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Abstract 1 

Cadmium (Cd) is not generally considered a nutrient element, but behaves like a nutrient in 2 

the oceans and might play an important role in ocean biology after all. The relationship 3 

between Cd and the nutrient phosphate (PO4) has been studied for over 40 years, but the 4 

debate on the driving mechanism and reason behind the ‘kink’, a change in the steepness of 5 

the slope is ongoing. Using new data of high accuracy and spatial resolution covering the 6 

West-Atlantic Ocean from north to south, in combination with a robust extended optimum 7 

multiparameter (eOMP) water mass model, we show that mixing between different water 8 

masses is the dominant factor explaining the observed correlation and its kink. Regeneration 9 

of Cd via remineralisation explains the smaller scale variability, notably in the surface ocean. 10 

Observations imply the availability of Cd in surface waters determines the Cd-uptake and thus 11 

the Cd:PO4 remineralisation ratio. This ratio is variable between different ocean regions, 12 

notably between the northern and southern high latitude oceans. Due to their role in deep 13 

water formation, both the northern and southern high latitude oceans are a driving factor in 14 

the Atlantic and global Cd and PO4 relation. Outside the Atlantic Ocean, the classical kink is 15 

not expected, but the relationship is by no means linear. Most likely, this is due to the 16 

interaction between low latitude surface waters and subsurface waters from high latitude 17 

origin, but more data are required to assess this in detail.  18 

Keywords: GEOTRACES; Cadmium; Phosphate; Atlantic; extended optimum multiparameter 19 

analysis 20 

1. Introduction 21 

Dissolved trace metals in the oceans occur at low concentrations, yet many are essential for 22 

life as trace nutrients while others are valuable tracers of ocean processes (Bruland et al., 23 

2014). The concentration of Cd in the ocean varies between < 1 pmol kg-1 in surface waters, 24 

up to ~1 nmol kg-1 in old deep waters (Fig. 1). Since the first accurate oceanic measurements 25 



of dissolved Cd (Boyle et al., 1976; Bruland et al., 1978; Martin et al., 1976), marine 26 

scientists have been intrigued by the nutrient-type distribution of Cd as Cd was deemed to be 27 

a non-essential trace metal element for biota.  28 

The mechanism of Cd-removal from surface waters is subject of debate but is clearly coupled 29 

to biological processes e.g. (Horner et al., 2013; Morel, 2013). A biological role for Cd as a 30 

co-factor in a Cd-specific carbonic anhydrase enzyme has been identified in some 31 

phytoplankton species, notably diatoms (Lane and Morel, 2000). Other species that do not 32 

possess this Cd-enzyme have been shown to be able to substitute Zn or Co with Cd in the 33 

carbonic anhydrase enzyme (Morel, 2013; Xu et al., 2007). This plasticity via metal 34 

substitution has likely evolved in the open ocean due to the sparing availability of bio-35 

essential trace metal elements, and Cd addition can stimulate plankton growth e.g. (Price and 36 

Morel, 1990; Sunda and Huntsman, 2000). In contrast, Horner et al. (2013) argued that Cd 37 

uptake is non-specific, i.e. ‘mistaken identity’ were phytoplankton are unable to differentiate 38 

between Cd and bio-essential divalent metals. The Cd is subsequently bound and stored inside 39 

the cell to avoid toxicity, coupling the cycling of Cd to the biological cycle of nutrients. 40 

Regardless of the actual underlying mechanism, it is clear that in the surface ocean there is net 41 

removal of Cd by phytoplankton that is returned into solution in the subsurface waters via 42 

remineralisation, leading to the coupling of the distributions of Cd and PO4.  43 

The relationship between Cd and PO4 is distinctly bi-linear (Fig. 1) and has often been 44 

described as having a ‘kink’, a change in the steepness of the slope, at a PO4 concentration of 45 

~1.3 μmol kg-1 (Cullen, 2006; De Baar et al., 1994). The origin of this kink in the Cd-PO4 46 

relations is, akin to the uptake of Cd, subject to scientific debate. The data to the left of the 47 

kink (i.e. PO4<1.3 μmol kg-1) is generally from surface waters and relatively young deep 48 

North Atlantic waters and the Cd-PO4 linear regression tends to go through the origin of the 49 

graph (Fig. 1). Data to the right of the kink (i.e. PO4>1.3 μmol kg-1) is from the deep (deeper 50 



than 1000 m) waters from the Indian, Pacific and Southern oceans (De Baar et al., 1994), but 51 

the current GEOTRACES data shows this division is an oversimplification (Fig. 1). The 52 

regression to the right of the kink has a non-zero intercept i.e. there is ‘left-over’ PO4 at zero 53 

Cd. This non-zero intercept leads to an increasing dissolved Cd/PO4 ratio with increasing 54 

concentrations of these elements. Since the concentrations of these nutrient elements increase 55 

with water mass age, older water masses will have a higher Cd/PO4 ratio. The latter ratio is 56 

referred to as the dissolved ratio or “spot ratio” and should not be mistaken with the apparent 57 

uptake or remineralisation ratio that can be deduced from the slope of the regression 58 

ΔCd/ΔPO4 in the surface and deep ocean, respectively e.g. (Abe et al., 2006; Baars et al., 59 

2014). In this paper Cd/PO4 will be used to indicate a spot ratio, Cd:PO4 to denote either a 60 

ratio of particles, and/or an uptake or remineralisation ratio. The slope of the regression 61 

should fit data over the entire water column and ideally be equivalent to the ratio in the 62 

particles. This only holds if both elements are taken up and remineralised in perfect harmony 63 

without influence of other processes, such as mixing of water masses with a different spot 64 

ratio and/or different remineralisation ratio. For Cd, this idealised concept is clearly not the 65 

case given the kinked relationship. Preferential remineralisation of PO4 over Cd has been 66 

suggested as the cause of the kink in the Cd-PO4 relationship (Boyle, 1988), as has the 67 

influence of Sub-Antarctic waters depleted in Cd (Frew and Hunter, 1992; Xie et al., 2015) 68 

and relatively Cd-rich Antarctic Bottom Water (AABW) (Frew, 1995). Additionally, 69 

increased Cd uptake under limitation of bio-essential trace metal elements (notably Fe, Zn, 70 

Mn) (Cullen, 2006; Quay et al., 2015; Sunda and Huntsman, 2000 and references therein), as 71 

well as the influence of CO2 concentrations (Cullen et al., 1999) have been suggested to 72 

explain the higher Cd/PO4 ratios in Antarctic origin water. The driving role of the Southern 73 

Ocean for the macronutrient distribution of the Atlantic Ocean is well established (Sarmiento 74 

et al., 2004) and recent studies show the importance of Antarctic origin water and water mass 75 



mixing for trace elements and isotopes as well (e.g Vance et al., 2017; Wyatt et al., 2014; Xie 76 

et al., 2015).  77 

Thus far most work on the Cd-PO4 relationship has relied on regional studies or data 78 

compilations. The campaign of four consecutive GEOTRACES cruises (2010-2012) in the 79 

West Atlantic Ocean offered the opportunity to unravel and elucidate the remarkable coupling 80 

of Cd and PO4 along the conduit of the southward travelling deep North Atlantic water and 81 

the northward travelling waters of Antarctic origin. The Cd measurements were all performed 82 

by the same analyst and the shipboard PO4 measurements were done by members from the 83 

NIOZ nutrient laboratory that specialises in high accuracy nutrient measurements. This 84 

generated a large, internally consistent, dataset such that the interpretations can more 85 

optimally be attributed to oceanic processes rather than being hampered by analytical 86 

variability. Additionally, an extended Optimum Multiparameter (eOMP) analysis was done to 87 

separate the contributions of the main water masses in the West Atlantic Ocean, allowing us 88 

to unravel the effects that the distributions and mixing of the different water masses have on 89 

the distributions of dissolved Cd and PO4 and the Cd-PO4 relationships. The high sampling 90 

resolution of 24 depths per station and the data from overall 60 station positions (Fig. 2) 91 

provides the opportunity to assess the cycling of Cd and its relationship with PO4 for the entire 92 

West Atlantic basin. Here the West Atlantic basin was chosen for the unique overall 17,500 93 

km long full depth section, as the West Atlantic is the main pathway of the deep ocean 94 

conveyor belt driving deep ocean circulation. 95 

2. Material and methods 96 

2.1 Water sample measurements 97 

Samples were collected along the Netherlands GEOTRACES GA02 transect during four 98 

consecutive expeditions (2010–2012). Sampling was done with an all-titanium ultraclean 99 

CTD sampling system for trace metals with novel PVDF samplers (Rijkenberg et al., 2015). 100 



All Cd data in this paper is dissolved Cd. The accuracy of the Cd determination was verified 101 

by using reference seawater and cross-over stations, demonstrating the Cd data is consistent 102 

with the data from the US GEOTRACES zonal Atlantic section (Middag et al., 2015) and the 103 

data and metadata are available in the GEOTRACES Intermediate Data Product (Mawji et al., 104 

2015). Additional details on sampling and analysis for Cd, nutrients and hydrographical 105 

parameters can be found in the supplementary material.  106 

2.2 The extended optimum multiparameter (eOMP) analysis  107 

The contributions of 7 pre-defined end-member water masses (composed of 11 water types 108 

(Tomczak, 1981)) to each measured water sample were quantified using optimum 109 

multiparameter (OMP) analysis (Mackas et al., 1987; Tomczak, 1981). Consideration of the 110 

effects of remineralisation, expressed as the deficit of oxygen D, allows our analysis to be 111 

applied over large spatial scales (Karstensen and Tomczak, 1998). Remineralisation mainly 112 

occurs in the depth zone extending from just below the upper mixed layer to shallower than 113 

1000m (Fig. S2). The amount of remineralisation that has occurred relative to the end-114 

member mixture, is inferred as part of the eOMP procedure, and is expressed as an oxygen 115 

deficit. This deficit of oxygen is relative to the inferred source water type mixture, as opposed 116 

to AOU which represents consumption relative to atmospheric equilibrium, i.e. D= O2 mixing – 117 

O2 observed
 (where O2 mixing is the O2 concentration one would expect based on conservative 118 

mixing of endmembers). Endmember characteristics for S, T, O2, Si and NO3 (Table S1) are 119 

defined through analysis of section plots and property-property plots and generally correspond 120 

to water mass characteristics observed at the extremities of our ocean section. For some water 121 

masses this does not correspond to their physical formation regions, but this has the advantage 122 

that we do not have to rely on measurements from other datasets (if available at all) or 123 

account for processes that occur outside our sampling region and cannot be assessed with 124 

accompanying data. Thus to distinguish mixing processes from biogeochemical processes in 125 



our study region, water mass definitions ‘at the position of entry into our study region’ are 126 

preferred.  127 

Restrictions were imposed on the presumed spatial extent of water types in order to limit the 128 

number of types to be considered to contribute to a sample, so as not to underconstrain the 129 

eOMP solution (Table S2). Remineralisation ratios ∆P:∆N:∆O2 were set at 1:16:-170 130 

(Anderson and Sarmiento, 1994), while ∆Si:∆O2 (which is known to vary vertically (Hupe 131 

and Karstensen, 2000)), was assumed to be a fixed 1:-34, (i.e., ∆P:∆Si = 1:5). Phosphate was 132 

excluded as an independent variable from the eOMP. Figures illustrating eOMP results and 133 

robustness of the results may be found in the supplementary material. 134 

To demonstrate the veracity of the eOMP method, values of PO4 were predicted from inferred 135 

water type contributions, inferred oxygen deficit D, a ∆P:∆O2 of 1:-170 and assigned PO4 136 

end-member values. The predicted PO4 values closely correspond to measurements (R2 = 137 

0.97, root mean square error (rmse) = 0.11 µmol kg-1). Values of Cd were at first predicted 138 

only from water mass contributions and the assigned Cd endmember values, without 139 

accounting for input by remineralisation. This already resembles measured Cd, quite well 140 

including the kink at PO4 = 1.3 µmol kg-1 (see section 3.3). 141 

Subsequently, remineralisation was accounted for (using literature ∆Cd:∆O2) followed by 142 

deriving an optimised set of Cd endmember definitions and an optimised ∆Cd:∆O2 143 

remineralisation ratio via inversion of the system (see section 3.3 and supplementary 144 

material). The eOMP results were calculated with a non-negativity constraint for the 145 

optimised Cd endmembers. We employed the same optimisation procedure for PO4 146 

endmembers and the ∆PO4:∆O2 remineralisation ratio. This yields a ratio of 1:-173 and 147 

endmembers close to those estimated based on the observations (Table S5), indicating this 148 

method functions appropriately. Water samples are considered to be of northern origin if the 149 

sum of fractional contributions of North Atlantic Deep Water (NADW) and North Atlantic 150 



Central Water (NACW) is larger than 0.5. All other samples are considered to be of southern 151 

origin.  152 

3. Results and Discussion 153 

3.1 Hydrography 154 

The hydrography along the section has been described by Middag et al. (2015) and is 155 

expanded here with additional detail on intermediate and mode waters as well as the basin 156 

wide circulation (Fig. 2). The North Atlantic Sub-Polar Mode Water (NASPMW) is observed 157 

as surface water in the northernmost part of the transect in the wind driven North Atlantic 158 

Sub-Polar Gyre and as subsurface water southwards. The deepest water mass here is the 159 

southward flowing NADW. Around the Grand Banks (~45 °N), there is the transition to the 160 

warmer surface NASTMW in the North Atlantic Sub-Tropical Gyre (NASTG). Both 161 

NASPMW and NASTMW are considered components of the NACW. Fresher Equatorial 162 

Surface Water (ESW) was observed between ~30°S and 30°N along the current transect. 163 

Around the equator between ~20°N and ~15°S at depths between ~ 100 and 1000 m an 164 

Oxygen Minimum Zone (OMZ) is observed. This OMZ is the result of local primary 165 

production and subsequent decay at the OMZ depth, as well as advection of low-oxygen water 166 

from the east, notably the strong OMZ near the Cape Verde Islands and the OMZ in the 167 

Angola Gyre (Rijkenberg et al., 2014). 168 

The deepest, near bottom water mass in the Northern Hemisphere (NH) is a remnant of 169 

AABW that was formed by deep water formation around Antarctica and flows northward a as 170 

a cold, dense, nutrient rich water layer. The AABW is also referred to as Lower Deep Water 171 

in the North Atlantic, but here will be referred to as AABW to underline its Antarctic origin.  172 

In the Southern Hemisphere (SH) two additional nutrient rich Antarctic water masses, 173 

Antarctic Intermediate Water (AAIW) and upper Circumpolar Deep Water (uCDW) advect 174 

northward at intermediate depth in between the overlying South Atlantic Central Water 175 



(SACW) and ESW and the underlying southward flowing NADW. South Atlantic Sub-Polar 176 

Mode Water (SASPMW) is present as surface water south of the South Atlantic Sub-Tropical 177 

Gyre (SASTG) and as subsurface water north thereof. SASTMW and SASPMW are 178 

precursors or source waters of SACW (Stramma and England, 1999) but for simplicity here 179 

considered components of SACW (akin to NASPMW and NASTMW for NACW).  180 

Two water masses that have been suggested to be of special importance for the distribution of 181 

Cd are AAIW and SASPMW (Xie et al., 2015). The latter is also referred to more generally as 182 

Sub Antarctic Mode Water (SAMW) and this water mass is also present in the Pacific and 183 

Indian oceans. Around Antarctica, CDW upwells and subsequently advects northwards. North 184 

of the Polar Front this surface water subducts as AAIW at the Sub-Antarctic Front (SAF) and 185 

continues to advect equatorward. North of the SAF, winter time mixing of surface water with 186 

the underlying water, creates the SAMW that is dense enough to subduct, but less dense than 187 

the underlying AAIW. It should be realised that for both SAMW (SASPMW in the Atlantic) 188 

and AAIW, different types are recognised, depending on their formation region and 189 

processing. For example, AAIW formed in the Indian Ocean also influences the Atlantic 190 

Ocean, it enters around South Africa and reaches the West-Atlantic with the Benguela Current 191 

as well as via the equatorial currents. During northward advection, the SASPMW and AAIW 192 

mix through diapycnal mixing with one another as well as with the overlying thermocline 193 

waters and with the underlying nutrient rich uCDW with relatively low oxygen and salinity 194 

(Van Aken, 2007).  195 

3.2 Observational results 196 

The concentrations of dissolved Cd were depleted to < 10 pmol kg-1 in the surface ocean 197 

along the transect, with the exception of the northern and southern end (Fig. 2). South of 198 

45°S, surface concentrations increase to ~60 pmol kg-1 and from around 44°N northwards, 199 

concentrations increased from < 10 pmol kg-1 to >200 pmol kg-1 around 64°N. This northward 200 



and southward increase in Cd continues beyond the current transect, to surface concentrations 201 

up to ~600 pmol kg-1 in the Atlantic section of the Southern Ocean (Baars et al., 2014) and 202 

around ~300 pmol kg-1 in the Canadian basin of the Arctic Ocean (Cid et al., 2012). Depleted 203 

surface Cd concentrations extend to greater depths around 30°N and 30°S in the subtropical 204 

gyres than at higher and lower latitudes. The shoaling of the Cd isolines towards the equator is 205 

probably the result of upwelling of deep water near the equator as well as the presence of 206 

STMW in the subtropical gyres that was formed from low [Cd] surface waters. Towards the 207 

higher latitudes, the inflow of high latitude water with relatively elevated [Cd] causes the 208 

observed shoaling of the isolines. 209 

The data provides the opportunity to unravel the remarkable coupling of Cd and PO4 along the 210 

path of the NADW flowing southward, and AABW and AAIW of Antarctic origin, flowing 211 

northward (Fig. 2b). At depth, the water masses of Nordic and Antarctic origin can be clearly 212 

distinguished based on their contrasting Cd and PO4 (Fig. 2b,c). These new data clearly 213 

feature the kink at a PO4 concentration of ~1.3 µmol kg-1 (Fig. 3a), as well as many samples 214 

deviating from the general relationship (mostly towards high PO4 or low Cd). Upon closer 215 

inspection, several distinct apparent mixing lines can be distinguished in the dataset (Fig. 3b). 216 

In the low concentration range, distinct lines may be discerned for (line 1) the NASTMW, 217 

(line 2) the NASPMW, (line 3) the bulk NADW, and a nonlinear (3-watermass) mixing curve 218 

in the South Atlantic (curve 8). Mixing between the intermediate depth NADW with either the 219 

underlying AABW or the overlying AAIW occurs along two distinct mixing lines (lines 4 and 220 

5, respectively). It is the differing slopes between regression lines 3 and 4 that constitutes the 221 

classical kink at a PO4 of ~1.3 μmol kg-1. To a lesser degree, there also exists a kink between 222 

regression lines 3 and 5. In the South Atlantic (SA), there are some striking differences 223 

compared to the North Atlantic (NA). Data from the SASTG surface exhibits a convex 224 

relationship between Cd and PO4. South of the SASTG, two comparatively steep regressions 225 



with distinctly non-zero intercepts can be fitted, one for the surface ocean (line 6) and one for 226 

the remainder of the water column (line 7). Strikingly, data from both deep and intermediate 227 

depth water masses of Antarctic origin fall along a single regression line (line 7). The convex 228 

relation (curve 8) observed in the shallow (0-500m) SA implies mixing between 3 229 

endmembers: SASTMW surface water depleted in both Cd and PO4, AAIW elevated in both 230 

Cd and PO4 and SASPMW that has low Cd but intermediate PO4 (Fig. 3b). Going from south 231 

to north, due to the dilution of the SASPMW endmember the curve becomes progressively 232 

less convex (i.e. more linear) until the influence of the OMZ is observed. 233 

Summarising, all water masses of Antarctic origin traveling northwards largely plot along one 234 

steep regression (7) with a non-zero intercept until the equatorial region is reached and a 235 

second regression begins to appear (5), at comparatively lower Cd. Surface waters from the 236 

SA plot along one steep regression in the far south, but mixing between subtropical gyre 237 

surface water with the underlying SASPMW and AAIW gives rise to a convex relationship. In 238 

the NA, in the absence of an influence of Antarctic origin, some variation is observed, but the 239 

Cd-PO4 relationship is largely linear with a near-zero intercept as also observed by Roshan 240 

and Wu (2015). The classical kink appears when NADW of northern origin begins to mix 241 

with water of Antarctic origin, this implying that the mixing of different water masses governs 242 

the deep Cd-PO4 relation. The variation in the overall dataset is partly based on water mass 243 

mixing and partly based on the preceding, pre-mixing, life history of the water masses. This 244 

has been suggested previously (e.g. (Abouchami et al., 2011; Conway and John, 2015; Xie et 245 

al., 2015), but is now evident from this long meridional transect where the influence of 246 

mixing and remineralisation can be better distinguished as will be done in the next section. 247 

3.3 Modelling and remineralisation 248 

Using the extended optimum multiparameter (eOMP) model, we infer fractional contributions 249 

of various source water types to samples. Values of Cd are predicted by straightforward 250 



multiplication of these fractions with assigned endmember Cd values (estimated from the 251 

observations). The predicted Cd resembles the measured Cd reasonably well (Fig. 4a) for 252 

samples with low amounts of remineralisation (oxygen deficit <~60μmol kg-1). About 86% of 253 

the variation in the observed Cd is explained by the mixing-only model (rmse Cd: ±80 pmol 254 

kg-1). Moreover, using the mixing-only model, the classical kink at a PO4 of ~1.3 μmol kg-1 is 255 

reproduced (Fig. 3c), conclusively demonstrating the kink is solely the result of mixing 256 

between water masses of various origins. 257 

Remineralisation of particles returns Cd to the water column, explaining why the mixing-only 258 

model underestimates Cd for samples with a higher oxygen deficit. The model fit is markedly 259 

improved by accounting for the remineralisation process. Assuming an invariable Cd:-O2 ratio 260 

of 2 pmol/μmol (based on previous estimates for the Atlantic Ocean (Roshan and Wu, 2015; 261 

Twining and Baines, 2013)), the explanatory power of the models is increased to ~95% (rmse 262 

Cd: ±48 pmol kg-1; Fig. 4b). Allowing the model to infer both optimal Cd endmembers and 263 

the optimal Cd:O2 remineralisation ratio further improves the fit to ~98% (rmse Cd: ±32 264 

pmol kg-1), yielding Cd:-O2=1.25±0.03 pmol/μmol (see supplementary material for 265 

uncertainty calculation). Lastly, we expand the model optimisation using individual 266 

remineralisation ratios for northern and southern origin waters. This results in different 267 

remineralisation ratios for northern and southern origin waters (1.14±0.03 pmol/μmol and 268 

1.40±0.05 pmol/μmol respectively), but this did not meaningfully improve the fit, so no 269 

conclusions can be drawn from this observation. The optimised model reproduces the 270 

observations well with low residuals (generally to within 20 pmol kg-1; Fig. 4c) for the 271 

majority of the transect but there are some larger deviations, mainly in the sub-surface waters 272 

of the SA (Fig. 5b). Due to the local mixing of high and low Cd-endmembers in this region, 273 

small errors in the eOMP solution here, lead to relatively large errors of the predicted Cd 274 

concentration. The inferred Cd:-O2 remineralisation ratios can be converted to a Cd:PO4 275 



remineralisation ratio using a standard -O2:PO4 ratio (Anderson and Sarmiento, 1994) of -276 

170:1. The resulting Cd:PO4 remineralisation ratio of 0.21±0.01 nmol/μmol (0.21±0.02 277 

nmol/μmol when accounting for the uncertainty in the -O2:PO4 ratio (170±10:1) in the 278 

conversion) that is inferred from the Cd-O2 consumption relationship, is similar to the 279 

dissolved Cd/PO4 ratio observed at the lower end of the thermocline (Fig. 5a).  280 

The Cd/PO4 ratio just below the thermocline was largely set during water mass formation and 281 

remineralisation of biogenic material in the northern and southern high latitudes. The driving 282 

role of the Southern Ocean is not surprising as this has been established for trace elements as 283 

well as isotopes (e.g. de Souza et al., 2014; Xie et al., 2017), but the role of the northern high 284 

latitude oceans as driver of trace element distributions has received less attention. For the 285 

deep Cd-PO4 relationship, it is the difference between the Cd-PO4 ratios in the northern and 286 

southern deep water endmembers that drives the relationship between the two elements (see 287 

section 3.2 and 3.3). This leads to the question what drives the differences between the 288 

endmembers (section 3.4), but first we will assess the cycling of Cd and PO4 in the Atlantic 289 

Ocean and the resemblance between the dissolved Cd/PO4 ratio in the subsurface water and 290 

the inferred Cd:PO4 remineralisation ratio. 291 

3.4 Supply from below and availability in the surface ocean 292 

Realising that both Cd and PO4 are largely supplied to the surface ocean from the underlying 293 

waters, it becomes apparent that the Cd:PO4 remineralisation ratio, as inferred from the 294 

model, resembles the dissolved Cd/PO4 ratio from the underlying waters. Here it should be 295 

noted the resemblance between the dissolved Cd/PO4 ratio in underlying water and the 296 

inferred Cd:PO4 remineralisation ratio might be coincidental and obviously depends on the 297 

arbitrary distinction between surface and underlying waters (Fig. 5a), but warrants further 298 

discussion nonetheless.  299 



As both Cd and PO4 are depleted in the surface ocean, virtually all Cd and PO4 that is 300 

supplied, is also taken up and thus the average uptake ratio has to match the average supply 301 

ratio. Assuming all uptake is eventually remineralised as well, the average remineralisation 302 

ratio also has to match the supply ratio. This implies that if one assumes that supply from the 303 

subsurface is the dominant supply of Cd and PO4 and that these elements remineralise in 304 

unison, a self-perpetuating cycle exists. The Cd and PO4 availability in the surface ocean is set 305 

by the supply ratio from below and if both elements are (nearly) quantitatively depleted, the 306 

returning exported and remineralising particles have a Cd:PO4 ratio similar to the supply ratio. 307 

This keeps the dissolved ratio in the subsurface ocean reasonably constant unless there is 308 

significant influence of a water mass with a different ratio or an external input. This can 309 

indeed be observed along the current transect from south to north where the Cd/PO4 ratio 310 

below the thermocline is constant until ~15°N (Fig. 5a), coinciding with the transition 311 

between northern and southern origin water at intermediate depth (200-1000m, see Fig. S 2 312 

and S3). Looking beyond the current transect, Baars et al. (2014) observed Cd/PO4 ratios 313 

between 0.21 and 0.32 nmol/μmol in young SAMW and AAIW, which gives an average of 314 

0.26 nmol/μmol. This is similar to the average and range observed for these water masses in 315 

the SA (Fig. 5a) and close to the model inferred remineralisation ratio. This does not 316 

conclusively prove the self-perpetuating cycle, but the idea that supply from below, 317 

availability and uptake in the surface layer and remineralisation in the subsurface can remain 318 

balanced during advection of water masses is a plausible concept. This implies a controlling 319 

role for the northern and southern high latitude oceans. Not only for the Cd-PO4 relationship 320 

in the deep Atlantic, but also for the surface Atlantic as the high latitude oceans are the source 321 

regions of the subsurface water masses that supply nutrients to the low latitude Atlantic Ocean 322 

(Sarmiento et al., 2004). 323 



Roshan and Wu (2015) applied an OMP model (where PO4 was included as a variable) in 324 

combination with Cd data deeper than 300 m on a zonal transect in the NA. Compatible with 325 

this work, our results indicate an important role for remineralisation in delivering Cd to the 326 

surface ocean (~40% of total Cd), whereas deep ocean concentrations are nearly exclusively 327 

(~95%) determined by mixing of end members (Fig. 6). The Cd:PO4 remineralisation ratio by 328 

Roshan and Wu (2015) was estimated based on the difference between (i) the observations 329 

and (ii) the Cd and PO4 concentrations calculated using a mixing only model. For the current 330 

study, the ratio was estimated independently from PO4,
 using the relationship between 331 

remineralised Cd and the oxygen consumption over the entire water column. Following these 332 

different approaches, reasonably similar Cd:PO4 remineralisation ratios are calculated, 0.26 333 

nmol/μmol by Roshan and Wu (2015) for the NA versus 0.21 nmol/μmol in the current study 334 

for the entire Atlantic. Compared to the zonal dataset, the current meridional data provides 335 

additional insight into the processes occurring during transport of water masses through the 336 

Atlantic and we explore the possibility of different remineralisation ratios in different regions. 337 

The latter could not be conclusively demonstrated with the current data set and eOMP (see 338 

section 3.3) for the different regions in the surface and subsurface Atlantic Ocean (NA and 339 

SA). However, the difference in the subsurface dissolved Cd/PO4 ratios in waters from 340 

northern and southern origin (Fig 5a), which we suggest drive the uptake and remineralisation 341 

ratios, imply such a difference is plausible. Additionally, different remineralisation ratios in 342 

different regions probably also underpin the difference between the northern and Antarctic 343 

origin waters (deep water masses) as discussed in the following section. 344 

3.5 Importance of high latitude oceans 345 

The kink in the Cd-PO4 relationship can be explained by mixing of Antarctic origin and 346 

NADW as suggested before (Frew, 1995; Frew and Hunter, 1992). However the underlying 347 

processes that lead to the different Cd:PO4 ratios in the endmember water masses are still 348 



uncertain. In culture studies, it has been observed for thee marine diatom species and a 349 

coccolithophore that an increasing free Cd concentration in the medium led to increased Cd 350 

contents of the phytoplankton cells (Sunda and Huntsman, 2000). For the sake of argument, 351 

we assume the uptake of Cd relative to PO4 increases with increasing availability of Cd in the 352 

ocean as well, where we assume dissolved Cd is bioavailable. The NADW is formed in the 353 

northern high latitude regions, which is largely supplied by nutrient poor surface water 354 

transported north with the Gulf stream. This results in comparatively low Cd (~100-300 pmol 355 

kg-1) in the surface and subsurface waters where NADW is formed. Notably in the Arctic 356 

Ocean, an important source region for of NADW (Rudels et al., 2000), Cd:PO4 357 

remineralisation ratios on the order of 0.2-0.3 nmol/μmol have been inferred (Cid et al., 2012; 358 

Danielsson and Westerlund, 1983). Contrarily, the Antarctic origin water masses are supplied 359 

by upwelling nutrient rich waters. Consequently, Cd is much higher in these waters (~150-650 360 

pmol kg-1), as is the Cd:PO4 remineralisation ratio that is in the range of 0.48-0.65 nmol/μmol 361 

(Baars et al., 2014; calculated from their Cd* values, the mean remineralisation ratio reported 362 

was 0.54 nmol/μmol). These respective remineralisation ratios are in line with the 363 

remineralisation ratios inferred from the slopes of regression for the Cd-PO4 relationships in 364 

NADW in the NA (slope ~0.29 nmol/μmol) and Antarctic origin water masses in the SA 365 

(slope ~0.46-0.67 nmol/μmol; Table S6), confirming the remineralisation signature imprinted 366 

in the formation regions gets transported to the Atlantic. The differing Cd availability in the 367 

northern and southern deep water formation regions could thus lead to different Cd:PO4 ratios 368 

in remineralising organic matter and subsequently to different dissolved Cd/PO4 ratios in the 369 

northern origin compared to southern origin waters, giving rise to the classical kink in the Cd-370 

PO4 relationship.  371 

It has been suggested previously that in High Nutrient Low Chlorophyll (HNLC) regions such 372 

as the Southern Ocean, limitation of trace metal elements Fe (e.g. De Baar et al., 1995; 373 



Klunder et al., 2011) or Mn (Browning et al., 2014; Middag et al., 2013) could lead to 374 

increased Cd uptake due to increased use of Cd in biochemical processes and/or inadvertent 375 

uptake due to up-regulation of metal transporters (Cullen, 2006; Sunda and Huntsman, 2000). 376 

Additionally, both the availability of Zn and CO2 have an effect as well (Cullen et al., 1999). 377 

Specifically for the Southern Ocean, Baars et al. (2014) suggested that low levels of free Zn 378 

relative to levels of free Cd in the formation region of AAIW and SAMW and low levels of 379 

Mn and Fe further south could cause a high Cd uptake. The latter observations and concepts 380 

provide a physiological explanation for the here suggested increased uptake of Cd under high 381 

Cd concentrations. However, based on the current Atlantic dataset it is not possible to 382 

conclude whether this drives the increased Cd uptake. Nevertheless, an increased Cd uptake is 383 

only feasible if there is sufficient Cd available for uptake, regardless of the underlying driving 384 

uptake mechanism. Therefore we postulate the elevated Cd availability is the dominant factor 385 

in explaining the high Cd uptake in the Southern Ocean relative to the Nordic seas and Arctic 386 

Ocean, thus explaining the difference Cd:PO4 ratios between these endmembers. Given the 387 

differences between the Cd-PO4
 relationship in NADW and the Antarctic origin waters, a 388 

constant Cd:PO4 ratio to calculate excess or missing Cd (often denoted as Cd*) does not seem 389 

suitable as discussed in the next section. 390 

3.6 Calculating Cd based on PO4 391 

At first glance, it would appear there is a PO4 deficit in waters with a high oxygen deficit (Fig 392 

3a). However, the observations in these oxygen-deficient waters (roughly between 150 and 393 

500 m depth in the equatorial region) can be reproduced when accounting for remineralisation 394 

(Fig. 4c and 5b). The AAIW and SASPMW endmembers have a relatively high dissolved 395 

Cd/PO4 ratio (Fig 5a and S4). Assuming remineralisation adds Cd and PO4 in the inferred 396 

remineralisation ratio (0.21 nmol/μmol), this results in a lower dissolved Cd/PO4 ratio than 397 

when taking the slope of the SA deep Cd-PO4 regression (slope ~0.46-0.67 nmol/μmol; Table 398 



S6) as the remineralisation ratio. Remineralisation in the high productivity equatorial SA with 399 

the inferred remineralisation ratio (0.21 nmol/μmol) would result in the separate regression 400 

for Antarctic bottom (line 4 in Fig 3b) and Antarctic intermediate waters (line 5 in Fig 3b) as 401 

observed in this dataset. Only the intermediate depth Antarctic origin waters are affected, as 402 

the majority of the remineralisation happens in the depth range occupied by those water 403 

masses, whereas only negligible remineralisation occurs in the bottom waters (Fig. 6). This 404 

explains why all Antarctic origin water plot along a single steep Cd-PO4 regression when only 405 

considering the region south of the productive equatorial region, whereas intermediate depth 406 

(AAIW and UCDW) and deep (AABW) waters plot along different regressions for the 407 

equatorial region and northwards thereof. 408 

Thus the apparent Cd-depletion with respect to PO4 in the relatively high oxygen-deficit 409 

equatorial region in the West-Atlantic can in fact be explained as long as the Cd:PO4 410 

remineralisation ratio is not based on the slope of the deep Cd-PO4 regression. This deep 411 

water regression reflects remineralisation in the source region, and not necessarily 412 

remineralisation in other regions like the Atlantic. The point here is that the choice of Cd:PO4 413 

remineralisation ratio strongly affects the identification of a Cd deficiency with respect to PO4 414 

and that, if possible, a local remineralisation ratio should be quantified and used. This is not 415 

inconsistent with previous studies that found loss of Cd due to scavenging in severely oxygen 416 

deficient waters (Conway and John, 2015; Janssen et al., 2014) as all oxygen concentrations 417 

along the current transect were > 75µmol kg-1. In fact, Conway and John (2015) related the 418 

small Cd deficiency they observed in the northwestern Atlantic to the presence of AAIW. 419 

This is in agreement with our interpretation, but it is now apparent that the Cd/PO4 ratio in 420 

AAIW changes during advection northward (Fig. 3b and 5a) due to mixing and possibly local 421 

(Atlantic) remineralisation with a Cd/PO4 ratio that is different from the AAIW source region.   422 



3.7 Relationship outside the Atlantic Ocean 423 

As can be seen from the current data (Fig. 3b), the Cd-PO4 relationship in the Atlantic Ocean 424 

in fact is comprised of multiple linear relationships as well as a convex relation (curve 8), 425 

rather than a bi-linear relationship. This implies multiple mixing lines, a variable Cd:PO4 426 

remineralisation ratio and remineralisation in waters with differing initial (i.e. before local 427 

remineralisation) dissolved Cd/PO4 ratios (see section 3.1.4). Looking at data compilations 428 

including data outside the Atlantic (Cullen, 2006; Quay et al., 2015; Xie et al., 2015) there is a 429 

lot of scatter in the data, which, like for the current Atlantic data set is probably related to 430 

mixing of different water masses and differing remineralisation ratios. However, for deep 431 

water (deeper than 2000 m, (Quay et al., 2015) their fig. 5) it is obvious there is no distinct 432 

kink outside the Atlantic for the deep ocean. For shallower water with lower PO4 outside the 433 

Atlantic, it seems the data plots below the regressions observed for NADW and the surface 434 

NA (regressions 1, 2 and 3 in Fig. 3b), similar to the data from the SA (curve 8 in Fig. 3b) e.g. 435 

(Cullen, 2006; Xie et al., 2015).  436 

In the Southern Ocean, Cd gets taken up in the surface ocean with a relatively high Cd:PO4 437 

uptake ratio (relation like regression 6 in Fig. 3b; Baars et al., 2014). Subsequent 438 

remineralisation in the subsurface water masses leads, on average, to a relatively high 439 

dissolved Cd/PO4 ratio (compared to northern origin water) in the waters that eventually 440 

supply the low latitude oceans with nutrients (SAMW/AAIW). However, the shallower 441 

SAMW formed further north where the Cd concentrations are towards the lower end, is 442 

relatively depleted in Cd and has a lower Cd/PO4 ratio compared to AAIW. Mixing between 443 

lower latitude surface water, SAMW and AAIW results in a convex line that becomes less 444 

convex in a northward direction. Alternatively, when only assessing the near surface SA, one 445 

finds a regression line that is much as steep as observed in the NA (north of ~15° N, see Fig. 446 

3b, comparing line 1 and 2 to lower part of curve 8). The slope of this line in the subsurface 447 



ocean has been interpreted as the Cd:PO4 remineralisation ratio (Quay et al., 2015). However, 448 

as demonstrated in our model and observations, at least for the Atlantic Ocean this is not 449 

correct as we do not find evidence for a lower remineralisation ratio in the SA. The higher 450 

dissolved Cd/PO4 ratio in the subsurface SA would actually imply a higher supply and 451 

remineralisation ratio in the SA compared to the NA. The slope of the regression between Cd 452 

and PO4 is influenced by mixing and the presence of various water masses and, for example in 453 

the equatorial region, would lead to a steeper regression due to the shoaling of the nutricline 454 

(Fig. 2). For the Southern Ocean, the slope of regression is probably a more reliable approach 455 

to estimate the remineralisation ratio as the intermediate and deep waters all have a very 456 

similar Cd/PO4 ratio (Baars et al., 2014) and there is no advection of water into the region 457 

with a different preformed ratio. Using mainly data from the NA and Southern Ocean, Quay 458 

et al. (2015) demonstrated, using slope-derived ratios and a simple box model, that differing 459 

remineralisation ratios with a lower ratio in the NA compared to the Southern Ocean (highest 460 

ratio) and the Pacific and Indian Ocean (intermediate ratios) can explain the main features of 461 

the global Cd-PO4 relationship. Our interpretations are in agreement with Quay et al. (2015). 462 

However, we suggest a different mechanism where the availability of Cd in the surface ocean, 463 

rather than HNLC versus non-HNLC conditions could be the driving factor and argue against 464 

using the slope of the (surface) Cd-PO4 relationship as representative of the local Cd:PO4 465 

remineralisation ratio.  466 

Extrapolating to the Pacific and Indian Ocean where SAMW/AAIW also play an important 467 

role in the nutrient supply to surface waters, one would also expect a convex relationship, or a 468 

bi-linear relationship with a slope less steep than in the NA, especially where relatively ‘pure’ 469 

SAMW is present. As detailed, we expect this slope not to be representative of the 470 

remineralisation ratio. In the North Pacific Ocean, due to upwelling of Antarctic origin deep 471 

water, one would expect higher Cd availability and thus higher Cd:PO4 remineralisation ratios 472 



compared to the NA or even the SA if all available Cd is taken up in the surface. Currently 473 

meridional datasets of sufficient resolution are lacking to test this hypothesis, but new data 474 

that will soon emerge from the GEOTRACES programme should fill this void.  475 

4 Conclusions 476 

Our findings now conclusively demonstrate the Cd-PO4 relationship in the Atlantic Ocean to 477 

be governed by a combination of hydrography and first-order biogeochemistry. The dominant 478 

driver is mixing between endmembers with different dissolved Cd/PO4 concentration ratios 479 

that are set at the high latitudes. Simple remineralisation suffices to explain the remaining 480 

variability. We infer there is no fixed Cd:PO4 uptake and remineralisation ratio, and suggest 481 

the observed ratios simply reflect the Cd availability in the surface ocean where higher Cd 482 

availability, notably in HNLC regions results in, or facilitates greater uptake.  483 

The distribution of Cd and PO4 is the result of the interplay of horizontal and vertical mixing 484 

processes, and biogenic particle export and remineralisation with a Cd:PO4 ratio that is likely 485 

to be variable. Thus assuming a constant slope for the deep ocean Cd-PO4 relationship, e.g. 486 

for the calculation of a Cd deficit based on PO4 concentrations or the use of Cd:Ca in 487 

foraminifera as a paleotracer to infer past nutrient concentrations and ocean circulation 488 

(Boyle, 1988; Makou et al., 2010) needs to be done carefully with attention for the caveats. 489 

The slope for the deep ocean Cd-PO4 relationship depends on the origin of the water masses, 490 

water mass mixing, remineralisation and the Cd:PO4 ratio of the remineralised biomass. Each 491 

of these factors is likely to vary over time (De Baar et al., 1994), notably during the Last 492 

Glacial Maximum versus the modern ocean. Here it must be noted that the Cd:Ca in 493 

foraminifera as a paleotracer is mainly used as water mass tracer based on Cd (Marchitto and 494 

Broecker, 2006). However, also the inferred Cd concentration should be interpreted with 495 

caution as the Cd concentration in various water masses during formation and advection has 496 

likely varied over time for the same reasons as the Cd-PO4 relationship. 497 



It is currently uncertain if Cd plays an important nutritional role in primary production by 498 

marine phytoplankton and this warrants further investigation. Nonetheless, the northern and 499 

southern high latitude oceans are most sensitive to global change and notably changes in these 500 

regions, will have ramifications for the supply of this potentially important nutrient metal as 501 

well as other nutrients to the global ocean. 502 
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  668 



Figure 1 Dissolved concentrations of Cd versus PO4 from the GEOTRACES 2017 669 

Intermediate Data product 670 

  671 

The concentrations of dissolved Cd (pmol kg-1) versus dissolved PO4 (µmol kg-1). This is all 672 

data that was included in the 2017 GEOTRACES Intermediate Data Product. We opted to 673 

show this data, as the accuracy has been verified for these data (Mawji et al., 2015; Schlitzer, 674 

2016). 675 

  676 



Figure 2 Dissolved Cd and PO4 concentrations along GEOTRACES transect GA02.  677 

 678 

 679 

a The GEOTRACES transect GA02 (red line) with 60 stations in the West Atlantic with the 680 

main surface hydrography (North Atlantic Sub-Polar Gyre, North Atlantic Sub-Tropical Gyre, 681 

Equatorial Current System, South Atlantic Sub-Tropical Gyre and Antarctic Circumpolar 682 

Current).  683 

b Dissolved Cd in colour scale (0-800 pmol kg-1) along the transect.  684 

c Dissolved PO4 in colour scale (0-2.5 mol kg-1) along the transect with the main water 685 

masses and ocean pathways (AntArctic Bottom Water, Antarctic Intermediate Water, North 686 

Atlantic Central Water, North Atlantic Deep Water, South Atlantic Central Water and Upper 687 

Circumpolar Deep Water). 688 

 689 

  690 



Figure 3 Dissolved Cd [pmol kg-1] versus dissolved PO4 [µmol kg-1] 691 

 692 

a Measured Cd versus measured PO4 with the oxygen deficit in colour scale. Note that the 693 

samples with high oxygen deficit have a comparatively low Cd/PO4 ratio. 694 

b Measured Cd versus measured PO4 with 8 regressions. These are, respectively 1: 695 

NASTMW, 2: NASPMW, 3: NADW, 4: NADW-AABW mixing, 5: NADW-AAIW-UCDW 696 

mixing, 6: SASPMW-AAIW mixing, 7: AAIW-UCDW-AABW mixing, 8: SASTMW-697 

AAIW- SASPMW mixing. See Table S6 for details. Coloured circles around grey data points 698 

indicate to which water mass or mixing line the data point belongs. 699 

c Modelled Cd (mixing model without accounting for remineralisation) with predetermined 700 

Cd-endmembers versus measured PO4. Regressions 3 and 4 are the same as in Fig. 3b to 701 

illustrate that the ‘mixing only’ model reproduces the kink at around PO4 = ~1.3 [mol kg-1] 702 

in the Cd-PO4 relationship. Yellow circles around grey data points indicate data points that are 703 

considered NADW, blue circles indicate the NADW-AABW mixture. 704 

 705 

 706 

  707 



Figure 4 Modelled Cd versus measured Cd with oxygen deficit in colour scale. 708 

 709 

a Modelled Cd versus measured Cd for the model with predetermined Cd-endmembers. 710 

Modelled = 0.95 (±0.02) * measured -20 (±7); R2=0.86; rmse= 80 pmol kg-1 711 

b Model with predetermined Cd-endmembers and an invariable Cd:O2 ratio of 2 pmol/μmol. 712 

Modelled = 1.00 (+-0.01) * measured + 40 (+-4); R2=0.95; rmse= 48 pmol kg-1 713 

c Model with optimised Cd-endmembers and an optimised Cd:O2 ratio of 1.25±0.03 714 

pmol/umol Modelled = 0.94 (+-0.01) * measured + 24 (+-3); R2=0.98; rmse= 32 pmol kg-1 715 

 716 

  717 



Figure 5 The dissolved Cd/PO4 ratio and the Cd residuals (measured – modelled) along the 718 

transect 719 

 720 

721 
a The dissolved Cd/PO4 ratio (from measurements) along the transect showing the higher 722 

Cd/PO4 ratio in Antarctic origin waters. The blue lines denote the 8 °C and 18 °C isobars 723 

where 8°C serves to illustrate the deep end of the thermocline. The Cd/PO4 ratio at the deep 724 

end of the thermocline is in the 0.20 – 0.24 nmol/μmol range except except for the equatorial 725 

region were the ratio is slightly higher (up to 0.27 nmol/μmol). 726 

b The difference between the measured Cd concentrations and the modelled Cd 727 

concentrations with the optimised eOMP model in pmol kg-1. The average absolute relative 728 

deviation is 4.8% in water deeper than 400m and a Cd concentration greater than 100 pmol 729 

kg-1 (higher relative deviations are observed in the surface ocean, inherently related to the 730 

depleted surface Cd concentrations).    731 
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Figure 6 The fraction remineralised Cd over the water column 733 

 734 

The vertical profile of the fraction remineralised Cd (inferred from eOMP-derived oxygen 735 

consumption and the O2/Cd remineralisation ratio) of total (i.e., measured) Cd for 250 m 736 

depth ranges. For every 250 m depth interval, the average fraction remineralised Cd (inferred 737 

from eOMP-derived oxygen consumption and the O2/Cd remineralisation ratio) was 738 

calculated. For this calculation, concentrations of Cd in the observed depth bin are summed 739 

and divided by the summed remineralised Cd in the same depth bin (i.e. the figure represents 740 

the transect average) rather than using the mean of the 'spot-ratios' as done previously (Rohan 741 

and Wu, 2015). In the presence of near-zero values (i.e., in surface waters), ratios and 742 

averages thereof become meaningless. Our method of summing before dividing does not have 743 

this drawback, making it possible to also calculate a value for the surface ocean. 744 



Supplementary material 

The relationship between cadmium and phosphate in the Atlantic ocean 

unravelled 

Rob Middag, Steven M.A.C. van Heuven, Ken W. Bruland, Hein J.W. de Baar 



Methodological details 

Cadmium 

Samples were filtered (0.2 μm) and acidified (0.024 M Baseline® hydrochloric acid) shipboard in acid cleaned low density 
polyethylene bottles and analysed on shore as described previously (Middag et al., 2015). The precision based on replicate analysis 
(n=13) of reference seawater was ~1.4 % at 978 pmol kg-1, 2.1 % at 265 pmol kg-1, and around 20% at levels < 5 pmol kg-1. Of the 
1434 samples analysed for Cd, there were 7 rejected as outliers (see Middag et al., 2011 for criteria) and not used in the dataset. 
Another 69 samples were below the detection limit (< 1pmol kg-1) and these values were flagged, but kept in the dataset. The 
absolute values of these 69 samples are not used in any direct interpretation, but the data points were used in the plots and 
regressions where they represent the lowest range of the Cd distribution in the ocean.  

Nutrients 

Concentrations of oxygen and nutrients were measured in general accordance with GO-SHIP protocol (Hood et al., 2010). The 
oxygen sensor was calibrated against discrete water samples, analysed on board. Samples for nutrients (PO4, nitrate, nitrite and 
silicate) were collected unfiltered in high density polyethylene sample bottles which were rinsed three times with sample water as 
described previously (Rijkenberg et al., 2015). A sterilised natural Reference Nutrient Sample (Kanso, Lot code AX) containing 
known concentrations of nutrients in Pacific Ocean water, was analysed in triplicate every run. The precision was around 0.6% of 
the average value and there was no significant difference between the shipboard measured values of Kanso and the consensus 
values (Rijkenberg et al., 2015). Specifically for PO4, the detection limit is 0.01 µmol kg-1 with a precision of around 10% near the 
detection limit. The deepest sample analysed for a station of 24 samples, was kept and re-analysed within the next run of the next 
station of 24 samples as verification for variability between runs.  

eOMP water type definitions 

The water type characteristics (Table S1) are not necessarily linked (e.g., not based on a single, coherent sample) or related 
mathematically. They were chosen per parameter on the basis of the extremes of property-property plots (e.g. S-T plots) of the 
dataset of this cruise or of end-of-section values. Obviously, the chosen values will closely reflect at least a few samples constituting 
the (inferred) core of the water mass. That is, all water types are represented in rather pure form at some point along our section. 
Water type definitions to some extent are subjective, and tailored to an intended application. The point of the OMP in this 
manuscript is to unravel mixing processes from biogeochemical processes in the distribution of dissolved Cd. The extremes of the 
observations are represented in the water type definitions, so that every sample along our section attains an acceptable eOMP 
solution. Restrictions were imposed on the presumed spatial extent of water types in order to limit the number of types to be 
considered to contribute to a sample, so as not to underconstrain the eOMP solution (Table S2). 

eOMP model robustness and uncertainty 

To obtain an estimate of the robustness of the eOMP result, each sample is analysed one thousand times following the eOMP 
procedure outlined above in the main text, while each time slightly varying (i) the characteristics of the endmember water types and 
(ii) the remineralisation ratio, all by sampling from a normal distribution of width around the nominal definition. These widths are 
generally broader for shallower water types, and narrow for the large bottom waters (Table S1). These subjective uncertainties may 
be considered coarse estimates of the temporal variability of the real-world water masses around their nominal values (or, in the 
case of water masses consisting of two water types, deviations from their nominal mixing lines; see Tomczak, 1999). For the 
remineralisation ratios, we use double the uncertainties reported by Anderson and Sarmiento 1994 (i.e., ∆P:∆N:∆O2 = 1:16±1:-
170±10) as these ratios are known to be variable.  
For each sample one thousand estimates of the most likely constitution are thus obtained given one thousand slightly varying sets 
of endmember water types and remineralisation ratios. For each sample, for each water contributing water type, the uncertainty is 
defined as the standard deviation of the one thousand MonteCarlo estimates. Water type fractions are summed into water mass 
fractions for those water masses that are defined as to consist of 2 water types (see Tomczak, 1999). Uncertainties for water mass 
fractions are obtained as the root of the sum of squares of uncertainties of the constituent water types. Robustness of the results is 
here expressed, for each water mass, as the ratio of (i) the number or samples for which the standard deviation of one thousand 
contribution estimates does not exceed 20% over (ii) the number of samples for which the mean of 1000 contribution estimates is at 
least 20%. That is, robustness is indicated by the fraction of samples that contain an appreciable amount of a water type and for 
which that amount is less uncertain than ±20% (Table S3). The uncertainty analysis demonstrates that the nominal result is not 
merely a statistical fluke but that, independent of the exact setup or water type definitions of the eOMP, the result is robust. The 
eOMP results of the near-surface samples included in this study should be judged with some caution, due to exchange with the 
atmosphere (oxygen, heat, and salinity through evaporation), which may invalidate assumptions of the eOMP analysis to unknown 
degree. Note that the inclusion of any invalid samples in the eOMP does not compromise the validity of results obtained for other
samples, because every sample is analysed independently of all others. 

Obtaining remineralisation ratios and optimum Cd endmembers 

With water mass fractions and remineralisation obtained by the eOMP procedure, estimates are subsequently obtained of (i) 
optimal Cd values for each water type and (ii) the ∆Cd:∆O2 remineralisation ratio, via inversion of the system as follows: 

Cdmeas = X•E + D•R (Eq. 1) 
i.e.,

[E R] = [X D]-1•Cdmeas (Eq. 2) 

where X represents the vector of water type contributions (as obtained earlier by eOMP), E is the vector of optimal Cd endmembers 
to be inferred, D represents the amount of oxygen utilised for remineralisation of organic matter (also obtained earlier from from 
eOMP), and R represents the remineralisation ratio ∆Cd:∆O2 (to be inferred). A nonnegative solver is employed, to prevent 
inferrence of negative endmember Cd concentration. This procedure is followed for each of the 1000 MonteCarlo runs and standard 
deviations of the results is reported as the uncertainty of the Cd endmembers and Cd:-O2 ratios (section 3.3 and Table S4). These 
uncertainties thus include both the uncertainties in the remineralisation ratios (i.e., ∆P:∆N:∆O2 = 1:16±1:-170±10) and the variations 
in the eOMP setup (Table S1). 



WATERMASS WATERTYPE Theta [°C] Salinity  NO3 [µmol kg-1] Si [µmol kg-1] O2 [µmol kg-1] 

AABW AABW -0.10 +- 0.02 34.66 +- 0.01 33.0 +- 0.8 125.0 +- 4.0 210 +- 4 

DSOW 1.50 +- 0.02 34.870 +- 0.002 13.0 +- 0.8 9.0 +- 8.0 300 +- 3 

NADW 

LSW 3.40 +- 0.07 34.89 +- 0.01 16.0 +- 0.5 10.0 +- 1.0 280 +- 5 

UCDW UCDW 2.60 +- 0.10 34.75 +- 0.05 35.0 +- 0.2 65.0 +- 5.0 170 +- 5 

AAIW AAIW 3.80 +- 0.10 34.05 +- 0.03 25.0 +- 1.0 13.0 +- 2.0 270 +- 7 

SASPMW 10.00 +- 0.20 34.80 +- 0.05 12.0 +- 2.0 4.0 +- 3.0 285 +- 10 

SACW 

SASTMW 18.00 +- 0.20 36.00 +- 0.05 1.0 +- 0.2 2.0 +- 0.5 240 +- 10 

NASPMW 8.00 +- 0.20 34.95 +- 0.05 10.0 +- 2.0 6.0 +- 3.0 290 +- 10 

NACW 

NASTMW 18.00 +- 0.20 36.55 +- 0.05 0.1 +- 0.2 1.0 +- 0.5 235 +- 10 

ESW-1 29.00 +- 3.00 33.00 +- 0.30 0.3 +- 0.1 1.0 +- 1.0 193 +- 5 

ESW 

ESW-2 28.00 +- 3.00 37.50 +- 0.30 0.2 +- 0.1 0.5 +- 1.0 202 +- 5 

Table S1. Water mass and water type definitions (and the uncertainties used in the MonteCarlo procedure) for salinity, temperature, 
O2, Si and NO3 for the 11 water types as used in the extended optimum multiparameter (eOMP) analysis.  

Abbreviations: AntArctic Bottom Water, North Atlantic Deep Water, Denmark Strait Overflow Water, Labrador Sea Water, Upper 
Circumpolar Deep Water, AntArctic Intermediate Water, South Atlantic Central Water, South Atlantic Sub-Polar Mode Water, 
South Atlantic Sub-Tropical Mode Water, North Atlantic Central Water, North Atlantic Sub-Polar Mode Water, North Atlantic 
Sub- Tropical Mode Water, Equatorial Surface water. (NB The South Atlantic Sub-Polar Mode Water here is similar to the 
SubAntarctic Mode Water (SAMW) in some of the preceding literature.)  

WATERTYPE Range latitude 
°N 

Depth range [m] Range Theta [°C] 

AABW -90 - < -45 0 - bottom -3.0 - 4.0 

-45 - < 0 700 - bottom -3.0 - 4.0 

0 - 60 2000 - bottom -3.0 - 4.0 

DSOW -60 - < 70 1000 -  bottom -3.0 - 10.0 

30 - < 70 0 - bottom -3.0 - 10.0 

LSW -60 - < 70 500 -  bottom -3.0 - 10.0 

0 - < 70 0 - bottom -3.0 - 10.0 

UCDW -90 - < -40 0 - 2500 0.0 - 99.0 

-90 - < 20 500 - 2500 0.0 - 99.0 

AAIW -65 - < -25 0 - 2000 0.0 - 10.0 

SASPMW -65 - < -20 0 - 1200 5.0 - 17.0 

SASTMW -65 - < -20 0 - 1200 8.0 - 50.0 

NASPMW 0 - < 65 0 - 1500 3.0 - 20.0 

NASTMW 0 - < 65 0 - 1500 7.0 - 50.0 

ESW-1 -30 < 35 0 - 500 15.0 - 50.0 

ESW-2 -40 < 40 0 - 500 15.0 - 50.0 

Table S2. Restrictions imposed on the presumed spatial extent of water types in order to limit the number of types to be considered 
to contribute to a sample. 



Robustness (%) 

Robustness (%)
Water Mass 1σ 1σ 2σ 1σ 1σ 2σ 2σ 2σ 

Antarctic Bottom Water 100 100 100 100 

North Atlantic Deep Water 83 81 74 74 

Upper Circumpolar Deep 

Water

100 100 97 94 

Antarctic Intermediate Water 92 86 88 84 

South Atlantic Central Water 81 77 62 60 

North Atlantic Central Water 95 92 64 62 

Equatorial Surface Water 100 100 56 54 

Table S3. Robustness of eOMp results as discussed in text. The different columns are for different uncertainty scenarios were 1σ 
1σ uses the uncertainty on the remineralisation ratio as reported by Anderson and Sarmiento 1994 (∆P:∆N:∆O2 = 1:16±1:-170±10) 
and the uncertainty ranges for the eOMP endmembers as reported in Table S1. The 2σ 1σ is as used in the manuscript, double the 
uncertainty on the remineralisation ratio and the range on the eOMP endmembers as reported in Table S1. The 1σ 2σ scenario has 
the uncertainty on the remineralisation ratio as reported by Anderson and Sarmiento 1994 and double the uncertainty ranges for the 
eOMP endmembers, whereas the final scenario (2σ 2σ) has double the uncertainty ranges on both the remineralisation ratio and 
the eOMP endmembers. For example for scenario 2σ 1σ as used in the manuscript, for 19 % of those samples that nominally
contain >20% NADW that fraction is easily perturbed. For the remaining 81% of the samples that nominally contain >20% NADW 
the fraction is insensitive to our perturbation experiment (their standard deviation < 20%), these are likely the samples in the core of 
the water mass. Increasing the uncertainty mainly influences the (near) surface waters as these have larger uncertainty ranges and 
are more affected by remineralisation. 

Cd endmembers 

WATERTYPE Predefined 1σ 1σ 2σ 1σ 1σ 2σ 2σ 2σ 

AABW 800 783 ± 2 784 ± 2 786 ± 2 787 ± 3 

DSOW 220 190 ± 2 190 ± 2 199 ± 2 200 ± 4 

LSW 260 238± 1 238± 1 236± 1 237± 2 

UCDW 900 823 ± 7 813 ± 7 811 ± 7 789 ± 11 

AAIW 590 527 ± 4 528 ± 4 529 ± 4 535 ± 6 

SASPMW 40 70 ± 4 73 ± 5 70 ± 5 86 ± 8 

SASTMW 40 0 0 0 0 

NASPMW 13 132 ± 2 133 ± 3 128 ± 3 139 ± 5 

NASTMW 13 0 0 0 0 

ESW-1 2 0 0 0 0 

ESW-2 2 0 0 0 0 

Remineralisation 
ratio Cd:-O2 (x10-3) 

2:1 1.27 ± 0.02 :1 1.25 ± 0.03 :1 1.26 ± 0.03 :1 1.13 ± 0.05 :1 

Table S4. The predefined and optimised values of Cd (in units of pmol kg-1) for the 11 water types used in the eOMP. Additionally 
the unitless Cd:-O2 (x10-3) is given (predefined and inferred from eOMP). The different uncertainty scenarios as in Table S3. The 
endmember solutions remain largely consistent under all scenarios. The inferred remineralisation ratio remains consistent, except in 
the most extreme uncertainty scenario (2σ 2σ). 

PO4 endmembers 

WATERTYPE Predefined 1σ 1σ 2σ 1σ 1σ 2σ 2σ 2σ 

AABW 2.30 2.30 ± 0.01 2.30 ± 0.01 2.31 ± 0.01 2.31 ± 0.01 

DSOW 0.90 0.93 ± 0.01 0.93 ± 0.01 0.95 ± 0.01 0.94 ± 0.01 

LSW 1.10 1.06 ± 0.01 1.06 ± 0.01 1.05 ± 0.01 1.06 ± 0.01 

UCDW 2.35 2.35 ± 0.01 2.35 ± 0.01 2.38 ± 0.01 2.36 ± 0.01 

AAIW 1.90 1.78 ± 0.01 1.78 ± 0.01 1.79 ± 0.01 1.82 ± 0.01 

SASPMW 1.00 0.73 ±0.01 0.74 ±0.01 0.76 ±0.01 0.82 ±0.01 

SASTMW 0.10 0.01 ± 0.01 0.01 ± 0.01 0.01 ± 0.01 0.02 ± 0.01 

NASPMW 1.00 0.59 ± 0.01 0.60 ± 0.01 0.61 ± 0.01 0.67 ± 0.01 

NASTMW 0.10 0 0 0 0 

ESW-1 0.03 0 0 0 0 

ESW-2 0.1 0 0 0 0 

Remineralisation 
ratio -O2: PO4

170:1 169 ± 2 :1 173 ± 2 :1 178 ± 3 :1 201 ± 7 :1 

Table S5. The predefined and optimised values of PO4 (in units of µmol kg-1) for the 11 water types used in the eOMP. Additionally 
the unitless -O2: PO4 is given (predefined and inferred from eOMP). The different uncertainty scenarios as in Table S3. The 
endmember solutions remain largely consistent under all scenarios. The inferred remineralisation ratio remains consistent, except in 
the most extreme uncertainty scenario (2σ 2σ). 



regression equation R2 Data selection 

1 Cd = 126 * PO4 + 0.2 0.81 LAT>10°N & PO4<0.3 

2 Cd = 241 * PO4 -22 0.94 LAT>40°N & PO4>0.1 & PO4<0.8 

3 Cd = 287 * PO4 - 66 0.87 LAT>0°N & NADW>75% 

4 Cd = 491 * PO4 - 325 0.99 LAT>-20°N & AABW>15% 

5 Cd = 354 * PO4 - 180 0.95 LAT>-10°N & LAT<20ºN & DEP>500 & DEP<1600 

6 Cd = 667 * PO4 - 616 0.98 LAT<-40°N & SAMW>30% & PO4<1. 

7 Cd = 463 * PO4 - 303 0.98 LAT<-15°N & SACW<30% & ESW<30% 

8 Cd = 129 * (PO4)2 – 11 * PO4 + 3.5 0.95 SACW>75% 

Table S6. The equations and data selections used for the 8 regressions in Fig 3b. The Cd concentrations 

are given in pmol kg-1 and PO4 concentrations in μmol kg-1. The criteria in the righthand column are solely 

used to assign the Cd and PO4 data to separate regressions. 
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Figure S1. Property-property plots illustrating the hydrographical 
and chemical characteristics of the samples used in this study. 
To aid interpretation, overlaid as coloured lines are profiles taken 
from the World Ocean Atlas 2005 (Antonov et al., 2005; Garcia, 
2005a,b; Locarnini et al., 2005), spaced 10º of latitude apart and 
approximately coinciding with the cruise track on which the 
samples for this study were collected (color coding in panel d). 
Additionally overlaid as coloured X’s are the point definitions of 
the 11 water types discerned in this study. Where two water 
types constitute a water mass, the water types are connected 
with a thick coloured line for clarity. For abbreviations please 
refer to tables S2 and S3. 
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Figure S2. Section plots (depth vs latitude) 
illustrating the quality of the solution of the OMP. 
Panel (a) shows the number of water masses 
considered to conceivably contribute to a 
sample. Panel (b) depicts the eOMP-inferred 
remineralisation (in μmol/kg O2 relative to the 
inferred mixture of source water types). Panels 
(c-g) depict the residual of the eOMP solution. 
Not shown is the section plot of the mass 
residual, which for all samples is much smaller 
than 0.001 (or 0.1%). 
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Figure S3. Section plots (depth vs latitude) 
depicting the fractional contributions of each of 
7 defined source water masses to samples, as 
inferred by eOMP. Each water mass comprises 
either a a single or two water types; for 
abbreviations please refer to table S2 and S3. 
Grey isolines are spaced 0.2 (or 20% 
contribution) apart.   
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Figure S4. Section plots (depth vs latitude) depicting 
the fractional contributions of each of 11 defined 
source water types to samples, as inferred by eOMP. 
Grey isolines at spaced 0.2 (or 20% contribution) apart. 
For abbreviations please refer to tables S2 and S3. 
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