon to the deep ocean (Estes et al., 2019). While we cannot definitely conclude 545 

whether the sediment samples in this study contained any graphitic BC, the relatively young 14C 546 

age of the BCCTO sedimentary fraction would suggest minor contributions of 14C depleted BC. 547 

This implies that our modern 14C age is a conservative estimate if any abiotic graphitic BC were 548 

present in our samples.   549 

 550 

4. Conclusions  551 



Black carbon was ubiquitously detected in subtropical Atlantic sediments. Black carbon 552 

comprised substantial fractions (17-65%) of the bulk sedimentary organic carbon, revealing that 553 

terrestrial organic material composed a significant fraction of carbon present in these remote 554 

region sediments. Atmospheric transport of biomass burning particulates from African grassland 555 

wildfires was the most likely source for elevated black carbon concentrations (up to six times 556 

greater than at a remote pelagic site) in sediment affected by the easterly trade winds. Black 557 

carbon accumulation rates to subtropical Atlantic sediments ranged from 1.3±0.4 in the remote 558 

Northwest Argentina Basin up to 41.6±2.2 mgBC cm-2ky-1 in the near-shore Senegal Delta. 559 

Polycyclic aromatic hydrocarbon accumulation rates were lowest in the Amazon Delta (1.4±0.7 560 

μgPAH cm-2ky-1) and Sierra Leone Rise (1.5±1.2 μgPAH cm-2ky-1) and greatest and most 561 

variable in the Niger Delta (47.0±80.6 μgPAH cm-2ky-1) which was divergent from the BC 562 

accumulation rate patterns. Lastly, the black carbon radiocarbon age, measured as the blank-563 

corrected fraction modern, was 0.95±0.01 in the Amazon Delta and 0.88±0.05 in the Sierra 564 

Leone Rise. These values, compared to the total organic carbon radiocarbon blank-corrected 565 

fraction modern (0.77±0.01 and 0.83±0.02, respectively), suggests the black carbon in the 566 

Atlantic Ocean has a different origin and transport time compared to the Pacific Ocean and that 567 

fossil carbon-derived BC input is currently minor in the subtropical Atlantic Ocean.  568 
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Table 1 783 

 Surface sediment concentrations (gC kgsed
-1) of black carbon (BCCTO; BCoptical), organic 784 

carbon (OC), total organic carbon (TOC) and the ratio of BCCTO to TOC in subtropical 785 
Atlantic sediments.  786 

 787 

 Concentration (gC kgsed
-1)  

Regional Average TOC BCCTO OCCTO BCoptical BCCTO/TOC 

Amazon Basin 6.4±1.8 
(n=45) 

4.1±1.4 
(n=48) 

2.3±1.4 
(n=45) 

4-17 
(n=3) 

0.65±0.18 
(n=45) 

Niger Delta 15.9±6.1 
(n=77) 

7.4±2.4 
(n=77) 

8.4±8.0 
(n=75) n/a 0.56±0.26 

(n=75) 

Senegal Delta 22.0±1.0 
(n=6) 

7.7±0.4 
(n=6) 

14.4±0.8 
(n=6) 

n/a 0.35±0.01 
(n=6) 

Sierra Leone Rise 15.4±3.4 
(n=58) 

6.5±3.1 
(n=64) 

8.9±4.2 
(n=53) 

5-18 
(n=2) 

0.44±0.20 
(n=53) 

NW Argentina 
Basin 

7.0±0.9 
(n=10) 

1.1±0.3 
(n=8) 

5.8±1.1 
(n=8) n/a 

0.17±0.06 
(n=8) 

   788 



 789 

Table 2 790 
Estimated literature-derived sedimentation rates (cm kyr-1) and black carbon (mgBC cm-2 kyr-791 
1) and polycyclic aromatic hydrocarbon (μgPAH cm-2 kyr-1) accumulation (Acc.) rates to 792 
subtropical Atlantic sediments. 793 
 794 

 795 

  Sedimentation 
Rate (cm kyr-1) 

BC Acc. Rate (mgBC cm-2 kyr-1) PAH Acc. Rate 
(μgPAH cm-2 kyr-1) 

Region BCoptical  BCCTO  
Amazon Delta ~1.3 2.8-12.1; n=3 2.9±1.0; n=48 1.4±0.7; n=19 

Niger Delta ~10 n/a 24.6±8.0; n=77 47.0±80.6; n=38 
Senegal Delta ~6.9 n/a 41.6±2.2; n=6 20.9±12.5; n=3 

Sierra Leone Rise ~2.7 6.6-23.8; n=2 8.4±4.1; n=64 1.5±1.2; n=18 
NW Argentina Basin ~2.5 n/a 1.3±0.4; n=8 4.5±4.8; n=5 

 796 

 797 

Table 3 798 
Stable carbon (δ13C), radiocarbon carbon (Δ14C), and polycyclic aromatic hydrocarbon (PAH) 799 
ratios and concentrations in subtropical Atlantic sediments. 800 
 801 

  ‰ Fraction Modern (FMc) μgPAH gsed
-1 

Regional Average δ13CTOC δ13CBC Δ14CTOC Δ14CBC ∑PAHs IP/(IP+Bghi) Fl/(Fl+Py) An/178 

Amazon Delta 
-

20.3±1.7; 
n=45 

-
28.3±4.6; 

n=48 

0.77±0.01; 
n=5 

0.95±0.01; 
n=5 

1.93±0.94; 
n=19 0.55±0.23 0.71±0.22 0.56±0.33 

Niger Delta 
-

19.2±1.1; 
n=75 

-
23.9±4.6; 

n=77 
n/a n/a 14.12±24.21; 

n=38 0.32±0.30 0.55±0.15 0.45±0.27 

Senegal Delta 
-

19.7±0.1; 
n=6  

-
21.2±3.1; 

n=6 
n/a n/a 3.87±2.31; 

n=3 0.71±0.11 0.59±0.05 0.27±0.02 

Sierra Leone Rise 
-

17.2±1.2; 
n=57 

-
23.2±4.6; 

n=63 

0.83±0.02; 
n=5 

0.88±0.05; 
n=4 

1.13±0.89; 
n=18 0.42±0.13 0.71±0.07 0.35±0.13 

NW Argentina Basin 
-

22.6±0.9; 
n=10 

-
25.4±1.5; 

n=8 
n/a n/a 3.84±4.05; 

n=5 0.88±0.21 0.10±0.03 0.84±0.06 
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 803 



 804 

Figure 1. Sediment sample locations and regions.  805 

 806 



 807 

Figure 2. Subtropical Atlantic average BCCTO surface sediment concentration by region. A 808 

compressed letter display denotes whether regions where significantly different.  809 

 810 



 811 

Figure 3. Upcore BCCTO, OC, and TOC concentrations. Y-axis is centimeters below seafloor. 812 
Data were aggregated by region and averaged by sediment depth. 813 

 814 



 815 

Figure 4. Source apportionment estimates using the ratios of select polycyclic aromatic 816 
hydrocarbons (Anthracene (An), Pyrene (Py), Fluoranthene (Fl), Benzo(g,h,i)perylene (Bghi), 817 
Indeno(1,2,3-c,d)pyrene (IP), and 178 (sum of Phenanthrene and An) as described by Yunker al., 818 
2002. 819 


