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Abstract  10 

Marine sediments are an important source and sink of bio-essential trace metals to the 11 

ocean. However, the different mechanisms leading to trace metal release or burial are 12 

not fully understood and the associated fluxes are not well quantified. Here, we present 13 

sediment, pore water, sequential extraction and benthic flux data of Mn, Co, Ni, Cu, Zn 14 

and Cd along a latitudinal depth transect across the Peruvian oxygen minimum zone 15 

at 12°S. Sediments are depleted in Mn and Co compared to the lithogenic background. 16 

Diffusive Mn fluxes from the sediments into the bottom water (-26 to -550 µmol m-2 y-17 

1) are largely consistent with the rate of Mn loss from the solid phase (-100 to -1160 18 

µmol m-2 yr-1) suggesting that 50 % or more of the sedimentary Mn depletion is 19 

attributed to benthic efflux. In contrast, benthic Co fluxes (~ -3 µmol m-2 yr-1) are lower 20 

than the rate of Co loss from the solid phase (up to -120 µmol m-2 yr-1), implying Co 21 

dissolution in the water column. The trace metals Ni, Cu, Zn and Cd are enriched within 22 

the sediments with respect to the lithogenic background. Uptake of Ni by phytoplankton 23 

in the photic zone and delivery with organic matter to the sediment surface can account 24 

for up to 100 % of the excess Ni accumulation (87 to 180 µmol m-2 y-1) in shelf 25 

sediments near the coast, whereas at greater water depth additional scavenging by 26 

Mn- and Fe-oxides may contribute to Ni accumulation. Up to 20 % of excess Cu (33 to 27 

590 µmol m-2 y-1) and generally less than 20 % of excess Zn (58 to 2170 µmol m-2 y-1) 28 

and Cd (6 to 260 µmol m-2 y-1) can be explained by delivery with fresh organic matter. 29 

Sequential extraction data suggest that the discrepancies between the known sources 30 

of Cd (and Cu) and their excess accumulation may be driven by the delivery of 31 
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allochthonous sulphide minerals precipitated from the water column. Additionally, Cu 32 

may be scavenged by downward sinking organic material. In contrast, precipitation of 33 

Zn sulphide chiefly takes place in the sediment. Diffusive Zn fluxes into the sediment 34 

(21 to 1990 µmol m-2 y-1) match the excess Zn accumulation suggesting that Zn 35 

delivery is mediated by molecular diffusion from bottom waters. Considering the 36 

diverse behavioural pattern of trace metals observed in this study, we argue that 37 

declining oxygen and increasing hydrogen sulphide concentrations in a future ocean 38 

will modify trace metal fluxes at the seafloor and the trace metal stoichiometry of 39 

seawater.  40 

 41 

 42 

1. Introduction 43 

Trace metals (TM) are involved in many biogeochemical processes in the ocean 44 

For example, they are an essential component of enzymes that catalyse 45 

photosynthesis (Mn, Cu) as well as carbon (Co, Zn, Cd), nitrogen (Ni, Cu) and 46 

phosphorous (Zn) acquisition (Morel and Price, 2003; Morel et al., 2014; Lohan and 47 

Tagliabue, 2018). Unlike their abundance in the continental crust, TMs are often scarce 48 

in seawater, with concentrations in the range of nano- to picomoles per liter (Bruland 49 

and Lohan, 2006). Because of their limited availability, TMs can (co-)limit primary 50 

productivity in the ocean and limit the efficiency of the biological pump (Saito et al., 51 

2008; Moore et al., 2013; Morel et al., 2014). 52 

In paleoceanographic studies, TM concentrations in sediments have been used 53 

to infer past biogeochemical conditions in the water column and sediments (Brumsack, 54 

2006). Certain TM enrichments (Ni, Cu) are indicative of high organic matter rain rates 55 

to the seafloor as well as sulphidic conditions within the sediments as a result of TM 56 

retention and burial as sulphide minerals (Tribovillard et al., 2006; Algeo and Liu, 57 

2020). In contrast, sedimentary enrichments of Mn and Co may be indicative of 58 

hydrographically restricted conditions (Sweere et al., 2016) under which these 59 

elements become trapped within basin sediments.  60 

A meaningful application of TM concentrations as paleo-redox or 61 

biogeochemical proxies requires a mechanistic understanding of their sources and 62 

sinks in the ocean, especially in low-oxygen environments. Temporal or permanent 63 
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depletion of oxygen in the water column above the seafloor can affect the extent to 64 

which TMs are removed from the water column and sequestered in the sediment 65 

because TM mobility is redox-dependent (Sundby et al., 1986; Morford and Emerson, 66 

1999; Tribovillard et al., 2006; Scholz and Neumann, 2007; Scholz et al., 2011; Rigaud 67 

et al., 2013; Rapp et al., 2020). For example, sediments in the oxygen minimum zone 68 

(OMZ) off Peru are enriched in some TMs (Ni, Cu, Zn, Cd) whereas others are depleted 69 

(Mn, Co) compared to the lithogenic background (Böning et al., 2004; Little et al., 70 

2015). Similar patterns have been observed in the OMZs offshore Chile and Namibia 71 

(Borchers et al., 2005; Böning et al., 2009). These enrichment or depletion patterns 72 

are reflected in TM concentrations in the water column. High Mn and Co concentrations 73 

in the water column of oxygen-deficient regions (e.g. Namibia, Peru, Mauretania, 74 

Mexico, California) were ascribed to reductive dissolution or remineralisation in anoxic 75 

waters or release from anoxic sediments (Johnson et al., 1996; Nameroff et al., 2002; 76 

Noble et al., 2012; Hawco et al., 2016; Rapp et al., 2019). Several studies have 77 

reported a quantitative removal of dissolved Cu, Zn and Cd within anoxic water 78 

columns of semi-restricted anoxic basins (e.g. Framvaren Fjord, Black Sea) and 79 

depletion in open-marine OMZs (e.g., Peru, Mauritania, North-East Pacific) (Jacobs et 80 

al., 1985; Tankéré et al., 2001; Janssen et al., 2014; Conway and John, 2015a; 81 

Janssen and Cullen, 2015; Roshan and Wu, 2015; Vance et al., 2016; Xie et al., 2019). 82 

However, the actual processes by which TMs are removed from the water column and 83 

delivered to the sediment are, in many cases, poorly constrained.  84 

Potential TM delivery mechanisms to the sediment include incorporation into 85 

organic matter in the surface ocean by phytoplankton, scavenging by sinking organic 86 

material or Mn- and Fe-oxides, and sulphide precipitation. After deposition at the 87 

seafloor, TMs originally associated with fresh organic material or Mn- and Fe-oxides 88 

can be released and/or transferred to other solid phases such as refractory organic 89 

matter or sulphide minerals (Gendron et al., 1986; Shaw et al., 1990; Böning et al., 90 

2004; Sheng et al., 2004; Vijayaraghavan et al., 2005; Audry et al., 2006; Rigaud et 91 

al., 2013; Little et al., 2015; Olson et al., 2017). Trace metal precipitation within 92 

sediments can also induce a downward-directed TM flux across the sediment-water 93 

interface. These different delivery mechanisms are difficult to distinguish based on 94 

water column or sediment solid phase data alone, because dissolution, transformation 95 

and fixation is likely to take place during early diagenesis. Collectively, these processes 96 
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determine the extent of TM accumulation in the sediment and, ultimately, the oceanic 97 

dissolved TM inventory.  98 

In this manuscript, we aim to identify and quantify mechanisms that lead to the 99 

release or sequestration of Mn, Co, Ni, Cu, Zn and Cd in sediments in the OMZ off 100 

Peru. Our analysis is based on porewater and solid phase data for surface sediments 101 

along a sampling transect at 12°S (six stations) (Fig. 1). We assign individual delivery 102 

pathways to each of these TMs by comparing diffusive benthic fluxes and accumulation 103 

rates due to organic matter burial and TM speciation data from sequential extractions. 104 

Our findings may help to reduce uncertainties that are associated with oceanic TM 105 

mass balances (e.g. Homoky et al., 2016; Little et al., 2016; Archer et al., 2020) and to 106 

parameterize TM fluxes in global biogeochemical models (Dale et al., 2015a; Homoky 107 

et al., 2016; Tagliabue et al., 2018).  108 

 109 

 110 

2. Methods 111 

 112 

2.1. Study area  113 

The upwelling region in the Eastern Tropical South Pacific off the coast of Peru 114 

is characterised by one of the most intense OMZs in the ocean. The OMZ forms 115 

through a combination of seasonal upwelling of nutrient-rich water, high rates of 116 

primary productivity and subsequent oxygen consumption in subsurface waters. 117 

Waters with near-complete oxygen depletion are generally located between 100 and 118 

500 m water depth (Pennington et al., 2006; Karstensen et al., 2008; Thamdrup et al., 119 

2012). The biogeochemical conditions in the water column at our study sites are 120 

spatially highly variable and, at the shallower stations, also temporally variable. During 121 

phases of water stagnation on the shelf the water column can become anoxic and 122 

depleted in nitrate (NO3
-) and nitrite (NO2

-) following intense denitrification (Sommer et 123 

al., 2016). Hydrogen sulphide (H2S) generated in the sediments by microbial sulphate 124 

reduction can then be released to the water column and accumulate to micromolar 125 

levels (Schunck et al., 2013; Scholz et al., 2016; Ohde, 2018). In contrast. oxygenation 126 

events on the upper slope (down to 200 - 300 m) are linked to the passage of coastal 127 
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trapped waves. The passage of these poleward waves often occurs during (coastal) El 128 

Niño phases and is associated with the deepening of the nutricline and upper oxycline 129 

(Ulloa et al., 2001; Levin et al., 2002; Echevin et al., 2008; Gutiérrez et al., 2008; Ohde, 130 

2018). A tracer release experiment that was carried out in our study area revealed that 131 

nutrients released into bottom waters at the Peruvian shelf ( 250 m depth) can 132 

potentially reach the surface ocean via transport and mixing processes (Freund, 2020). 133 

This observation highlights the relevance of benthic trace metal fluxes for biological 134 

processes in the surface ocean. 135 

The sediments at our study sites on the Peruvian shelf (< 200 m) consist of fine 136 

grained diatomaceous and organic carbon-rich hemipelagic muds (Reimers and 137 

Suess, 1983; Suess et al., 1987; Froelich et al., 1988). The sediments on the slope 138 

consist of a mixture of phosphoritic sand, foraminiferal sand, and olive green mud 139 

(Muñoz et al., 2004). Sedimentation rates are highest on the inner shelf (75 m) at 0.47 140 

cm y-1 and decrease on the outer shelf and slope to 0.14 to 0.05 cm y-1 (130 to 750 m) 141 

(Dale et al., 2020). The high productivity in surface waters leads to high particulate 142 

organic carbon (POC) rain rates, which reach 955 mg m-2 d-1 at 75 m and decrease 143 

offshore to 62 mg m-2 d-1 at 750 m (Dale et al., 2015b). The POC content in sediments 144 

ranges between 30 and 200 mg g-1, with highest values found underneath anoxic 145 

bottom waters (Suits and Arthur, 2000; Böning et al., 2004; Dale et al., 2015b). 146 

Hydrogen sulphide in sediment pore waters reaches several tens to thousands of 147 

micromoles per litre (Suits and Arthur, 2000; Scholz et al., 2011; Noffke et al., 2012; 148 

Plass et al., 2020). The contents of sulphur bound to pyrite within the OMZ sediments 149 

are between 1 and 18 mg g-1, and the contents of sulphur bound to organic matter are 150 

between 0.7 and 3.3 mg g-1,  with the highest values in the centre of the OMZ (Suits 151 

and Arthur, 2000; Scholz et al., 2014). 152 

 153 

 154 

2.2 Sampling and analytical methods 155 

The sampling took place between April and May 2017 during RV Meteor cruises 156 

M136 and M137 at six stations across the Peruvian shelf and slope between 75 m and 157 

750 m water depth (Fig. 1). The station numbering was taken from Dale et al. (2015b) 158 

with the geographical coordinates listed in the supplement (Table S.1). Short sediment 159 
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cores (ca. 30 cm) were retrieved with a multiple corer and immediately transferred to 160 

the onboard cool room (4 °C). The supernatant bottom water above the sediment core 161 

was then sampled and filtered through 0.2 μm cellulose acetate filters (Sartorius). 162 

Subsequently, the sediment cores were sliced in vertical sections in a glove bag under 163 

Ar-atmosphere. The samples were then centrifuged, and the supernatant was filtered 164 

as before under Ar-atmosphere and transferred to acid cleaned low-density 165 

polyethylene (LDPE) bottles. Pore water and supernatant samples were acidified to 166 

pH < 1 with subboiled distilled HNO3. Hydrogen sulphide concentrations were 167 

measured photometrically (U-2001 Hitachi spectrometer) on separate non acidified 168 

pore water samples using standard spectrophotometric techniques (Grasshoff et al., 169 

1999). The centrifuged sediments were stored in the centrifuge tubes under Ar-170 

atmosphere for TM analysis at the home laboratory. Separate uncentrifuged sediment 171 

samples were collected for determination of POC and total sulphur (TS) content as 172 

well as water content and porosity. All sediment and porewater samples that were not 173 

analysed on board were maintained at 4 °C. 174 

To determine TM concentrations in the pore water, we generally followed the 175 

pre-concentration method described by Rapp et al. (2017) but with a half-automated 176 

device (Preplab). The acidified pore water samples (1 ml) were diluted with 2 ml of de-177 

ionised water (MilliQ, Millipore) and irradiated with UV by light for 4 hours to destroy 178 

organic ligands that affect the recovery of Co and Cu. Before preconcentration the pH 179 

value of the sample was raised to 6.4 with an ammonium acetate buffer (1.5 M). 180 

Subsequently, the sample was loaded onto a chelating resin column where the 181 

seawater matrix was rinsed off. Then the column was rinsed with 1 ml of elution acid 182 

(1 M subboiled HNO3) to collect the TMs. Trace metal concentrations in the pre-183 

concentrated samples were measured by high resolution inductively coupled plasma 184 

mass spectrometry (HR-ICP-MS; Thermo Fisher Element XR). Trace metal 185 

concentrations were quantified by standard addition (Mn, Co) and isotope dilution (Ni, 186 

Cu, Zn, Cd). Accuracies for replicate measurements of reference seawater certified for 187 

TMs (NASS-7 and CASS-6) are listed in Table S.2. The pore water Cd data has been 188 

previously published along with benthic chamber data in Plass et al. (2020). These 189 

data are shown again here to explore the full range of TM behaviour on the Peruvian 190 

shelf.  191 
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Solid phase TM analyses was targeted at eight sampling depths per core (0.5 192 

cm, 2.5 cm, 4.5 cm, 7cm, 11 cm, 16 cm, and 20 cm). Total digestions were used to 193 

determine total TM contents. Exactly 0.1 g of freeze dried and ground sediment was 194 

digested in 2 ml concentrated HF (suprapure) (40 %), 2 ml concentrated HNO3 195 

(suprapure) (65 %) and 3 ml concentrated HClO4 (suprapure) (60 %) for 8 hours at 185 196 

°C. The sample was then dried and re-dissolved with 1 ml concentrated HNO3 197 

(suprapure) and 5 ml deionized water (Milli-Q, Millipore) at 145 °C for 2 hours. The 198 

reference standard MESS-3 was treated in the same way to monitor the recovery of 199 

the digestion procedure.  200 

A modified version of the four-step sequential extraction scheme of Huerta-Diaz 201 

and Morse (1990) was applied to determine host phases of TMs within the sediment. 202 

We opted to use unaltered wet sediment because drying can shift TMs from less mobile 203 

to more mobile phases and thus distort the results from the sequential extractions 204 

(Baeyens et al., 2003). For each extraction 0.5 g of wet sediment was used. To check 205 

the long-term reproducibility of the sequential extraction protocol, we included our in-206 

house standard OMZ-2 (sediments from the Peruvian margin) into each extraction run 207 

(relative standard deviation ± 2 %, for Zn ± 9 %). The reference standard MESS-3 was 208 

also extracted along with the samples. All samples were constantly mixed on a shaking 209 

table during the extraction. After each extraction step the sample was centrifuged and 210 

the supernatant collected. The residual sediment was used for the subsequent 211 

extraction step. A full description of the extraction procedure follows: 212 

Sequential extraction step 1, HCl0.5M-fraction: The sediment was extracted in 20 213 

ml of 0.5 M HCl (subboiled and distilled) and shaken for 1 hr. After centrifugation the 214 

supernatant was collected and stored for analysis. This extraction is operationally 215 

defined to dissolve TMs present as TM-monosulphides and TMs associated to 216 

amorphous (oxyhydr)oxides (Fe, Mn), carbonates and hydrous aluminosilicates 217 

(Kostka and Luther, 1994).  218 

Sequential extraction step 2, HCl1M-fraction: 15 ml of 1 M HCl (subboiled and 219 

distilled) were added to the residual sediment and shaken for 23 hr. After centrifugation 220 

and collection of the supernatant, the sediment was washed with 10 ml de-ionised 221 

water (MilliQ, Millipore) and centrifuged again. The supernatant was combined with the 222 

prior collected supernatant (1 M HCl) and stored for analysis. In principle, this 223 

extraction step is operationally defined to dissolve the same TM phases as step 1 plus 224 
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more crystalline phases and some silicates minerals (Huerta-Diaz and Morse, 1990; 225 

Kostka and Luther, 1994). 226 

Sequential extraction step 3, HF-fraction: During this step, 10 ml of 10 M HF 227 

(suprapure) was added to the residual sediment and shaken for 1 hr. The sample was 228 

centrifuged and the supernatant collected. Then, 10 ml of 10 M HF was added to the 229 

sediment and shaken for 16 hr, before 2 g of boric acid was added to dissolve any 230 

precipitated fluoride minerals. The shaking was then repeated for another 8 hr before 231 

centrifuging and collection of the supernatant. Subsequently, the sediment was 232 

washed with 10 ml boiling de-ionised water, centrifuged again and the supernatant 233 

collected. All three supernatants collected during this extraction step were combined 234 

and stored for analysis. This extraction step is operationally defined to dissolve TMs 235 

associated with silicate minerals (Huerta-Diaz and Morse, 1990). 236 

Sequential extraction step 4, HNO3-fraction: For the last extraction step, 10 ml 237 

of concentrated HNO3 (subboiled and distilled) was added to the remaining sample and 238 

shaken for 2 hr. Subsequently, the sample was centrifuged and the supernatant 239 

collected.  The residual sediment was washed with 10 ml of concentrated HNO3 240 

(subboiled and distilled) and then with 10 ml of de-ionised water. After each washing 241 

step, the sample was centrifuged, the supernatant collected and combined with the 242 

prior collected supernatant and stored for TM analysis. This extraction step is 243 

operationally defined to dissolve TM associated with organic matter and pyrite (Huerta-244 

Diaz and Morse, 1990). 245 

 Trace metals extracted in step 1, 2 and 4 are considered to be reactive and 246 

potentially mobile within the water column and surface sediment whereas TMs 247 

extracted in step 3 (silicate minerals) are considered to be of lithogenic origin and thus 248 

unreactive.  249 

Concentrations of TMs (and also Al) in solutions from digestions and sequential 250 

extractions were measured by ICP-OES (VARIAN 720-ES). Due to its lower 251 

sedimentary content, Co concentrations were measured by ICP-MS (Agilent 7500). 252 

The recovery from replicate total digestions of the reference standard MESS-3 (n = 17, 253 

all within range) and the recovery from the sequential extraction method of our in-house 254 

standard OMZ-2 (n = 3, recovery > 90 % Mn, Co, Ni and Cd and >80 % Cu and Zn) 255 

are listed in Table S.3. Possible contamination during the extraction procedure was 256 

monitored using method blanks, which were treated in the same way as the samples.  257 
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Total sulphur and POC contents in freeze dried and ground sediment 258 

subsamples were determined by flash combustion in an Elemental Analyzer (Euro EA) 259 

after removal of inorganic carbon with 0.25 mM HCl (analytical grade). Precision and 260 

relative standard deviation of the measurement was ± 3 % for TS and ± 1 % for POC. 261 

Further sediment subsamples were freeze-dried for the determination of water content 262 

and porosity to convert the results from sequential extractions in mass units. 263 

 264 

 265 

2.4 Flux calculations 266 

To determine whether a TM is enriched or depleted relative to the lithogenic 267 

background (expressed as excess; TMxs) we used the average TM and Al contents of 268 

each core and applied the following equation (Brumsack, 2006): 269 

𝑇𝑀𝑥𝑠 = 𝑇𝑀𝑠𝑎𝑚𝑝𝑙𝑒 − 𝐴𝑙𝑠𝑎𝑚𝑝𝑙𝑒 ∗ (𝑇𝑀/𝐴𝑙)𝑐𝑟𝑢𝑠𝑡     (Eq. 1) 270 

Positive and negative TMxs represent sedimentary enrichment and depletion, 271 

respectively. The TM:Al ratio of andesite was used as the lithogenic background 272 

reference, in line with the overall andesitic composition of Peru margin sediment 273 

(Böning et al., 2004). We applied the same reference values for Mn, Ni, Cu, Zn, Cd 274 

and Al from Peruvian andesite as Little et al. (2015) (taken from the GEOROC data 275 

base (Sarbas and Nohl, 2009)). The reference value for Co was taken from average 276 

andesite (Taylor and McLennan, 1995) which is nearly identical to the local andesite 277 

Co:Al ratio (Aguirre, 1988). To determine the excess TM flux/accumulation in the 278 

sediment, TMxs was multiplied by the mass accumulation rate (MAR) for each individual 279 

site (taken from Dale et al. (2020)):  280 

𝑇𝑀𝑥𝑠 ∗  𝑀𝐴𝑅 = 𝑇𝑀𝑥𝑠𝑀𝐴𝑅     (Eq. 2) 281 

To quantity TM delivered to or removed from the sediments via diffusive 282 

transport (FD) across the sediment water interface, we applied Fick’s first law of 283 

diffusion (Boudreau, 1997):  284 

FD = −ΦDsed(dC/dx)     (Eq. 3) 285 

In this equation, dC/dx is the concentration gradient between the uppermost pore water 286 

sample (0 – 1 cm sediment depth) and the bottom water. Dsed is the effective molecular 287 
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diffusion coefficient of a TM in the sediment, which was determined as follows (Plass 288 

et al., 2020):   289 

Dsed = Dsw/(1 − ln(ϕ2))     (Eq. 4) 290 

The molecular diffusion coefficients in seawater (Dsw) under standard conditions (Li 291 

and Gregory, 1974) were adjusted to in-situ temperature, pressure and salinity 292 

applying the Stokes-Einstein Equation. The denominator in Eq. 4 represents tortuosity 293 

which is derived from porosity (Φ) (Boudreau, 1997). In this study, a positive FD 294 

represents a flux from the bottom into the pore water and vice versa. All data for 295 

diffusive flux calculations are listed in Tables S.5. 296 

Trace metals are also delivered to the sediment via incorporation into 297 

phytoplankton and deposition of organic detritus on the seafloor. We approximated this 298 

flux by multiplying the average TM to carbon (TM:C) ratio in average phytoplankton 299 

(Moore et al., 2013) with POC rain rates and POC burial rates (data from Dale et al. 300 

(2015b)) for each site. These give the maximum and minimum TM fluxes, respectively. 301 

Regional TM:C ratios from the equatorial Pacific in bulk phytoplankton and diatoms are 302 

available for some TMs from Twining et al. (2011) and for (mostly) zooplankton from 303 

Collier and Edmond (1984). Compared to average phytoplankton, regional ratios are 304 

generally slightly lower for Mn, similar for Ni and Cu, and slightly higher for Co, Zn and 305 

Cd. Available TM data for suspended particles within the OMZ off Peru show elevated 306 

TM to phosphorus (TM:P) ratios compared to average phytoplankton (Ohnemus et al., 307 

2017; Lee et al., 2018). In this study, we converted this local particulate TM:P to TM:C 308 

ratio assuming a C:P ratio in phytoplankton of 124 (Ho et al., 2003; Moore et al., 2013). 309 

The uncertainties associated with variable TM:C ratios are discussed in Section 4.2.  310 

The results of all flux calculations are listed in Table 1 and displayed in Figure 7. 311 

 312 

 313 

3. Results 314 

 315 

 316 

3.1 Biogeochemical conditions in the water column 317 
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The biogeochemical trends in the water column during our sampling campaign 318 

are presented in detail by Lüdke et al. (2020) and Plass et al. (2020). During the time 319 

of sampling, the bottom water above our sampling stations on the shelf was depleted 320 

in oxygen. The OMZ, with oxygen concentrations below the detection limit of the 321 

Winkler titration (3 to 5 µM), extended down to around 450 m water depth (Fig. 2). 322 

Within the OMZ, nitrogenous conditions prevailed and concentrations of nitrite were in 323 

excess of 4 µM between 150 and 300 m water depth.  324 

  325 

 326 

3.2 Pore water data 327 

Pore water concentrations of Mn were highest in the upper 5 to 10 cm of the 328 

sediment at most stations, reaching several hundreds of nanomoles per litre. In deeper 329 

sediments Mn concentrations dropped below 100 nM at Stations 1, 3 and 5 (75, 130 330 

and 195 m). At all stations, higher concentrations in pore waters than in the overlying 331 

bottom waters were observed. This implies an upward-directed diffusive flux of Mn to 332 

the bottom water. Particularly sharp concentration gradients at the sediment-water 333 

interface (up to 420 nM cm-1) were measured at the shallow shelf stations, which result 334 

in the highest diffusive flux at St. 1 (75 m) (-550 µmol m-2 y-1). Diffusive Mn fluxes 335 

decreased with increasing water depth and the lowest value was observed at Station 336 

9 (750 m) (-26 µmol m-2 y-1). 337 

Concentrations of Co in pore waters increased from the sediment surface 338 

towards deeper sediments by several nanomoles per litre at stations within the OMZ.  339 

Concentrations in the uppermost pore water sample (~ 1 nM) were higher than in 340 

overlying bottom waters (< 1 nM), which again implies an upward diffusive flux from 341 

the pore water to the bottom water. Diffusive fluxes ranged between -4.1 and -1.7 µmol 342 

m-2 y-1 on the shelf, whereas at St. 9 (750 m) the flux was lowest with -0.13 µmol m-2 343 

y-1. 344 

Pore water Ni concentrations generally increased with increasing sediment 345 

depth at most shelf stations, from a few nanomoles per litre at the sediment surface up 346 

to 92 nM in deeper sediments at St. 6 (245 m). The highest pore water Ni 347 

concentrations were observed at Station 9 (750 m) (up to 365 nM). With the exception 348 
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of Station 4 (145 m), diffusive fluxes ranging from -12 to -71 µmol m-2 y-1 were directed 349 

from the pore water to the bottom water. 350 

Copper concentrations were in the range of 2 to 26 nM and mostly varied around 351 

an average of 7 nM at stations within the OMZ. Concentration gradients across the 352 

sediment-water interface generally ranged between 2 and 10 nM cm -1 and diffusive 353 

fluxes were mostly directed out of the sediment (St. 1, 4, 5 and 9). The highest efflux 354 

of -3.5 µmol m-2 y-1 was observed at St. 9 (750 m).  The highest flux into sediment was 355 

13 µmol m-2 y-1 at St. 6. 356 

The concentrations of dissolved Zn ranged between 20 and 40 nM at most 357 

stations and generally varied within a narrow range within the sediment cores. At a few 358 

stations, single values of maximum concentrations in the upper 10 cm reached close 359 

to or above 100 nM. Concentrations of Zn in bottom waters were of the order of several 360 

hundred nanomoles per litre. The high concentration gradients across the sediment-361 

water interface imply downward diffusive fluxes of Zn into the sediment of up to 2000 362 

µmol m-2 y-1 at St. 1 (75 m).  363 

Concentrations of Cd in pore waters ranged between 0.1 and 2 nM.  Bottom 364 

water concentrations were higher than concentrations in the surface pore water at most 365 

stations (St. 3, 4, 5 and 6) indicating a downward diffusive flux of 0.6 to 0.8 µmol m-2 y-366 

1 into the sediment. Upward directed fluxes were observed at St. 1 (75 m) (-1.8 µmol 367 

m-2 y-1) and St. 9 (750 m) (-0.3 µmol m-2 y-1).  368 

The sediment pore waters contained H2S at all shelf stations. The highest 369 

concentrations (> 4000 µM) were measured at St. 1 (75 m). At St. 3 to 5 (130 to 195 370 

m), concentrations reached up to 1000 µM. Hydrogen sulphide concentrations 371 

increased with sediment depth either from the sediment surface (St. 1 and 3) or from 372 

5 cm depth (St. 4 and 5). At several stations, H2S showed a peak between 5 and 15 373 

cm (St. 1, 3, 4), whereas at St. 5 (195 m) the increase with depth was continuous. At 374 

the deepest station on the slope (St. 9), no H2S was detected. 375 

 376 

 377 

3.3 Total digestion data and trace metal excess 378 
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The total digestion data is presented together with the sequential extraction data 379 

in Fig. 4.  Total sedimentary contents of Mn, Co and Zn generally decreased with 380 

distance offshore, whereas contents of Ni and Cd increased, except at St. 9 where Ni 381 

contents decreased and Cd contents were lowest. Sedimentary Cu contents were 382 

rather constant along the sampling transect. There were no large variations in total TM 383 

contents with increasing sediment depth. Average station values for the different TMs 384 

were between the following; Mn: 133 to 382 µg g-1, Co: 3 to 8 µg g-1, Ni: 22 to 104 µg 385 

g-1, Cu: 58 to 46 µg g-1, Zn: 98 to 178, Cd: 2 to 52 µg g-1.  386 

The calculated enrichment or depletion of the different TMs compared to the 387 

lithogenic background sedimentation off Peru (TMxs) is displayed in Fig. 5. The 388 

negative TMxs for Mn and Co illustrates that these TMs are depleted at all stations 389 

whereas Ni, Cu, Zn and Cd are enriched. These depletion and enrichment patterns as 390 

well as the ranges of TMxs are similar to those observed in previous studies on the 391 

Peruvian margin (e.g. Böning et al., 2004; Little et al., 2015). Manganese showed the 392 

smallest depletion at the shallowest station St. 1 (75 m) (-56 µg g-1) and the largest 393 

depletion at the deepest station St. 9 (750 m) (-138 µg g-1). The depletion of Co (-4 to 394 

-6 µg g-1) varied across the transect and was smallest at St. 6 (245 m) and highest at 395 

St. 4 (145 m). Across the shelf, Nixs clearly increased (7 to 100 µg g-1) whereas Cuxs 396 

(33 to 40 µg g-1) and Cdxs (26 to 52 µg g-1) increased only moderately with distance 397 

offshore. In contrast Znxs (74 to 124 µg g-1) decreased across the shelf. The enrichment 398 

of Ni, Cu and Zn at the slope station (St. 9) was similar to those observed at the shelf 399 

stations, whereas Cdxs was close to zero (2 µg g-1). 400 

 401 

 402 

3.4 Sequential extraction data 403 

As pointed out in Section 2.2, multiple TM host phases may be dissolved in each 404 

step of the sequential extraction procedure (Huerta-Diaz and Morse, 1990; 405 

Zimmerman and Weindorf, 2010). Therefore, we refer to the extraction medium rather 406 

than specific target phases hereafter. The distribution of each TM across the different 407 

fractions was similar at all stations. The sum of the TM fractions mostly matched well 408 

with total TM contents obtained by total digestion (Fig. 4).  409 
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At all stations, the largest proportion (> 60 %) of sedimentary Mn and Co was 410 

present in the HF-fraction (i.e. as silicates). Most of the remaining Mn and Co was 411 

present in the combined HCl-fractions (i.e. as monosulphides, (oxyhydr)oxides, 412 

carbonates).  Compared to Mn (2 to 6 %), a larger amount of Co (7 to 21 %) was 413 

present in the HNO3-fraction (i.e. as pyrite or organic matter). Approximately half of the 414 

total sediment contents of Ni and Cu were present in the HCl0.5M-fraction. The 415 

remaining Ni was contained in the HNO3-fraction (30 %) and HCl1M-fraction (20 %).  416 

The main host phase of Cu switched from the HCl0.5M-fraction towards the HNO3-417 

fraction with increasing water depth. Similar to Ni and Cu, half of the total Zn content 418 

at the shelf stations was present in the HCl0.5M-fraction. The remaining Zn was 419 

distributed among the HF-fraction (25 %), HCl1M-fraction (20 %) and HNO3-fraction (10 420 

%). At St. 9 (750 m), most Zn was present in the HF-fraction (40 %). With the exception 421 

of Station 9, Cd was almost exclusively contained in the HCl0.5M-fraction (95 %). 422 

The combined HCl- and the HNO3-extractions are plotted against TS and POC 423 

contents to help further constrain whether TMs in these host phases are likely to be 424 

associated with organic matter or sulphide minerals, respectively (Fig. 6). The data 425 

showed a negative correlation at the shelf stations (St. 1 to 6, 75 to 245 m) between 426 

POC and Mn, Co and Zn in the HCl-fraction (R2 = 0.61, 0.56 and 0.36 respectively) 427 

and in the case of Mn also in the HNO3-fraction (R2 = 0.68) (p < 0.001). At the shelf 428 

stations, a positive correlation with POC was found for Ni in the HCl- and HNO3-429 

fractions (R2 = 0.74 and 0.63 respectively, p < 0.001). A positive correlation of POC 430 

with Cu was also observed at the shelf stations in the HNO3-fraction (R2 = 0.75) and 431 

for Cd in the HCl-fraction (R2 = 0.57) (p < 0.001). Most TMs showed no clear correlation 432 

with TS considering all shelf station data. However, in the HCl-fraction of the deeper 433 

Stations 5 to 9 (195 to 750 m), Cd, Ni, and Cu (R2 = 0.93, 0.83 and 0.82 respectively, 434 

p < 0.001) and to a lesser extent Zn (R2 = 0.46, p = 0.001) correlated with TS. If only 435 

St. 1 and 9 are considered, Co and Mn would fall on a line of linear regression in the 436 

HCl- (R2 = 0.94 and 0.92 respectively) and in the HNO3-fraction (R2 = 0.77 and 0.71 437 

respectively) (p < 0.001). If all stations are considered, Co still positively correlated with 438 

TS in the HNO3-fraction (R2 = 0.61, p < 0.001).  439 

 440 

 441 

4. Discussion 442 
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 443 

 444 

4.1. Sedimentary depletion of manganese and cobalt 445 

In line with other studies (Böning et al., 2004; Scholz et al., 2011; Little et al., 446 

2015), our data showed depletion of Mn and Co in sediments on the Peruvian margin 447 

(Fig. 6). Excess fluxes of both TMs displayed a similar pattern of decreasing depletion 448 

along the transect and with distance from the coast (Mn: -1161 to -100 µmol m-2 y-1
, 449 

Co: -123 to -3.5 µmol m-2 y-1) (Fig. 7). The depletion must be caused by a transfer of 450 

TMs from the solid phase to the dissolved phase and transport away from the study 451 

area. In anoxic sediments, Mn is commonly released from the solid phase to the 452 

sediment pore water through the reductive dissolution of Mn-oxides coupled to the 453 

remineralisation of organic matter (Canfield and Thamdrup, 2009). The sedimentary 454 

cycling of Mn and Co is often coupled, whereby Co delivery is generally associated 455 

with Mn-oxides. Dissolution of Mn-oxides thus also releases Co to pore waters under 456 

reducing conditions (Heggie and Lewis, 1984; Gendron et al., 1986; Sundby et al., 457 

1986; Scholz and Neumann, 2007; van de Velde et al., 2020). However, our data are 458 

only partly consistent with a close coupling between the cycling of Mn and Co on the 459 

Peruvian shelf because the contribution of diffusive benthic efflux to the sedimentary 460 

depletion differs between the two TMs.  461 

The diffusive Mn effluxes from the sediment pore water into the bottom water of 462 

26 to 551 µmol m-2 y-1 determined from our sampling campaign may vary temporally 463 

as function of bottom water oxygen concentrations. The fluxes are remarkably similar 464 

to 5 to 460 µmol m-2 y-1 determined off Peru at 11°S in 2008 (Scholz et al., 2011), but 465 

orders-of-magnitude lower than values observed in less reducing continental margin 466 

systems (McManus et al., 2012) and restricted basins (Pakhomova et al., 2007; van de 467 

Velde et al., 2020). The diffusive fluxes agreed well with the overall sedimentary 468 

depletion at St. 4 (145 m) and 6 (245 m) (Fig. 7), demonstrating that loss by diffusion 469 

across the sediment-water interface can account for Mn depletion at these sites. At St. 470 

1 (75 m), 3 (130 m) and 5 (195 m) only half of the depletion can be related to benthic 471 

efflux. Following previous studies (Landing and Bruland, 1987; Johnson et al., 1996; 472 

Noble et al., 2012), we argue that the remaining Mn dissolution takes place in the 473 

anoxic water column. Efficient offshore transport of the dissolved Mn liberated from 474 

particles in the water column and sediments (Vedamati et al., 2014) can explain 475 
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sedimentary Mn depletion and generally low benthic Mn fluxes compared to other 476 

marine systems. At the slope station with oxic bottom water (St. 9, 750 m), Mn 477 

depletion may be related to the particular sediment composition (phosphorite, 478 

glauconite and lag sediment that generally contain less Mn) or to downslope transport 479 

of Mn-depleted shelf sediment that has undergone extensive leaching prior to 480 

deposition on the slope.  481 

Few studies have reported diffusive benthic Co fluxes from sediments. The 482 

effluxes of Co observed in our study were similar to those reported for sediments from 483 

underneath oxygen-deficient bottom waters in the Santa Monica basin (around -4 µmol 484 

m-2 y-1) (Johnson et al., 1988). In contrast to Mn, however, these are far too low to 485 

account for a substantial portion of the total depletion from the solid phase (up to -123 486 

µmol m-2 y-1). Particularly at St. 1 (75 m) and St. 3 (130 m), the diffusive efflux 487 

accounted for less than 10 % of the total depletion (Fig. 7). As for Mn at St. 1, 3 and 5, 488 

this implies that the bulk of particle-associated Co must have already dissolved in the 489 

water column before reaching the seafloor.  490 

The release of Co from particles in oxygen-deficient upwelling regions is 491 

believed to play an important role in the Co budget of the upper ocean (Saito et al., 492 

2004; Noble et al., 2012). Model results suggest that the main external input flux of 493 

dissolved Co to the ocean derives from sediments at continental margins, two thirds of 494 

which is derived from sediments underneath oxygen-deficient bottom waters 495 

(Tagliabue et al., 2018). By comparing Co:Al ratios in sediments off Peru to the ratio of 496 

the lithogenic background, Hawco et al. (2016) calculated that around half of the land-497 

derived particulate Co is dissolved, which leads to the formation of a large Co plume 498 

observed in the water column off Peru. This estimate agrees well with sedimentary 499 

Co:Al ratios in our study. For comparison, Mn:Al ratios indicate that only 10 – 40 % of 500 

land derived particulate Mn is ultimately lost from the sediments. Modelling studies 501 

estimated Co fluxes from sediments off Peru of 25 µmol m-2 y-1 (Tagliabue et al., 2018). 502 

The total depletion at the shelf stations 3, 4 and 5 (-27 to -12 µmol m-2 y-1) is in good 503 

agreement with this estimate. However, our findings reveal that < 5 µmol m-2 y-1 is 504 

released from the sediments by diffusion whereas the majority of the Co is dissolved 505 

in the water column.  506 

The spatial decoupling between the release of Co and Mn may be explained by 507 

a scenario where Co desorption from Mn oxide surfaces (Murray, 1975; Shaw et al., 508 
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1990) happens more readily and prior to Mn oxide dissolution itself. An alternate 509 

explanation could be that upon release, Co chiefly remains in the dissolved phase 510 

whereas Mn undergoes partial re-precipitation in the water column and deposition at 511 

the seafloor. This mechanism may be particularly relevant at the shallow shelf (St. 1, 512 

75 m) where the relative depletion of Co compared to Mn is higher (Coxs:Mnxs = 0.1) 513 

than further offshore (Coxs:Mnxs = 0.04) due to decreasing Mn:Al ratios (derived from 514 

Fig. 5). Consistent with this scenario, Mn oxidation has been shown to be faster than 515 

Co oxidation (Landing and Bruland, 1987; Tebo, 1991; Thamdrup et al., 1994; Moffett 516 

and Ho, 1996; Noble et al., 2012). Therefore, once released into the water column, 517 

there is little Co scavenging or removal  (Noble et al., 2012; Hawco et al., 2016). 518 

Instead, Co concentrations in the water column are primarily controlled by 519 

phytoplankton uptake rather than co-precipitation with Mn (Saito et al., 2004).  520 

Within the sediment pore water, a decoupling was observed between Mn and 521 

Co since dissolved Co:Mn ratios exceeded crustal and phytoplankton ratios and 522 

increased in a downcore direction (Fig. 8). Increasing Co:Mn ratios in pore water were 523 

related to decreasing Mn concentrations below a shallow maximum, which is attributed 524 

to the precipitation of Mn carbonate or Mn adsorption onto calcite (Middelburg et al., 525 

1987; Kuleshov, 2017). Consistent with this notion, reactive Mn is mainly present in 526 

the HCl soluble fraction, which contains Mn carbonates, oxides and potentially some 527 

Mn bound to silicate minerals. In contrast to Mn, a significant proportion of sedimentary 528 

Co (7 to 21 %)  was extracted with HNO3 and Co concentrations within this fraction 529 

covaried with TS, which is mainly present as pyrite (Suits and Arthur, 2000; Scholz et 530 

al., 2014). This observation suggests that authigenic pyrite is an important burial phase 531 

for Co in Peru margin sediments. Overall, preferential precipitation and retention of Mn 532 

relative to Co in sediments on the shallow shelf is likely to contribute to increasing 533 

sedimentary Co to Mn contents along the transect (Fig. 4).  534 

 535 

 536 

4.2 Sedimentary enrichment of nickel, copper, zinc and cadmium 537 

The TMs Ni, Cu, Zn and Cd are enriched in sediments throughout the study 538 

area. Zinc is the only TM where diffusion across the sediment-water interface can 539 

explain the majority of TM accumulation (Fig. 7). By contrast, Ni, Cu and Cd must 540 
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primarily be supplied by particles. Nickel displays a negative diffusive flux out of the 541 

sediment indicating that a fraction of the particulate TM delivered is solubilised within 542 

the sediment and recycled into the bottom water. The various TM delivery pathways 543 

are discussed in the following sections. 544 

 545 

 546 

4.2.1. Diffusive delivery of Zn 547 

Based on a covariation between Zn enrichment factors and POC concentrations 548 

in sediments and elevated Zn concentrations in plankton, prior studies concluded that 549 

biological uptake and deposition of organic material represents the main delivery 550 

pathway of Zn to sediments on the Peruvian margin (Böning et al., 2004; Little et al., 551 

2015). In contrast, our flux data reveal that this mechanism can only explain 10 to 20 552 

% of the Zn accumulation on the shelf (60 to 2230 µmol m-2 y-1) (Fig. 7). We find that 553 

molecular diffusion of Zn is the main process of Zn delivery to the sediments on the 554 

Peruvian margin. The diffusive flux of Zn into the sediment equals the total enrichment 555 

flux at St.1 (75 m) (around 2000 µmol m-2 y-1) and the fluxes at the other shelf stations 556 

are high enough or even exceed the fluxes required to account for the excess Zn 557 

accumulation.  558 

A steep Zn concentration gradient between the bottom water just above the 559 

sediment surface and pore waters was the driver for high diffusive fluxes (Fig. 3). Water 560 

column studies report Zn concentrations of only a few nanomoles (maximum10 nM) in 561 

open ocean waters (Bruland and Lohan, 2006; Conway and John, 2014, 2015b; 562 

Janssen and Cullen, 2015; Sieber et al., 2020) including those within the Peruvian 563 

OMZ (John et al., 2018; Rapp et al., 2020). However, only a few Zn concentration data 564 

for bottom waters are available. In bottom waters from benthic chamber incubations in 565 

productive coastal environments, Zn concentrations can reach several hundred 566 

nanomoles (Westerlund et al., 1986; Ciceri et al., 1992; Turetta et al., 2005), which is 567 

similar to the bottom water concentrations found in our study (23 to 780 nM) (Fig. 3). 568 

We suggest that the high Zn concentrations in bottom water are due to Zn release from 569 

labile organic matter within the benthic fluff layer overlying the sediment. In that case, 570 

organic material could still play a role in the delivery of easily dissolvable Zn to the 571 

seafloor. However, any Zn bound to organic material is unlikely to originate through 572 
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direct uptake from the photic zone as this flux is far lower compared to the diffusive 573 

flux. Instead, Zn scavenging by downward sinking organic material or Zn incorporation 574 

by pelagic microbial communities could be a viable mechanisms by which Zn is bound 575 

to organic molecules (Sheng et al., 2004; Vijayaraghavan et al., 2005; Ohnemus et al., 576 

2017). 577 

 578 

 579 

4.2.2 Particulate supply of Ni, Cu and Cd by organic matter or metal oxides 580 

Particulate supply with phytoplankton-derived organic matter may contribute to 581 

the accumulation of Ni, Cu, and Cd in Peru margin sediments to a significant extent 582 

(Fig. 7). This is particularly the case for Ni, where uptake by phytoplankton and delivery 583 

to the seafloor could explain between 100 % (St. 1, 75 m) and 20 % (St. 5, 195 m) of 584 

the excess Ni accumulation at the shelf stations (87 to 180 µmol m-2 y-1). A correlation 585 

between Ni and POC is typically found in sediments below OMZs in upwelling regions, 586 

including the sediments off Peru (Böning et al., 2015; Ciscato et al., 2018). It has been 587 

argued based on a correlation between concentrations of Ni and chlorine (an 588 

intermediate degradation product of chlorophyll pigments) in surface sediments off 589 

Peru that excess Ni is ultimately derived from enzymes within diatoms  (Böning et al., 590 

2015). A coupled supply of Ni and organic matter to the sediment is also supported by 591 

our sediment data. The station with the highest sedimentary Ni contents also showed 592 

the highest POC content (St. 6, 245 m) (Table S.4) and sequential extraction data of 593 

Ni correlated with POC contents in the HNO3-fraction (Fig. 6).  594 

In potential conflict with the above discussion, other studies have estimated that 595 

direct Ni uptake by phytoplankton and organic matter export can contribute only a 596 

fraction of the Nixs in Peru margin sediments (Little et al., 2015; Ciscato et al., 2018). 597 

This conclusion is based on a mismatch between the Ni enrichment factor and POC 598 

contents in Peruvian sediments compared to sediments below other oxygen depleted 599 

regions and higher Nixs:Znxs compared to plankton ratios (Little et al., 2015). 600 

Furthermore, Ciscato et al. (2018) found a  mismatch between Ni:C and Ni:Si ratios in 601 

diatoms and Peru margin sediments. However, the Ni:C of sinking diatoms may be 602 

increased by preferential dissolution of POC or by Ni incorporation in reducing 603 

microniches within sinking organic matter, both of which would obscure Ni supply by 604 
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diatom remains (Ciscato et al., 2018). Furthermore, sedimentary organic carbon is 605 

subject to degradation (Dale et al., 2015b), biogenic silica undergoes dissolution (Dale 606 

et al., 2020) and Zn is delivered by molecular diffusion (see Section 4.2.1). Therefore, 607 

a match between Ni:C, Ni:Si and Ni:Zn in diatoms or plankton and sediments is not 608 

expected. We compensate for the mismatch between organic carbon delivery and 609 

sedimentary POC by considering POC rain rates rather than POC burial rates.  610 

Our estimate of Ni delivery with organic material is still dependent on the Ni:C 611 

ratio within fresh biomass, which is applied in our calculations (8.06 ∙ 10-6). Using a 612 

regional Ni:C ratio for diatoms (3.7 ∙ 10-6) (Twining et al., 2011), POC-associated 613 

excess Ni would decrease by ~50 %. In contrast, applying the regional bulk plankton 614 

maximum ratio (11.9 ∙ 0-6) (Twining et al., 2011), the excess delivery would increase 615 

by ~50 %. Another regional bulk plankton (mostly zooplankton) Ni:C ratio estimate 616 

(9.15 ∙ 10-6) (Collier and Edmond, 1984) is similar to the value used in our calculation. 617 

Using the Ni:C ratio from particulate data off Peru (3.71 ∙ 10-5), organic matter could 618 

supply between 80 to 100 % of Ni excess on the shelf. However, this ratio is derived 619 

from particles that are likely enriched in TMs by prokaryotic communities (Ohnemus et 620 

al., 2017). The Ni:POC ratio measured in bulk sediments off Peru (average 16 ∙ 10-5) 621 

were generally higher than the plankton ratios reported above (Fig. 9). However, the 622 

ratios in the uppermost surface sediment sample were closer to phytoplankton ratios 623 

than sedimentary ratios further downcore (surface Ni:POC = 8 ∙ 10-5 to 10 ∙ 10-5 at St. 624 

3 to 6). This observation suggests that Ni is progressively enriched relative to C during 625 

degradation of organic matter and early diagenesis.  Overall, our estimates suggest 626 

that biological Ni uptake and delivery with organic material make an important 627 

contribution to Ni accumulation in Peru margin sediments. However, determining the 628 

TM:C ratio in fresh local phytoplankton and zooplankton before alteration and in sinking 629 

biogenic particles near the seafloor would help to reduce the uncertainty of TM fluxes 630 

associated with organic matter on the Peruvian margin.  631 

Some of the mismatch between Ni supply with organic matter and total Ni 632 

accumulation could be related to the delivery of other Ni-containing particulate phases 633 

such Mn- and Fe-oxides, which are known to scavenge Ni from the water column 634 

(Shaw et al., 1990; Audry et al., 2006; Little et al., 2015; Olson et al., 2017). The Ni 635 

content of the Mn-oxide birnessite has been shown to be as high as 40 mg g-1 (Peacock 636 

and Sherman, 2007). Especially at the deeper shelf stations, where Ni delivery with 637 
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organic material is less important (20 to 50 %), Ni delivery by Mn- and Fe-oxides could 638 

be important. Such a scenario is also supported by increasing Ni concentrations within 639 

the pore water of surface sediments, which coincides with the initial accumulation of 640 

dissolved Mn (and also of Fe) (Plass et al., 2020).  641 

Only 16 to 36 % of the excess Cu accumulation (33 to 594 µmol m-2 y-1) can be 642 

explained as direct uptake by phytoplankton (Fig. 7). The remainder must be delivered 643 

by another particulate phase. Pore water profiles of Cu and Cd (Fig. 3) do not provide 644 

evidence for major recycling processes within the surface sediment, which is why 645 

release of these elements from Mn- and Fe-oxides appears to be unlikely. However, it 646 

is known that Cu is quite reactive towards biogenic particles and scavenging by sinking 647 

biogenic material has been argued to be an important vector for Cu transfer from the 648 

water column to the sediment (Fischer et al., 1986; Johnson et al., 1988; Shaw et al., 649 

1990; Sheng et al., 2004; Vance et al., 2008; Roshan and Wu, 2015; Little et al., 2017). 650 

Furthermore, the binding of Cu to organic matter is very stable and a decrease in 651 

bottom water oxygen concentrations has been shown to increase the association of 652 

Cu with organic matter (Fischer et al., 1986; Chakraborty et al., 2015, 2016). It 653 

therefore seems likely that the positive correlation between POC and Cu in the HNO3-654 

fraction (Fig. 6) is due to Cu association with organic matter, either in the water column 655 

or during early diagenesis. In suspended particles off Peru, Cu:C ratios (2.9 ∙ 10-5) are 656 

elevated compared to phytoplankton and particulate Cu concentrations increase with 657 

water depth (Ohnemus et al., 2017; Lee et al., 2018). Using this elevated Cu:C ratio to 658 

calculate Cu delivery with organic matter yields a maximum estimate, which could 659 

explain the total Cu excess accumulation in shelf sediments. However, this ratio does 660 

not represent surface to mixed layer phytoplankton uptake (Ohnemus et al., 2017; Lee 661 

et al., 2018) but rather reflects the affinity of Cu to associate with sinking particles. 662 

 663 

 664 

 665 

4.2.3 Precipitation of TM sulphide minerals within the water column or sediment 666 

The TMs Cu, Zn and Cd are known to form their own sulphide minerals rather 667 

than to become incorporated into Fe sulphides such as mackinawite (FeS) and pyrite 668 

(FeS2). Furthermore, their solubility in sulphidic water is low compared to Mn, Co and 669 
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Ni (Morse and Luther, 1999; Audry et al., 2006). It is thus likely that interaction with 670 

H2S, either within the sediment or during sulphidic events in the water column, affects 671 

the mobility of Cu, Zn and Cd to some extent.  672 

Cadmium sulphide (greenockite) has the lowest solubility among the TM 673 

sulphides that are relevant to this study. In the marine environment, greenockite 674 

precipitates at the presence of trace amounts of H2S (Davies-Colley et al., 1985; 675 

Rosenthal et al., 1995). In a previous study, Plass et al. (2020) demonstrated based 676 

on benthic chamber incubation data that Cd sulphide precipitation in near bottom 677 

waters can quantitatively account for the majority (up to 60 %) of excess Cd 678 

accumulation on the Peruvian margin (24 to 260 µmol m-2 y-1). Our new sequential 679 

extraction data provide additional evidence for the importance of Cd sulphide as a 680 

delivery and burial phase of Cd. At the shelf stations, Cd was exclusively present in 681 

the HCl-fraction at all sediment depths (Fig. 4) and Cd in the HCl-fraction correlated 682 

with TS (Fig. 5).  683 

The behaviour of Cu in sulphidic environments is complex since multiple 684 

different Cu sulphide minerals, which may be dissolved in either HCl or HNO3, exist 685 

(Morse and Luther, 1999). Furthermore, Cu may occur as Cu(I) or Cu(II) in these 686 

minerals and the conditions under which Cu reduction takes place is matter of debate 687 

(Pattrick et al., 1997; Theberge et al., 1997; Al-Farawati and van den Berg, 1999; 688 

Ehrlich et al., 2004; Goh et al., 2006). Copper forms sulphide complexes in anoxic 689 

waters, which are quite stable compared to other TM sulphide complexes (Dyrssen, 690 

1988; Pattrick et al., 1997; Theberge et al., 1997; Al-Farawati and van den Berg, 1999). 691 

Experimental studies demonstrated that Cu sulphide complexes can be precipitated 692 

as covellite (CuS) from aqueous solutions (Luther et al., 2002). Therefore, a particulate 693 

Cu input via sulphide precipitation may contribute to the Cu enrichment in Peruvian 694 

sediments (cf. Ciscato et al., 2019). In particular at St. 1 (75 m), where the contribution 695 

of organic matter is rather low (< 3%) and pore waters were highly sulphidic, a possible 696 

release of H2S into bottom water may have favoured Cu sulphide precipitation, in a 697 

similar manner as suggested for Cd. Ciscato et al. (2019) hypothesized that Cu 698 

sulphide precipitation in the water column and sediment is the main control on Cu 699 

delivery and retention in the Peru margin sediments. We cannot clearly distinguish 700 

between Cu bound to sulphide minerals or organic matter with our sequential extraction 701 

data. Given that we observed a positive correlation of Cu extracted with HNO3 and 702 
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POC, Cu in this phase is likely related to organic matter rather than sulphide. However, 703 

Cu sulphides may be present within the HCl phase, in which a positive correlation with 704 

TS was observed (Fig. 6). 705 

Unlike Cd (and maybe Cu), the precipitation of Zn sulphides (e.g., sphalerite) in 706 

the water column is not an important mechanism of Zn delivery to the seafloor. 707 

However, Zn sulphide precipitation within the sediment (Morse and Luther, 1999) is 708 

likely to be the ultimate reason for low Zn concentrations in pore water (< 5 nM) and 709 

downward diffusion of Zn from the bottom water. This notion is supported by our 710 

sequential extraction data showing that the majority of Zn in shelf sediments is present 711 

in the HCl-fraction (60 %), which contains ZnS (Fig. 4). By contrast, on the slope at St. 712 

9 (750 m), where no H2S was detected, Zn concentrations in pore waters are higher 713 

(up to 18 nM) and only 30 % of Zn is present in the HCl-fraction. Zinc removal from the 714 

anoxic water column has also been ascribed to Zn sulphide precipitation in particle 715 

microenvironments (Conway and John, 2015b; Janssen and Cullen, 2015). However, 716 

according to our data such a mechanism is not required to explain excess Zn 717 

accumulation in the sediment.  718 

In contrast to Cu, Zn and Cd, Ni is unlikely to be delivered and/or buried as 719 

sulphide mineral on the Peruvian margin. In sulphidic marine environments, Ni is co-720 

precipitated with pyrite and does not form its own sulphide minerals (Morse and Luther, 721 

1999). Furthermore, Ni does not become precipitated from anoxic-sulphidic water 722 

columns (Tankéré et al., 2001).  In agreement with a subordinate role of sulphides as 723 

a host phase for Ni in the sediment, Ni in both the HCl-fraction and the HNO3-fraction 724 

correlated with POC rather than TS (Fig. 6).  725 

 726 

 727 

5. Summary and conclusions 728 

We presented TM data for sediments and pore waters along a latitudinal 729 

transect across the OMZ off Peru. Consistent with previous studies, our data reveal 730 

that sediments on the Peruvian shelf are a source of dissolved Mn and Co to the water 731 

column, whereas they represent a sink for dissolved Ni, Cu, Zn and Cd. We provided 732 

mass accumulation rates and diffusive benthic fluxes for each element, which can be 733 

used to better constrain trace metal fluxes in models and mass balances.  Furthermore, 734 
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our data provide new insights into the pathways and main processes by which TMs 735 

are lost from or delivered to the sediment. Our findings are summarized in a schematic 736 

sketch shown in Figure 10: 737 

1. Manganese and Co show a similar pattern of sedimentary depletion across 738 

the transect but the location where dissolution and liberation from particles takes place 739 

is different. While Mn is mostly solubilised in the sediment and lost to the water column 740 

by molecular diffusion across the sediment-water interface, the vast majority of Co is 741 

already liberated in the water column. Moreover, partial Mn retention in the sediment 742 

as Mn carbonates contributes to the decoupling of Mn and Co accumulation in 743 

Peruvian margin sediments.   744 

2. Delivery of Ni to the sediment seems to be mostly mediated via Ni uptake by 745 

phytoplankton and downward sinking of organic material. In addition, scavenging of Ni 746 

by metal oxides in the water column may contribute to Ni accumulation in the sediment 747 

and some Ni recycling across the sediment-water interface as a result of metal oxide 748 

reduction. 749 

3. Direct uptake of Cu, Zn and Cd by phytoplankton can explain only a minor 750 

fraction of the sedimentary accumulation of these TMs. Instead, Cu and Zn may 751 

become passively scavenged by organic material during downward sinking though the 752 

water column.  753 

4. The majority of Zn accumulation is mediated by Zn sulphide precipitation in 754 

the sediment coupled to molecular diffusion of Zn across the sediment-water interface. 755 

High benthic Zn fluxes are primarily driven by high Zn concentrations in bottom waters, 756 

which are attributed to Zn liberation from labile organic matter within the fluffy layer 757 

overlying the sediment surface.      758 

5. Cadmium delivery to the sediment surface is mediated by sulphide 759 

precipitation in the near-bottom water. A similar process may contribute to the 760 

particulate delivery of Cu to the sediment. 761 

Our results demonstrate that bio-essential TMs are characterized by a complex 762 

and divergent behaviour under low-oxygen conditions. A decline in oceanic oxygen 763 

concentrations and an expansion of OMZs has been observed over the last decades 764 

(Stramma et al., 2010; Helm et al., 2011; Schmidtko et al., 2017) and is predicted to 765 

continue in the future (Bopp et al., 2002; Oschlies et al., 2008; Keeling et al., 2010). 766 
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According to our findings, TMs will respond differently to declining oxygen 767 

concentrations and the associated expansion of sulphidic conditions in surface 768 

sediments and bottom waters. While some TMs may be become increasingly released 769 

from particles or from the sediment into the water column (e.g. Mn, Co), others may be 770 

removed or retained in the sediments more efficiently (e.g. Ni, Cu, Zn, Cd). Ultimately, 771 

such different behaviour can modify the TM stoichiometry in upwelling water masses 772 

and potentially affect TM-dependent ecosystems in the surface ocean.   773 

 774 
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Tables and figures 1247 

 1248 

 1249 

Table 1: Sedimentary trace metal excess accumulation (TMxsMAR) and the 1250 

contribution of trace metal delivery to the sediment by diffusion and via incorporation 1251 

by phytoplankton and deposition of organic particles (see section 2.4 for a detailed 1252 

description how these fluxes were calculated). 1253 
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1 Determined by multiplying the TM:C ratio in average phytoplankton (Moore et al., 1261 

2013) with particulate organic carbon rain rates (maximum values) and organic 1262 

carbon accumulation rates (minimum values) for each site (data from Dale et al. 1263 

(2015b)). 1264 

2 Excess accumulation was calculated from Eq. 2 by multiplying the trace metal 1265 

excess (calculated after Brumsack (2006) (Eq. 1)) with the sediment mass 1266 

accumulation rate for each site (Dale et al., 2020). 1267 



43 
 

Figure captions: 1268 

 1269 

Figure 1: Sampling locations (stars) and station numbers on the Peruvian continental 1270 

margin during cruises M136 and M137. Water depths and station coordinates are 1271 

summarised in Tab. S.1. 1272 

 1273 

Figure 2: Dissolved oxygen (O2), nitrate (NO3
-) and nitrite (NO2

-) concentrations in the 1274 

water column on the Peruvian shelf and slope during the time of sampling (from Plass 1275 

et al. (2020)). 1276 

 1277 

Figure 3: Pore water dissolved trace metal concentrations. The arrow represents the 1278 

bottom water concentration. Data for cadmium (Cd) and hydrogen sulphide (H2S) are 1279 

from Plass et al. (2020). 1280 

 1281 

Figure 4: Total trace metal contents in sediments determined from total digestions (red 1282 

dashed line) and trace metal contents in different fractions determined from sequential 1283 

extractions (HCl, HNO3, HF).  1284 

 1285 

Figure 5: Enrichment of trace metals (TMxs) compared to the lithogenic background 1286 

against water depth. The average particulate organic carbon content is also plotted. 1287 

Numbers in the upper panel depict station numbers. 1288 

 1289 

Fig. 6: Cross plots of trace metal contents in the combined HCl-fractions (TMs 1290 

associated with monosulphides, (oxyhydr)oxides, carbonates and hydrous 1291 

aluminosilicates) and HNO3-fraction (TMs associated with pyrite and organic matter) 1292 

from sequential extractions versus total sulphur (TS) and particulate organic carbon 1293 

(POC) contents. Since no Cd was present in the HNO3-fraction it is not shown.  1294 

 1295 

Figure 7: Sedimentary trace metal excess accumulation or loss (TMxsMAR) (diamonds) 1296 

and the contribution of trace metal delivery to or removal from the sediment via different 1297 

pathways; diffusion across the sediment-water interface (blue) and trace metal 1298 

incorporation by phytoplankton and delivery to the sediment with organic matter 1299 

(green) (displayed is the maximum value, see Methods). Positive values represent 1300 

fluxes into the sediment whereas negative values represent fluxes out of the sediment. 1301 

Numbers in the upper panel depict station numbers. 1302 

 1303 

Figure 8: Cobalt to manganese ratio (Co:Mn) in sediment pore waters, average 1304 

phytoplankton (Moore et al., 2013) and andesitic crust (Taylor and McLennan, 1995).  1305 
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 1306 

Figure 9: Nickel to particulate organic carbon ratio (Ni:POC) within bulk sediments and 1307 

average phytoplankton (Moore et al., 2013). 1308 

 1309 

Figure 10: Schematic sketch illustrating the main pathways and processes by which 1310 

TMs are lost from or delivered to Peru margin sediments. Straight arrows represent 1311 

solid phase transport, curved arrows represent dissolved transport. Dashed arrows 1312 

denote possible transport and precipitation processes that are uncertain but can be 1313 

potentially important. The arrow size depicts the relative magnitude of the flux. The 1314 

lower pannel illustrates net-depletion (upward directed arrow) or net-enrichment 1315 

(downward directed arrow) of the different trace metals in the sediment. 1316 
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Figure 6 1423 
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Figure 7  1454 
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Figure 8  1462 
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Supplement 1514 

 1515 

 1516 

Table S.1: Station coordinates and water depth. 1517 

 1518 

 
Station 

 
Water depth 

 
(m) 

 
Latitude 

 
 

 
Longitude 

1 75 12°13.519' S 77°10.793' W 

3 130 12°16.678' S 77°14.954' W 

4 145 12°18.709' S 77°17.796' W 

5 195 12°21.504' S 77°21.699' W 

6 245 12°23.301' S 77°24.182' W 

9 750 12°34.896' S 77°35.013' W 

 1519 

 1520 

Table S.2: Accuracy of replicate ICP-MS measurements (n = 7) of certified reference 1521 
seawater standards NASS-7 and CASS-6.  1522 

 1523 

 

 

 

NASS-7 

certified value 

 

NASS-7 

measured value 

 

CASS-6 

certified value 

 

 

CASS-6 

measured value 

 

Mn (µg l-1) 0.75 ± 0.06 0.83 ± 0.11 2.22 ± 0.12 2.22 ± 0.40 

Co (µg l-1) 0.146 ± 0.0014 0.146 ± 0.0054 0.0627 ± 0.0052 0.0630 ± 0.0105 

Ni (µg l-1) 0.248 ± 0.018 0.247 ± 0.039 0.418 ± 0.040 0.438 ±0.050 

Cu (µg l-1) 0.199 ± 0.014 0.216 ± 0.012 0.530 ± 0.032 0.521 ± 0.051 

Zn (µg l-1) 0.42 ± 0.08 0.43 ± 0.08 1.27 ± 0.018 1.29 ± 0.092 

Cd (µg l-1) 0.0161 ± 0.0016 0.0162 ± 0,0024 0.0217 ± 0.0018 0.0216 ± 0.0016 

 1524 

 1525 
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Table S.3: Trace metal contents of in-house reference standard (OMZ 2) from total 1526 

digestions and the total trace metal content from sequential extractions (n = 3).  1527 

Reference values of trace metal contents in the certified standard MESS-3 and trace 1528 

metal contents from total digestions and the sum content of the sequential extractions 1529 

(n = 17). 1530 

 1531 

 

 

 

Mn 

(µg g-1) 

 

 

Co 

(µg g-1) 

 

 

Ni 

(µg g-1) 

 

 

Cu 

(µg g-1) 

 

 

Zn 

(µg g-1) 

 

 

Cd 

(µg g-1) 

 

 

Al 

(µg g-1) 

 

 

OMZ 2 

Reference value 

(total digestion) 

 

253.3 ± 2.8 

 

6.3 ± 0.1 

 

49.8 ± 1.0 

 

35.3 ± 0.5 

 

98.3 ± 8.8 

 

26.5 ± 0.3 

 

- 

 

OMZ 2 

sequential 

extractions 

 

 

251.6 ± 3.3 

 

5.7 ± 0.0 

 

47.2 ± 2.7 

 

28.0 ± 0.5 

 

82.3 ± 3.1 

 

27.2 ± 0.5 

 

- 

 

MESS-3 

Reference value 

 

324 ± 12 

 

14.4 ± 2.0 

 

46.9 ± 2.2 

 

33.9 ± 1.6 

 

159 ± 8 

 

0.24 ± 0.01 

 

8.59 ± 0.23 

 

MESS-3 

total digestion 

 

323 ± 5 

 

14.2 ± 0.3 

 

46.45 ± 0.1 

 

33.1 ± 1.5 

 

156 ± 5 

 

0.24 ± 0.01 

 

8.59 ± 0.11 

 

MESS-3 

sequential 

extractions 

 

311 ± 1 

 

12.2 ± 0.3 

 

20.7 ± 3.5 

 

28.3 ± 8.4 

 

148 ± 2 

 

0.96 ± 0.38 

- 

 1532 

 1533 

 1534 

 1535 

 1536 

 1537 

 1538 

 1539 

 1540 

 1541 

 1542 
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Table S.4: Average trace metal and particulate organic carbon content in sediments 1543 

of all samples over each core. 1544 

 1545 

 
Station 

 
Water 
depth 

 
 
 

(m) 

 
Trace metal content 

 
 
 
 

(µg g-1) 

 
Particulate 

organic 
carbon 
content 

 
(mg g-1) 

 

 
Total 

sulphur 
content 

 
 

(mg g-1) 
 

  Mn Co Ni Cu Zn Cd Al  
 

1 75 386 7.89 23.3 57.6 176 25.8 54533 36.4 13.3 

3 130 275 6.50 46.8 53.8 142 44.4 46424 73.8 14.8 

4 145 234 4.93 56.2 44.7 130 44.8 44605 90.4 14.1 

5 195 161 4.27 76.6 51.5 99.1 45.2 31966 112 12.0 

6 245 156 4.61 109 54.9 105 51.8 32555 134 14.7 

9 750 130 3.12 57.5 45.4 98.2 1.96 33190 42.1 3.81 

 1546 

 1547 

 1548 

Table S.5a: Input data for diffusive flux calculations (Eq. (3) in main text). 1549 

 
Station 

 
Water 
depth 

 
(m) 

 

 
Bottom water concentration 

 
 

(nM) 

 

Concentration at sediment surface 
 

(nM) 

  Mn Co Ni Cu Zn Cd 
 

Mn Co Ni Cu Zn Cd 

1 75 63.7 0.42 4.96 2.35 775 0.22 
 

276 1.40 21.9 3.37 36.1 0.90 

3 130 0.16 0.37 9.92 8.97 294 0.81 
 

93.0 0.99 16.1 5.17 42.7 0.65 

4 145 5.60 0.19 5.97 3.57 23.2 0.66 
 

151 1.67 3.09 3.71 30.6 0.47 

5 195 5.43 0.22 0.50 5.47 276 0.68 
 

68.0 1.11 5.02 6.18 22.0 0.44 

6 245 0 0 8.04 11.9 66.3  0.76 
 

50.1 1.53 36.4 7.18 58.4 0.55 

9 750 2.74 0.17 10.8 2.29 131 0.99 
 

26.6 0.29 43.4 5.23 29.5 1.25 

 1550 

 1551 

 1552 
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Table S.5b: Molecular diffusion coefficients in seawater (Li and Gregory, 1974), 1553 

adjusted to in-situ temperature, pressure and salinity, used for diffusive flux 1554 

calculations (Eq. (3) in main text). 1555 

 
Station 

 
Molecular diffusion coefficients 10-6 

 
(cm2 s-1) 

 

 
Mn Co Ni Cu Zn Cd 

1 4.42 4.49 4.36 4.71 4.59 4.60 

3 4.38 4.45 4.33 4.67 4.56 4.57 

4 4.42 4.49 4.36 4.71 4.50 4.61 

5 4.26 4.33 4.20 4.54 4.79 4.44 

6 4.24 4.31 4.19 4.52 4.41 4.42 

9 2.36 2.40 2.33 2.52 2.46 2.46 

 1556 

 1557 

 1558 

 1559 

Table S.5c: Porosity used for diffusive flux calculations (Eq. (3) in main text) and in-1560 

situ temperature, pressure and salinity data used to adjust molecular diffusion 1561 

coefficients (Table S.5b). 1562 

 
Station 

 
Water 
depth 

 
Porosity 

 
Temperature 

 
 

(°C) 

 
Pressure 

 
 

(bar) 
 

 
Salinity 

1 75 0.93 16.2 8.77 35.1 

3 130 0.95 14.0 13.9 35.0 

4 145 0.96 14.0 15.4 35.0 

5 195 0.96 13.2 20.4 34.9 

6 245 0.95 13.3 25.6 34.9 

9 750 0.74 6.28 75.0 34.6 

 1563 

 1564 


