
1.  Introduction
Most marine particulate organic matter (POM) produced at the ocean's surface is remineralized in its descent 
through the water column to the seafloor, resulting in a particle flux attenuation with increasing water depth 
(Hedges et al., 2001; Rex et al., 2006; Wakeham et al., 1984) that generally follows a simple power-law function 
(Martin et al., 1987). Both the magnitude of the export production and the remineralization depth of the sink-
ing material determine the shape of the attenuation curve and, ultimately, the amount of POM that reaches the 
sediment surface and supplies energy to deep-sea communities. POM varies in size and composition, ranging 
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from phytodetritus (Rice et al., 1986), larvacean houses (Robison et al., 2005) and faecal pellets (Turner, 2002) 
to mucilaginous aggregates (Martín & Miquel, 2010). The downward flux of organic material is further affected 
by the regional and seasonal variability in export flux (de Melo Viríssimo et al., 2022; Lutz et al., 2007; Poff 
et  al.,  2021), the size, shape, and composition of the POM (De La Rocha et  al., 2008; Kriest, 2002; Omand 
et  al.,  2020), the interaction with microbes and/or zooplankton (Cavan et  al.,  2021; Neubauer et  al.,  2021), 
physical processes of aggregation/disaggregation of particles (Burd & Jackson, 2009; Iversen & Ploug, 2010), 
and ventilation/advection through deep-ocean circulation (Chunhui et al., 2020). According to biogeochemical 
models (e.g., Ichino et al., 2015), the export of sinking OM of photosynthetic origin to hadal depths (>6,000 m 
below sea level) is expected to be low. However, oceanic trenches have been described as depocenters of OM 
(Danovaro et al., 2003) and hotspots for heterotrophic microbial activity (Glud et al., 2013; Liu et al., 2019; Luo 
et al., 2018; Wenzhöfer et al., 2016). The coupling between microbial activity and OM availability is impor-
tant for nutrient remineralization, which can in turn influence the rates and directions of biogeochemical fluxes 
(Azam et al., 1994). Thus, elevated concentrations of OM in trench sediments could be explained by more diverse 
sources of energy feeding the hadal environment. Besides the downward flux of particulate organic carbon (POC) 
from surface waters, processes such as the carrion falls of dead bodies, terrestrial inputs from the adjacent conti-
nental margin, in situ chemosynthetic production, and the lateral transport of sediment along the continental slope 
may potentially provide OM to these remote ecosystems (Flores et al., 2022; Xu et al., 2018). However, their 
relative contribution to the total carbon supply to the hadal region remains poorly constrained. Whereas recent 
research has linked hadal benthic microbial activity to regional productivity of the overlying surface waters (Glud 
et al., 2021; Luo et al., 2018), differences in calculated POM export from the productive sunlit surface ocean do 
not explain, by themselves, why hadal sediments consistently indicate greater biological activity than their shal-
lower adjacent abyssal sites. Moreover, whether this biogeochemical activity pattern in the trench sediments can 
also be extrapolated to the pelagic environment is unknown.

The Atacama Trench in the eastern tropical South Pacific (ETSP) is overlaid by a eutrophic water column 
compared to other trench ecosystems in the Pacific Ocean underling mesotrophic (e.g., Japan and Izu-Bonin 
Trenches) and oligotrophic waters (e.g., Mariana and Tonga Trenches) (Wenzhöfer et  al.,  2016). This trench 
underlies the Humboldt Current System, one of the world's most productive coastal upwelling ecosystems 
characterized by a large, permanent and intense oxygen minimum zone (OMZ; Daneri et al., 2000; Fuenzalida 
et al., 2009; Selden et al., 2021). Empirical estimates of export fraction and flux attenuation in the water column 
overlaying the Atacama Trench have demonstrated that the export production may sustain most of the respiratory 
carbon demand of the plankton community across the hadalpelagic zone (Fernández-Urruzola et al., 2021). These 
authors hypothesized that fast-sinking particles represent an important mechanism for the injection of fresh POM 
into hadal depths, since large particles such as diatom aggregates and fecal pellets may more easily escape from 
remineralization in the upper ocean (González et al., 2000; Grabowski et al., 2019). Other physical and chemical 
processes likely play an additional role in the downward flux of POM to hadal depths in the region; for instance, 
eddy-driven subduction events can rapidly transfer carbon in pulses below the mixed layer (Omand et al., 2015; 
Resplandy et al., 2019). Moreover, the presence of an OMZ can also impact carbon cycling and fluxes to the 
ocean's interior acting as a secondary biological pump, and providing an additional source of freshly produced 
OM to the ocean's interior (Pantoja et al., 2004; Devol & Hartnett, 2001; Van Mooy et al., 2002; Weber & Bianchi 
et al., 2020). A study of the distribution and abundance of intact polar lipids (IPLs) in POM of the OMZ system 
over the Atacama Trench suggested that chemosynthetic processes associated with dark carbon fixation provide 
additional sources of organic carbon to the mesopelagic region (Cantarero et al., 2020). These results were later 
confirmed by quantitative estimates using a stable isotope mass-balance (Vargas et al., 2021), which indicated 
that dark carbon fixation in OMZ waters contributes ∼7%–35% of the total POC exported to mesopelagic waters. 
While little is known about how much of this OM reaches the hadalpelagic realm, the distribution and abun-
dance of IPLs in hadal surface sediments of the Atacama Trench points to the importance of in situ microbial 
biomass production as a key source of labile OM in this hadal environment (Flores et al., 2022). These authors 
demonstrated that IPLs in hadal and bathyal sediments show close resemblance, and that they are distinguishable 
from the IPLs previously reported in the overlying water column ​​(Cantarero et al., 2020). Thus, discrepancies 
remain among measurements of carbon accumulation in sediments, the vertical POC flux, and in situ production 
of hadal OM (Flores et al., 2022; Oguri et al., 2022; Turnewitsch et al., 2014), as well as between the dominant 
terrigenous versus marine carbon sources even within the same trench (e.g., Atacama Trench; Xu et al., 2021; 
Oguri et al., 2022).
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The carbon and nitrogen stable isotope compositions of bulk OM have been widely used to elucidate the relative 
contribution of OM sources (Gao et  al.,  2012; Meyers & Eadie,  1993; Middelburg & Nieuwenhuize,  1998), 
including hadal sediments from the Mariana Trench (Luo et al., 2019), the New Britain Trench (Xiao et al., 2020), 
and the Atacama and Kermadec Trenches (Xu. et al., 2021). However, few studies have evaluated the isotopic 
composition of POM from surface waters to the trench interior, including the hadalpelagic region and the surface 
sediments. Here, we investigate the provenance and fate of sinking particles across the epipelagic (<200 m), 
mesopelagic (200–1,000  m), oxygen-deficient (60–500  m), bathypelagic (1,000–3,500  m), abyssopelagic 
(3,500–6,000 m), and hadalpelagic (>6,000 m) zones, following the depth zonation of Jamieson (2015, and refer-
ences therein), as well as the sedimentary material at the deepest points of the Atacama Trench (7,734–8,063 m).

2.  Materials and Methods
2.1.  Study Area and Sample Collection

Water column samples were collected at four sites between 21° and 24°S over the Atacama Trench during the 
SO261 cruise (HADES, 2 March to 2 April 2018, Wenzhöfer, 2019) on board the German RV Sonne (Figure 1; 
Table 1). We obtained seawater from eight discrete depths down to 6,000 m using a rosette sampler with 24 
12L-Niskin bottles. Additionally, we collected samples from 1.5  m above the seafloor using an autonomous 

Figure 1.  Study area. (a) Bathymetric map of the eastern south Pacific Ocean showing the study area in the Atacama Trench region off northern Chile (black 
rectangle). (b) Bathymetric map of the study area showing the sampling stations.
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vehicle (Lander “Audacia”) equipped with 2 10L-Niskin bottles (Table 1). SBE43 oxygen sensors were installed 
on the rosette's CTD and on the hadal Aanderaa optode sensor for the Audacia Lander. We sieved between ∼0.5 
and 60 L of seawater through a 20 μm nylon mesh and then gently filtered sampled onto pre-combusted (450º C, 
24 hr) Whatman GFFs filters (0.7 μm nominal pore size) using pressurized canisters for bulk elemental and stable 
isotope analysis. Filters were immediately dried at 60ºC for 24 hr and kept dry in the dark until their analysis in 
the laboratory.

Bathyal and hadal sediment samples were obtained during the German RV Sonne cruises SO211 (ChiMeBo, 
2–29 November 2010; Matys et al., 2017) and SO261, respectively (Figure 1). Samples were collected using a 
multi-corer (MUC; Barnett et al., 1984) equipped with 12 60 cm-long acrylic tubes (6–10 cm diameter for bathyal 
sediments and 9.5 cm diameter for hadal sediments). We used nine hadal surface (0–1 cm) and subsurface (1–2 
and 2–3 cm) sediments (three sites between 7,734 and 8,063 m); these three depths were analyzed independently. 
In addition to seven bathyal surface sediments (seven sites between 529 and 1,200 m) for bulk elemental and 
stable isotope analysis (Table 1). We then compare our results with published data on sediment trap material for 
the region overlying the Atacama Trench (e.g., González et al., 2004; Hebbeln, Marchant, & Wefer, 2000).

2.2.  Bulk Elemental and Stable Isotope Analysis of Carbon and Nitrogen

Particulate organic carbon (POC) and particulate organic nitrogen (PON), as well as their respective bulk stable 
isotopes (δ 13

POC and δ 15NPON) were measured in the Laboratory of Biogeochemistry and Applied Stable Isotopes 
at the Pontifical Catholic University of Chile. Prior to analysis, inorganic carbonates were removed by acidifica-
tion of samples overnight with HCl fumes. Filters were then packed into tin capsules and fed via flash combus-
tion (1,020ºC) into a Thermo Scientific Flash 2000 CHN elemental analyzer (EA) coupled to a Thermo DeltaV 
Advantage isotope ratio mass spectrometer (IRMS). Isotope ratios are reported using the standard (δ) notation 
and expressed as per mil (‰) with respect to standard reference material:

𝛿𝛿 𝛿𝛿 (‰) =
[

(𝑅𝑅sample ∕𝑅𝑅standard) − 1
]

∗ 1, 000� (1)

Where X is the  13CPOC or  15NPON, R is the corresponding ratio of  13C/ 12C or  15N/ 14N in a sample or standard (PDB 
for carbon and atmospheric N2 for nitrogen). Analytical precision was calculated as ±0.215% and ±0.33% for 
nitrogen and carbon, respectively, based on four standards run in triplicate (acetanilide, atropine, caffeine, and 
glutamic acid). The analytical precision in the elemental analysis was ±0.003 and ±0.007 mg for nitrogen and 
carbon, respectively. The standard used for this calculation was Acetanilide (71.10% C and 10.36% N).

Sediment samples were analyzed using a Thermo Scientific EA—Delta V IRMS at the CU Boulder Earth 
Systems Stable Isotope Laboratory. Purified acetanilide and ethylenediaminetetraacetic acid were measured as 
standards for external calibration and drift corrections. The analytical precision for total organic carbon and total 
nitrogen was ±0.2% and ±0.11%, respectively, whereas the analytical precision was ±0.2‰ and ±0.15‰ for 
δ 13CPOC and  15NPON, respectively.

2.3.  Satellite POC Estimates

We used the mean and standard deviation (±STD) from satellite POC (POCsat) data for a ∼90-days period 
(January-March 2018) prior to in situ POC sampling during the HADES expedition (March 2018) to evaluate the 
dynamics of POC in surface (0 m) and subsurface (1,000 m) waters over the Atacama Trench (Figures 6a–6d). 
Our reasoning assumes that particles found at 1,000 m must have originated in surface waters within that time. 
Additionally, POCsat values were averaged and binned into years for a 24-year period (1998–2022) to evaluate 
the seasonal (Figure S1 in Supporting Information S1) and annual variability in this region (Figure S2 in Support-
ing Information S1). POCsat was obtained from Copernicus Marine Service Information (https://marine.coper-
nicus.eu/es) (MULTIOBS_GLO_BIO_BGC_3D_REP_015_010). This product merges satellite ocean color and 
Argo data using a neural network-based method and has shown strong potential to infer the global-scale vertical 
distribution of bio-optical properties with high space-time resolution, 0.25° × 0.25° horizontal resolution, and 
over 36 depth levels from the surface to 1,000 m (Sauzède et al., 2016).

2.4.  Particle Flux Parameterization

We used empirical models to estimate vertical POC export fluxes from the surface to hadalpelagic depths. The 
most common model is the normalized power function known as the “Martin Curve” (Martin et al., 1987), which 
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equates the POC flux fp(z) [mg m −2 d −1] at any depth z [m] with the export flux (C) at the reference depth, that is, 
at the base of the euphotic zone (Ez) according to Buesseler et al. (2020):

𝑓𝑓𝑝𝑝(𝑧𝑧) ∶= 𝐶𝐶(𝑧𝑧∕𝐸𝐸𝐸𝐸)−b� (2)

The Ez was assumed to be 85 m (from 63 to 118 m depth) as reported by Pizarro et al. (2002) for this region. 
The b is the attenuation coefficient, which depends on the balance between POC sinking speed w [m day −1] and 
the rate of remineralization k [1 day −1] (Middelburg, 2019). The b value suggested for the open Pacific Ocean is 
0.858 (Martin et al., 1987), whereas similar values have been suggested by open ocean waters off Antofagasta 
(0.834; González et al., 2009). However, lower b values (0.319) have also been suggested for the Peru region 
and the eastern tropical North Pacific due to the impact of oxygen deficiency on particle export (Van Mooy 
et  al.,  2002). In this study, we used a range of b values (0.36–1.33, average of = 0.78, n = 13) to calculate 
flux attenuation following Fernández-Urruzola et al. (2021). Given the inherent uncertainties of biogeochemical 
models, we tested a series of parameterizations, such as the basic exponential model (Banse, 1990), the original 
depth-attenuation rational model (Suess, 1980), and the double exponential model (Lutz et al., 2002) to estimate 
a range of POC flux values reaching hadal depths (Figure 7a, Table S1). We then compared these estimates 
to published POC fluxes in the region derived from moored sediment traps (González et al., 2004; Hebbeln, 
Marchant, & Wefer, 2000), free-drifting sediment traps (Wakeham et al., 1984), and particulate  230Th-normalized 
isotope-based samples (Pavia et al., 2019) (Figure 7a, Table S1 in Supporting Information S1).

2.5.  Statistical Analyses

We used averages and standard deviation for displaying the POCsat, and linear regressions to reveal significant 
correlations between theoretical models of vertical POC export fluxes and the available data derived from the 
sediment traps (p < 0.001). Statistical differences to  13CPOC or δ 15NPON in each environment were identified by 
ANOVA and Tukey's HSD (honestly significant difference) post hoc test. We used the MixSIAR (Version 3.2.0) 
mixing model to calculate the contribution of different OM sources according to Stock et al. (2018). Statistical 
tests were calculated using the vegan package (Oksanen et al., 2013) of the open-source software R version 3.6.2 
with the ggplots package (Warnes et al., 2015).

3.  Results
3.1.  Elemental and Stable Isotope POM Signatures From Surface to Hadalpelagic Waters

The water column dissolved oxygen profile displays its lowest values within the oxygen-deficient zone (ODZ, 
60–500 m depth), which coincides with low δ 13CPOC and δ 15NPON values and low C:N ratio values (Figures 2a–2d). 
The δ 13CPOC values in the epipelagic zone showed a relatively large range, from −29.2‰ to −20.5‰ (mean 
−26.05‰ ± 1.8‰, n = 13, Figure 3a), and were statistically different from those in the ODZ (Tukey HSD post hoc 
test, p < 0.05, Figure 3c). The differences in the δ 13CPOC values between the epipelagic and the deeper oxygenated 
layers, on the contrary, were not statistically significant (p > 0.05; Figure 3c). The POC was isotopically enriched 
in  13C at 5,000 m (−25.4‰ at sites A2 and A4, and −21.6‰ at site 6) compared to other depths (see Figure 2b).

The δ 15NPON values ranged between 5.4 and 11.2‰ throughout the water column (mean 8.41  ±  1.37‰) 
(Figure 2c) and showed a statistical difference (p < 0.05) between the epipelagic zone and the deeper layers (i.e., 
mesopelagic, bathypelagic, abyssopelagic, and hadalpelagic zone) (see Figure 3d). Overall, the δ 15NPON values 
decreased with increasing water depth down to 5,000 m, with values of 9.4, 8.4, and 7.4‰ at sites A2, A4, and 
A6, respectively. Below 5,000 m, however, δ 15NPON increased at sites A2 and A6. This pattern was the opposite 
at site A4, where δ 15NPON reached the lowest value (5.4‰) in the pelagic zone (Figure 2c).

The C:N ratio varied between 7.0 and 23.6 (mean value of 11.2 ± 3.2, Figure 2d) throughout the water column. 
Despite this large overall range, we found a lack of significant difference (p  >  0.05) between depth layers 
(Figure 3e). Generally, the C:N ratios showed a consistent pattern between sites A2, A4, and A6. A high variabil-
ity at the surface, a tendency to decrease toward 5,000 m, and then a slight increase toward 8,000 m (Figure 2d).

3.2.  Differences in Elemental and Stable Isotope Signatures Between Bathyal and Hadal Sediments

In hadal and bathyal sediments, δ 13CPOC ranged from −23.6 to −22.7‰ (mean −23.2 ± 0.3‰) and from −22.9 
to −21.8‰ (mean −22.2 ± 0.4‰), respectively (see Figures 4a and 4b). The range of δ 15NPON values in hadal 
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Figure 2.  Water column depth profiles of (a) Dissolved oxygen, (b) δ 13CPOC (c) δ 15NPON, and (d) C:N ratio over the Atacama Trench. The orange and gray areas 
represent the oxygen deficient zone (ODZ; 60–500 m depth) and pelagic hadal zone (>6,000 m depth), respectively.

Figure 3.  Biplots of (a) δ 13CPOC and δ 15NPON and of particulate organic matter, and (b) δ 13CPOC and C:N ratios. The water column was divided by depth regions into 
the epipelagic (<200 m), mesopelagic (200–1,000 m), bathypelagic (3,500–6,000 m), and hadalpelagic (>6,000 m) zones. Panels C, D and E describe the 95% family-
wise confidence intervals for the differences in the mean values of δ 13CPOC, δ 15NPON and C:N, respectively. Red lines indicate the occurrence of statistically significant 
differences (pairwise comparison by Tukey's test, p < 0.05).
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and bathyal sediments was 9.6–12.4‰ (mean 10.7 ± 1.1‰) and 10.0–12.9‰ (mean 11.7 ± 1.0‰), respectively 
(Figure 4a). The C:N ratio values were more homogeneous and significantly lower in hadal sediments (7.5 ± 0.2) 
compared to those found in bathyal sediments (8.5 ± 0.6) (Figure 4b). A Tukey HSD post hoc test revealed statis-
tical differences in the δ 13CPOC values (p < 0.001) and C:N ratios (p < 0.05) between bathyal and hadal surface 
sediments. On the contrary, we found no significant differences in the δ 15NPON values (see Figures 4c–4e).

3.3.  Differences in Elemental and Stable Isotope Signatures Between the Water Column and Trench 
Sediments

We found that the δ 13CPOC, δ 15NPON, and C:N values from the water column and bathyal and hadal surface 
sediments were statistically different among themselves (Box plots and Tukey's HSD post hoc test, p < 0.05, 
Figure 5). Thus, the largely overlapping pelagic values tended to be more depleted in  13C and  15N compared 
to bathyal and hadal surface sediments (Figures 5a and 5b). The C:N ratio displayed lower values in hadal and 
bathyal surface sediments than in the pelagic zone (Figure 5c).

3.4.  POCsat in the Water Column Overlying the Atacama Trench

POCsat between 18° and 30°S showed high variability during the summer of 2018, ranging ∼50–110 
(±30  mg  C  m −3) in surface waters and ∼15–30 (±3  mg  C  m −3) in subsurface waters (1,000  m) (Figure  6). 

Figure 4.  Biplots showing the relationship between (a) δ 13CPOC and δ 15NPON, and (b) δ 13CPOC and C:N ratios in bathyal and hadal sediments. Plots C, D, and E show 
the 95% family-wise confidence intervals of the difference between δ 13CPOC, δ 15NPON, and C:N ratios, respectively. The red line indicates means that are significantly 
different with pairwise comparison by Tukey's test.
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The overall POCsat decrease throughout the upper 1,000  m of the water column was ∼73–84% (Figures  6a 
and 6c). The POC concentrations in surface and subsurface waters increased consistently southwards, especially 
between 28 and 30°S (Figures 6a and 6c), peaking right above the deepest area of the Atacama Trench with 
surface values up to ∼110 ± 30 mg C m −3 (Figures 6a and 6b). In surface waters of the northernmost region 
(∼18°S–26°S), we observed higher monthly average POC values in winter (∼80–90 ± 10 mg C m −3) and spring 
(∼90–110 ± 12 mg C m −3) than in summer and autumn (∼60–70 ± 7 mg C m −3) (Figure S1 in Supporting 

Figure 5.  Boxplot showing the (a) δ 13C, (b) δ 15N, and (c) C:N values of the different depth regions of the water column and the bathyal and hadal sediments. We use 
the same depth zonation as in Figure 3. The letters used serve the purpose of indicating whether there are statistically significant differences among the compared 
groups. Groups that share the same letter do not show statistically significant differences, while groups with different letters indicate significant differences (p < 0.05, 
Tukey's test).
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Information S1). However, between 28°S and 30°S, the summer POC concentrations were as high as in spring, 
although more variable. These trends were similar in the more stable subsurface waters, where the highest POC 
values were observed in summer between 24°S and 30°S (Figure S1 in Supporting Information S1).

3.5.  Modeled Versus Observed POC Fluxes

Model calculations that include a lower attenuation of POC flux in the upper part of the photic zone (i.e., 
exponential curve from Banse,  1990; depth-attenuation rational from Suess,  1980; and double exponential 
from Lutz et al., 2002) result in fluxes that decline dramatically from ∼120 mg C m −2 d −1 in surface waters to 
∼1 mg C m −2 d −1 at 1,000 m depth (Figure 7a). With this configuration, depth-attenuation rational and double 
exponential models display an enhanced fit (adjusted R 2 = 0.6) with mesopelagic and upper bathypelagic POC 

Figure 6.  (a), (c) Spatial-temporal variability of POCsat calculated for mean weekly observations ∼90 days prior 
to the Hades expedition (January-March 2018) in surface (0 m) and subsurface (1,000 m) waters, and (b and d) their 
respective ± standard deviations.
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fluxes (<2,000 m depth) derived from  230Th off the coast of Peru (Pavia et al., 2019). The power-law model 
(Martin et al., 1987), on the other hand, displays an increase in the magnitude of POC fluxes, even though the 
attenuation is higher, concomitant with an increase in the attenuation coefficient. The average attenuation coef-
ficient (b = 0.78) shows the best fit with the power-law model of POC fluxes measured from sediment traps at 
2,300 m and 3,700 m depth in this region (González et al., 2004; Hebbeln, Marchant, & Wefer, 2000) (Figure 7a).

On the other hand, in situ POC concentrations (Figure 7b) decreased from ∼120 to ∼16.33 mg C m −3 in the 
top 1,000 m of the water column, which represents a degradation of 83.67%. Despite this trend, we observed an 
increase in the POC concentration up to 22.64 mg C m −3 at 5,000 m followed by a decline to 5.55 mg C m −3 at 
8,000 m at site A6 (see inside panel in Figure 7b). Additionally, we observed a slight increase from 5,000 m at 
sites A2 (10.6 mg C m −3) and A4 (6.7 mg C m −3) to 8,000 m (14.5 and 16.9 mg C m −3, respectively) (see inside 
panel in Figure 6b).

4.  Discussion
4.1.  Organic Matter Provenance

The stable carbon and nitrogen isotope signatures of phytoplankton, which constitute most of the OM (>80% 
of OM) produced in the euphotic zone (Lee et al., 2004), are influenced by: (a) the isotopic composition of the 
source carbon and nitrogen, (b) isotopic fractionation during carbon fixation and nutrient assimilation, and (c) 
isotopic fractionation during catabolic processes (Goericke & Fry, 1994). Thus, several processes can impact 

Figure 7.  Particulate organic carbon (POC) fluxes and concentrations in the water column overlying the Atacama Trench (a) Empirical estimates of POC fluxes 
(mg C m −2 d −1) obtained from (i) the Martin curve using 0.36, 0.78, and 1.33 as attenuation coefficients (blue lines), (ii) an exponential curve (black line), (iii) 
depth-attenuation rational (red dashed line), and (iv) double exponential curve (black dashed line). Solid circles indicate measured POC fluxes from deep-moored 
sediment traps (González et al., 2004; Hebbeln, Marchant, & Wefer, 2000), free-drifting sediment traps (Wakeham et al., 1984), and  230Th-normalized isotope-based 
samples (Pavia et al., 2019). (b) In situ POC concentrations measured at stations A2, A4, and A6 during the Hades expedition. The inset highlights the depth region 
between 5,000 and 8,000 m.
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the isotopic composition of carbon and nitrogen in surface waters, and consequently, the isotopic signature of 
bulk OM. These include the upwelling of subsurface waters, fluvial input, trophic interactions, and ecological 
successions (Peterson & Fry, 1987, and references therein), which are all dynamic in the euphotic zone. Our 
results show a large range in δ 13CPOC (−28.5 to −20.5‰, mean −25.30‰ ± 2.36) and δ 15NPON (7.7–11.2‰, 
mean 9.64‰ ± 1.18) in the epipelagic zone (Figures 2a and 2b and 3). These values are within the range of 
those previously reported in surface POM in the Atacama region (Barrios-Guzmán et al., 2019), and consistent 
with a predominantly marine planktonic origin (Williams & Gordon, 1970).​ We anticipate that POM from the 
ODZ influences the lower epipelagic and upper mesopelagic zones, where the POM is isotopically depleted 
in  13C and  15N compared to shallower depths (Figures 2a, b, and 3a). It is important to emphasize that during the 
remineralization of OM, microorganisms require a balanced C:N ratio for growth, and there may be relatively 
high amounts of carbon relative to nitrogen in the by-products resulting from preferential nitrogen decomposi-
tion (Cavan et al., 2017). Similarly, fermentation, as an anaerobic metabolic process, involves the breakdown of 
carbohydrates into simpler compounds such as organic acids, alcohol, and other substances. During this process, 
microorganisms may exhibit a preference for utilizing the carbon found in carbohydrates over the available nitro-
gen. This preference can result in a higher C:N ratio in the fermentation products (Srain et al., 2020). Collectively, 
these processes contribute to an elevated C:N ratio in POM (Cavan et al., 2017; Srain et al., 2020).

Conversely, microbial respiration and biological oxidation, characterized by their preferential consumption of 
carbon and subsequent release of CO2 during microbial metabolism, lead to a decrease in the relative content 
of organic carbon compared to organic nitrogen, ultimately reducing the C:N ratio of POM (Kong et al., 2021).

In fact, the observed isotopic depletion in δ 13CPOC values can be attributed to the contribution of biomass from dark 
autotrophic carbon fixation by chemolithoautotrophs in the ODZ waters (Callbeck et al., 2018; Ruiz-Fernández 
et al., 2020; Vargas et al., 2021). Moreover, in this environment, widespread microbial denitrification along the 
ETSP (De Pol-Holz et al., 2009) results in a reduction of bioavailable nitrogen, causing a nitrogen imbalance 
compared to carbon. Overall, this nitrogen imbalance likely contributes to the significant differences observed in 
the C:N ratio, particularly within the ODZ (Figure 2d).

It is important to note that the epipelagic zone (<200 m) exhibits distinctly marine phytoplankton geochemical 
signals a low C:N ratio and high δ 13CPOC values (Codispoti & Christensen, 1985; Goericke & Fry, 1994). In 
contrast, the ODZ is characterized by a high C:N ratio and low δ 13CPOC values, suggesting the dominance of 
chemoautotrophic microbial processes (Vargas et al., 2021). While we cannot completely rule out the possibility 
that high C:N and low δ 13CPOC values in the water column inside and around the ODZ may have a terrestrial 
origin (e.g., Valdés et  al.,  2004), this is unlikely given the low vegetation coverage in the continental region 
around the Atacama desert in addition to the absence of rivers in the area (see Figure 3b, Figure S4 in Supporting 
Information S1).

The bathypelagic zone displayed δ 13CPOC values between −27.4 and −24.2‰ (mean −26.31‰ ± 0.94, n = 9) and 
δ 15NPON values between 6.6 and 8.9‰ (mean 7.85‰ ± 0.7), whereas the abyssopelagic zone displayed similar 
values for δ 13CPOC between −27.1‰ and −25.4‰ (mean −26.06‰ ± 0.73, n = 6) and for δ 15NPON between 
6.1 and 7.9‰ (mean 7.3‰ ± 0.81) (Figures 2a and 2b and 3a). However, compared to all other stations in the 
abyssopelagic zone, we detected  13C-enriched POC at 5,000 m in station A6 (−21.6‰). This  13 C enrichment 
was associated with a decrease in the C:N ratio (7.4) (Figure 2b, d) and a slight increase in POC concentration 
(∼22 mg C m −3) (Figure 7b), but with no change in δ 15NPON values (Figure 2c). Whereas this  13C enrichment 
at 5,000 m in station A6 is atypical for deep waters, it is in the range of values observed in the epipelagic zone. 
Since the δ 13C of POM is relatively uniform in the deep-sea (Follett et al., 2014; Menzel & Ryther, 1968), it is 
unlikely that the observed  13C enrichment in POM originates from in situ heterotrophic metabolism, as it would 
have the opposite effect, namely a more negative signature. Therefore, it is possible that the POM at this depth 
could be influenced by an epipelagic source, supported by the fast-sinking particle mechanism proposed by 
Fernández-Urruzola et al.  (2021) for this region. However, we cannot rule out other mechanisms such as the 
resuspension of particles through downslope sediment transport or deep nepheloid layers.

The hadalpelagic zone displays a narrow range of δ 13CPOC values (from −27.3 to −26.4‰, mean −26.7‰ ± 0.38, 
n = 4), and a high range in δ 15NPON (from 5.4 to 9.1‰, mean 7.87‰ ± 1.69) (shaded area in Figures 2a and 2b; 
and Figures  5a and  5b). Overall, the increase in δ 15NPON values in the hadalpelagic zone coincides with an 
increase in the C:N ratio. This could indicate preferential nitrogen degradation with its resulting isotopic enrich-
ment (Figures 2a–2c). This degradation appears to have a small impact on C isotopes, which show a lower effect 
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of isotopic composition compared to N and show less variation or sensitivity to changes in isotopic composition 
with respect to their origin as suggested by Rafter et al. (2019) for non-hadal depths. Furthermore, we speculate 
that sediment resuspension within the Atacama Trench could modestly contribute to the release of sedimentary 
OM into the deeper hadalpelagic zone. Nonetheless, it should be noted that this slight increase is not substantial 
enough to indicate a significant role in resuspension (Figure 7b). However, the limited spatial and temporal reso-
lution of our hadalpelagic data set prevents us from contrasting these isotopic signatures at length.

Hadal surface sediments displayed a narrow range of δ 13CPOC (from −23.6‰ to −22.7‰, mean −23.18‰ ± 0.31, 
n = 9) and C:N ratios (from 7.2 to 7.9, mean 7.5 ± 0.21), and a wide range in δ 15NPON (from: 9.6–12.4‰, mean 
10.66‰ ± 1.06) (Figures 5a–5c). Furthermore, bathyal surface sediments displayed a narrow range of δ 13CPOC 
(from −22.9 to −21.8‰, mean −22.21‰ ±0.36, n = 7), and a wide range of C:N values (from 7.7 to 9.4, mean 
8.4 ± 0.56) and δ 15NPON (from 10‰ to 12.9‰, mean 11.68‰ ± 1.04) (Figures 5a–5c). Despite the thousands of 
meters separating hadal and bathyal sediments, they exhibited small differences between their average isotopic 
(δ 13CPOC ∼ −0.97‰; δ 15NPON 0.9‰) and C:N ratio (1.02) averages. This similarity could be due to, (a) a similar 
POM origin; (b) downslope sediment transport from the bathyal to the hadal region; (c) the production of in 
situ biomass from organisms with metabolisms involving similar isotopic fractionation; (d) Post-depositional 
diagenesis can account for the subtle isotopic differences observed between bathyal and hadal sediments (Fenton 
& Ritz, 1988; Gearing et al., 1984; Liu et al., 2022; Meyers, 1994). We note that a previous study on the bulk 
elemental and isotopic signature of abyssal and bathyal surface sediments (Hebbeln, Marchant, Freudenthal, & 
Wefer, 2000) reported δ 13CPOC values ∼3‰ more enriched compared to the bathyal and hadal sediments of this 
study (see Figure S3 in Supporting Information S1). Previous studies in the hadal realm suggest that the charac-
teristic high pressures and low temperatures of this environment promote a higher carbon isotopic fractionation 
in heterotrophic piezophilic bacteria compared to shallower surface heterotrophic bacteria (Fang et al., 2006; Xu 
et al., 2018). These processes combined could partly explain why the hadal sediments are isotopically lighter 
in δ 13C and δ 15N than bathyal sediments. However, other modes of nutrition (e.g., chemoorganotrophs and/or 
chemolithoautotrophs) and their associated isotopic fractionations in these environments remain understudied.

The geochemical study of Luo et al. (2017) on Mariana Trench sediments concluded that marine algae is the 
primary OM source in this system, as reflected in bulk C:N and δ 13C values. This result is consistent with 
previous studies in the Japan and Atacama Trenches (Danovaro et al., 2003; Nakatsuka et al., 1997). However, 
deeply buried sediment between 122 and 533 cm below sediment surface, corresponding to a time span of 4–13 
Kyr from the Atacama Trench indicates the occurrence of alternating phases of slow pelagic sedimentation and 
rapid mass-wasting events, which fuel microbial carbon turnover at remarkably high rates (Glud et al., 2013; 
Zabel et al., 2022). Thus, we expect that the remineralization by piezophilic bacteria in the hadal region of OM 
originated from primary production in the surface ocean and from downslope transport will alter the isotopic 
composition of sedimentary carbon and nitrogen (Xu et al., 2018, and references therein).

In summary, the wide range of δ 13CPOC and C:N values in the overall water column complicates the use of various 
local end-member to disentangle the sources of OM reaching the hadal region of the water column and the sedi-
ment (Figure S4 in Supporting Information S1). The observed discrepancies between the isotopic signatures of 
POM in bathypelagic sediment traps (2,300–3,700 m; Hebbeln, Marchant, & Wefer, 2000 and references therein) 
and POM in the water column remain puzzling. Whereas we provide some possible explanations, they remain to 
be confirmed by future investigations. First, our water column data represents a discrete snapshot in time, whereas 
the weighted mass flux in sediment traps could primarily reflect the period when OM production and export 
are at their peak. Second, these isotopic differences could also be attributed to the spatial heterogeneity of OM 
sources (e.g., phytoplankton groups), encompassing both onshore and offshore variations, as well as variations 
within different pelagic zones of the water column (refer to Figure S4 in Supporting Information S1). Despite 
these differences, hadal sediments of the Atacama Trench exhibit distinctive C:N and δ 13CPOC values, likely 
resulting from the mixing of OM from the pelagic region, downslope transport, and in situ sedimentary microbial 
activity (Figure S4 in Supporting Information S1).

Changes in the composition, activity, and physiological adaptation of the chemoautotrophic and heterotrophic in 
situ hadal benthic microbial community of the Atacama Trench emerge as a factor influencing the elemental and 
isotopic composition of sedimentary OM. For example, this could be driven by bacterial processes such as anam-
mox leading to rapid nitrogen loss within a shallow layer of the sediment surface (Thamdrup et al., 2021). Other 
recent studies have also highlighted potential physiological adaptations of the benthic microbial community to the 
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high-pressure and low-temperature present in the hadal realm though cell membrane lipid composition (Flores 
et al., 2022; Tamby et al., 2023), whereas long-term selective forces, where co-existing taxa are more dissimilar 
and the phylogenetic turnover is greater than expected over the redox zone, lead to large community shifts over 
time (Schauberger et al., 2023). Together, changes in the chemical composition of benthic microbes as well as 
their metabolisms could alter the overall elemental and stable isotope composition of sedimentary OM.

4.2.  What Is the Relative Contribution of Allochthonous OM Sources to Atacama Trench Sediments?

Marine trenches have been reported to receive diverse sources of OM (Glud et al., 2013; Luo et al., 2017; Xu 
et al., 2018). In general, intra- and inter-trench heterogeneity in the composition of the sedimentary OM, along 
with benthic hadal remineralization rates, have been ascribed to differences in regional surface ocean productivity 
(Glud et al., 2021; Jamieson, 2015; Luo et al., 2018; Wenzhöfer et al., 2016). Sinking particles are key transport 
mechanisms delivering carbon to the deep ocean where it can be stored and effectively removed from the modern 
carbon cycle (Williams & Giering,  2022). In fact, fresh phytodetrital material from surface waters has been 
observed in hadal regions (Danovaro et al., 2003; Guo et al., 2018). Since the Atacama Trench ​​underlies highly 
productive waters, it is reasonable to presume that this hadal system is more prone to receive particles synthesized 
in surface waters compared to oligotrophic trenches. However, a recent study on sedimentary profiles of  210Pbex 
and TOC in the Atacama Trench demonstrated no apparent relationship between the net primary productiv-
ity at the surface ocean and the carbon mass accumulation rate in sediment (Oguri et al., 2022). These obser-
vations suggest that depositional dynamics and local bathymetry are more important than how much OM is 
produced at the surface. However, high remineralization due to intense heterotrophic activity in sediments has 
also been demonstrated in the Atacama Trench (Glud et al., 2013, 2021). Therefore, although previous studies 
have suggested an important contribution of sedimentary OM from shallower depths (continental shelf to bathyal 
region) to the hadal benthic zone (Flores et al., 2022; Oguri et al., 2022; Zabel et al., 2022), the contribution of 
OM from the euphotic zone to the hadalpelagic zone could be more than expected before is quickly degraded in 
sediments.

We evaluated changes in surface primary productivity through available POCsat data and modeled POC fluxes 
in the Atacama Trench. POCsat exhibits high concentrations and a high degree of spatial heterogeneity in surface 
waters over the Atacama Trench region (Figure 6a). This trend is modulated by offshore waters, where the chlo-
rophyll maximum occurs in winter (Yuras et al., 2005), and can be related to the propagation of mesoscale eddies 
that expand the area of high chlorophyll concentration beyond the coastal upwelling center (Correa-Ramirez 
et al., 2007). We observed similar patterns of seasonal increase in POCsat in autumn and winter in the study 
area (Figure S1 in Supporting Information S1). Moreover, POCsat data below the epipelagic zone shows more 
attenuated spatial heterogeneity, which is maintained up to the lower limit of the mesopelagic zone (∼16%–27% 
POC; Figure 6c). Our discrete measurements at the same depth (∼16.3% POC; Figure 7b) are consistent with the 
POCsat results. Similar POC percentages in the mesopelagic zone have been reported in other high-productivity 
systems, which has been attributed to the presence of ODZ waters that could reduce the decomposition rate of 
POC and increase its sink into deeper waters (Ma et al., 2021; Weber & Bianchi, 2020).

Discrete measurements of OM composition from bathypelagic to hadalpelagic zones are scarce. Since POC 
concentrations in bathypelagic and upper abyssopelagic zones (i.e., 1,000–5,000 m; Figure 7b) are low and stable, 
we speculate that this could reflect a well-mixed deep layer, such as previously suggested in the Izu–Ogasawara 
Trench (Kawagucci et al., 2018). However, the slight POC increase in the hadalpelagic zone at stations A2 and 
A4 (see Figure  7b) may derive from an additional POC input in this region. Potential sources include POC 
accumulation due to the resuspended sediment, or a lateral contribution through nepheloid layers from the shal-
lower slope (Gardner et al., 2022; Nakatsuka et al., 1997; Xu et al., 2018). Studies in the open ocean and the Gulf 
of Mexico have found that areas of high surface eddy kinetic energy are often related to areas where nepheloid 
layers are common (Gardner et al., 2022). However, it is unknown whether nepheloid layer can reach hadal depths 
(6,000–11,000 m). To investigate whether the production of POC in the epipelagic and mesopelagic zones affects 
POC fluxes at greater depths, we compared vertical POC fluxes calculated from theoretical models (see model 
parameters in Table S1 in Supporting Information S1) against published, in situ POC flux measurements derived 
from sediment traps in the region (Figure 7a). The theoretical calculations that best fit deep sediment trap data 
suggest a low POC flux (3.96 mg C m −2 d −1, ∼3.3%, see Figure 7a) from the euphotic zone to surface sediments 
of the Atacama Trench.
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Given the multiple possible sources of OM to the deep ocean, we applied a multi-source percentage contribution 
model of Stock et al. (2018) to our isotope data set. When only pelagic OM sources are used, we observed that 
the epipelagic zone is the dominant (∼68%) source of POM to hadal surface sediments (Figures 8a and 8b). 
However, when we include bathyal sediments as an additional source, the contribution to hadal sediments from 
the combined water column regions is <25% (Figures  8a and  8c). Thus, these results suggest that OM can 
rapidly reach the hadal zone, likely through a combination of fast-sinking particulates and downslope and/
or lateral transport, as has been suggested in previous studies for the Atacama Trench (Fernández-Urruzola 
et al., 2021; Oguri et al., 2022; Zabel et al., 2022). We speculate that in addition to the processes described above, 
the slope of bathymetric relief (α = 6.5°) in the Atacama trench (computed from GEBCO (2020) Grid; Kioka 
& Strasser, 2022), may be an additional factor contributing to sedimentary OM through downslope transport in 
this region.

We acknowledge that we cannot infer biogeochemical or microbial processes in the hadalpelagic zone by simply 
extrapolating POC fluxes from surface waters through isotope models without considering other allochthonous 
sources as well as autochthonous sources. Therefore, future studies should delve into the complexity of processes 
influencing POC flux models, such as sinking velocity (Williams & Giering, 2022) and the “source funnel” effect 
proposed by Sigel et al. (2008) and widely discussed by Fernández-Urruzola et al. (2021). Future measurements 

Figure 8.  Isotopic signatures of organic matter and their mixing in surface hadal sediments (a) Biplot showing δ 13C and δ 15N of particulate organic matter (POM) in 
the water column and surface hadal sediments (“mixture”). (b) Biplot showing δ 13C and δ 15N of POM in the water column and surface hadal sediments (“mixture"), 
in addition to bathyal sediments as an additional source of POM. (c and d) Relative fractional contribution of POM from the different pelagic zones as well as from 
bathyal and hadal sediments using the MixSIAR (Stable Isotope Analysis in R) mixing model.
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of sediment trap fluxes from the bottom of the Atacama trench would allow us to quantify the contribution and 
composition of different OM sources, as well as understand its temporal variability.

5.  Conclusions
We investigated the sources and mixing of OM in the hadal region of the Atacama trench using bulk elemental 
and stable isotope geochemical data. The δ 13CPOC and δ 15NPON values in surface sediments of the Atacama Trench 
indicate the presence of a reservoir of isotopically heavier OM compared to the water column, albeit lighter than 
the bathyal sediments. Using a mixing model based on the isotopic signatures of bulk organic carbon and total 
nitrogen in pelagic POM and sedimentary OM, we calculated that ∼75% of the OM present in surface sediments 
from the Atacama Trench could derive from bathyal sediments. When bathyal sediment is excluded from the 
model, we computed that ∼68% of sedimentary OM in the hadal sediments could derive from the epipelagic 
region. Additionally, we report evidence of high spatial heterogeneity in surface water POC from remote-sensing 
data in the highly productive region overlying the Atacama Trench. Notably, the vertical POC fluxes that best 
fit with existing data from deep sediment traps (∼2,300 and 3,700 m) suggest that ∼3.3% of the total POC flux 
that reaches hadal surface sediments derives from surface waters. Thus, we conclude that the contribution from 
downslope sediment transport to the hadal benthic zone could be greater than the POM export from the water 
column. However, since the fluxes of these sources are expected to vary both spatially and temporally, and the 
fact that sediments integrate time scales larger than the water column, we cannot rule out a greater contribution 
from the surface epipelagic zones at times.

Data Availability Statement
Data from Hebbeln, Marchant, Freudenthal, and Wefer (2000), Hebbeln, Marchant, and Wefer (2000), González 
et al. (2004), and Wakeham et al. (1984) for sediments and sediment traps, along with supplementary data from 
Vargas et al. (2021) for the water column and Pavia et al. (2019) for surficial POC flux, were utilized to provide 
contextual information for this manuscript. POCsat was obtained from the Copernicus Marine Service Informa-
tion (https://marine.copernicus.eu/es) (MULTIOBS_GLO_BIO_BGC_3D_REP_015_010), further details can 
be found in the methods section. The carbon and nitrogen isotopic signatures of the bulk organic matter for all 
samples in this study, as well as the corresponding R code, can be accessed through the following publication: 
Edgart (2023).
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Erratum
The originally published version of this article contained incomplete information about the co-authors. The 
affiliation for co-author Matías Pizarro-Koch should have included “ 6Escuela de Ingeniería Civil Oceánica, 
Facultad de Ingeniería, Universidad de Valparaíso, Valparaíso, Chile” which has now been added to the affil-
iations list. In the Author Contributions section, several authors were omitted inadvertently from the catego-
ries. The Conceptualization category has been corrected to: Igor Fernández-Urruzola, Sebastian I. Cantarero, 
Julio Sepúlveda, Osvaldo Ulloa. The Funding Acquisition category has been corrected to: Osvaldo Ulloa, Igor 
Fernández-Urruzola, Julio Sepúlveda. The Writing – Original Draft category has been corrected to: Igor Fernán-
dez, Sebastian I. Cantarero, Julio Sepúlveda. The Writing – Review & Editing category has been corrected 
to: Igor Fernández-Urruzola, Sebastian I. Cantarero, Matías Pizarro-Koch, Matthias Zabel, Julio Sepúlveda, 
Osvaldo Ulloa. These errors have now been corrected and this version may be considered the authoritative 
version of record.

 21698961, 2023, 8, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023JG

007401, W
iley O

nline Library on [02/09/2023]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License


	Particulate Organic Matter in the Atacama Trench: Tracing Sources and Possible Transport Mechanisms to the Hadal Seafloor
	Abstract
	Plain Language Summary
	1. Introduction
	2. Materials and Methods
	2.1. Study Area and Sample Collection
	2.2. Bulk Elemental and Stable Isotope Analysis of Carbon and Nitrogen
	2.3. Satellite POC Estimates
	2.4. Particle Flux Parameterization
	2.5. Statistical Analyses

	3. Results
	3.1. Elemental and Stable Isotope POM Signatures From Surface to Hadalpelagic Waters
	3.2. Differences in Elemental and Stable Isotope Signatures Between Bathyal and Hadal Sediments
	3.3. Differences in Elemental and Stable Isotope Signatures Between the Water Column and Trench Sediments
	3.4. POCsat in the Water Column Overlying the Atacama Trench
	3.5. Modeled Versus Observed POC Fluxes

	4. Discussion
	4.1. Organic Matter Provenance
	4.2. What Is the Relative Contribution of Allochthonous OM Sources to Atacama Trench Sediments?

	5. Conclusions
	Data Availability Statement
	References
	Erratum


