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Abstract 69 
 70 
Continental shelves and shelf seas play a central role in the global carbon cycle. 71 

However, their importance with respect to trace element and isotope (TEI) inputs to 72 

ocean basins is less well understood. Here, we present major findings on shelf TEI 73 

biogeochemistry from the GEOTRACES program as well as a proof-of-concept for a 74 

new method to estimate shelf TEI fluxes. The case studies focus on advances in our 75 

understanding of TEI cycling in the Arctic, transformations within a major river 76 

estuary (Amazon), shelf sediment micronutrient fluxes, and basin-scale estimates of 77 

submarine groundwater discharge. The proposed shelf flux tracer is 228-radium 78 

(T1/2=5.75 y), which is continuously supplied to the shelf from coastal aquifers, 79 

sediment porewater exchange, and rivers. Model-derived shelf 228Ra fluxes are 80 

combined with TEI/ 228Ra ratios to quantify ocean TEI fluxes from the western 81 

North Atlantic margin. The results from this new approach agree well with previous 82 

estimates for shelf Co, Fe, Mn, and Zn inputs and exceed published estimates of 83 

atmospheric deposition by factors of ~3-23. Lastly, recommendations are made for 84 

additional GEOTRACES process studies and coastal margin-focused section cruises 85 
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that will help refine the model and provide better insight on the mechanisms driving 86 

shelf-derived TEI fluxes to the ocean.    87 

 88 

1. Introduction 89 

Continental shelves and shelf seas play an important role in modulating the transfer 90 

of materials between the land and ocean. As such, quantifying processes occurring 91 

within this key interface is essential to our understanding of the biogeochemistry of 92 

trace elements and their isotopes (TEIs) in the ocean, a major goal of the 93 

GEOTRACES program (www.geotraces.org). Moreover, the supply and removal of 94 

elements in coastal oceans have direct influence on the structure of ocean 95 

ecosystems and their productivity.  Although coastal oceans comprise only around 96 

7% of the total ocean area, they support 15-20% of total primary productivity and 97 

provide 90% of the world’s fish yield [1]. As a critical Earth system interface, a large 98 

proportion of CO2 exchange between the ocean and atmosphere occurs over the 99 

shelf, which is thought to be a net sink for both atmospheric and terrestrial carbon 100 

[2-4]. 101 

 102 

In the nearshore environment, estuaries are known to be important zones of TEI 103 

processing [5]. One classic example is the removal of dissolved iron during estuarine 104 

mixing, which has been shown in many cases to vastly diminish the riverine flux of 105 

this element to the ocean [6-8]. Similarly, uranium has an active biogeochemistry in 106 

estuaries and salt marshes, which generally, yet not exclusively, act as sinks for 107 

dissolved U [9-11]. Dissolved organic matter (DOM) and several other trace 108 

elements may also be removed, at different rates, along the salinity gradient of 109 

estuaries and shelves [8, 12-15], while some TEIs like barium and radium are 110 

known to be added due to desorption from riverine particles [16-20]. In addition to 111 

rivers [21], submarine groundwater discharge (SGD) may represent a large source 112 

of TEIs to the coastal ocean [22, 23]. Comprising a mixture of meteoric groundwater 113 

and seawater circulated through coastal aquifers, SGD has been estimated to exceed 114 

river discharge both regionally [24, 25] and by a factor of 3-4 on a global basis [26].  115 

Furthermore, SGD has been shown to be an important source of micronutrients (e.g. 116 
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Fe [27]), contaminants (e.g. Hg [28] and Pb, [29]), and TEIs commonly used as 117 

paleo-tracers (e.g. U and Ba [30]).  118 

 119 

For some elements, boundary exchange processes involving sedimentary deposits 120 

on the continental margins may have substantial or even greater fluxes to the ocean 121 

than rivers. Diffusive benthic fluxes can be a major source of dissolved rare earth 122 

elements (REE) to the ocean at levels that could explain the missing source 123 

observed in recent isotopic modeling studies [31-33], where the REE flux from shelf 124 

sediments is larger than other REE sources to the ocean [34]. The sedimentary 125 

remobilization of Nd along continental margins, specifically due to sediment 126 

dissolution, also illustrates the importance of shelf porewater exchange processes as 127 

a source of TEIs to the ocean [31]. Studies at “mid-ocean” shelves, such as the 128 

Kerguelen and Crozet Plateaus, showed a substantial role of sedimentary iron 129 

release in alleviating Fe limitation and enhancing carbon sequestration in the 130 

Southern Ocean [35-37]. 131 

 132 

The GEOTRACES program has carried out basin scale sections to quantify and 133 

identify the processes that supply TEIs at ocean boundaries (atmosphere-ocean, 134 

sediment-water, ocean crust-overlying water, continent-ocean [38-41]). However, 135 

the coastal or shelf ocean is an interface that requires additional process studies to 136 

investigate the key processes impacting on the biogeochemical cycles of TEIs. The 137 

identification and quantification of TEI distributions and fluxes along ocean margins 138 

are important for a number of reasons, including their sensitivity to changing 139 

precipitation and wind patterns, and potential impacts on aquaculture and fisheries. 140 

Particularly striking is the extent and rate at which humans have modified the 141 

coastal zone worldwide [42], a narrow strip of land within 100 km of the ocean 142 

where half of the world’s population lives and where three-quarters of all large 143 

cities are located [43, 44]. The impacts are numerous and include large-scale bottom 144 

water anoxia, eutrophication, acidification, overfishing and anthropogenic 145 

contaminant inputs. For instance, global budgets of TEIs such as Pb and Hg have 146 

already been significantly altered in the ocean as a result of human induced 147 
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activities such as acid mine drainage [45, 46]. The role of changing sea-ice cover 148 

may affect shelf TEI transport rates, and TEI discharges associated with the 149 

accelerated melting of large ice sheets have the potential to increase in magnitude 150 

over the coming decades to centuries. For present-day Greenland, the Fe flux may 151 

already be on par with the total amount of Fe delivered to the North Atlantic Ocean 152 

via dust [47], but the scale of this impact depends on the quantification of fluxes 153 

between the coast and open ocean [48]. 154 

 155 

An understanding of the mechanisms governing the linkages between the 156 

terrestrialshelfopen ocean continuum is crucial [49]. Although some 157 

GEOTRACES process studies have focused more in near shelf regions, GEOTRACES 158 

sections to date have, by design, focused primarily on open ocean transects. Here we 159 

highlight several examples of where GEOTRACES studies have yielded significant 160 

insight on shelf TEI processes, defined as those occurring along ocean margins at 161 

water depths <200 m. We further propose a new approach for quantifying the shelf 162 

flux of TEIs using a radium isotope tracer (228Ra) and inverse modeling techniques. 163 

Finally, we recommend a series of efforts that are necessary to constrain the 164 

exchange processes at coastal/shelf ocean interfaces and to aid in the prediction of 165 

fluxes of TEIs from this boundary to the ocean.  166 

 167 

2. Significant GEOTRACES contributions to our understanding of shelf impacts 168 

on TEI budgets for the open ocean 169 

2.1 The Arctic 170 

The Arctic Ocean is unique among the major ocean basins in having as much as one 171 

half of its area taken up by shelves [50]. Further, the basin receives a 172 

disproportionate percentage of the world’s river discharge (10% [51]). Arctic 173 

waters are also highly stratified, with a distinct low salinity surface mixed layer, a 174 

strong halocline, and clear shelf and river inputs. Because of these features, the 175 

impact of shelf-basin interactions on TEI distributions is particularly prominent 176 

throughout the Arctic Ocean. However, TEI data have been limited due to the 177 

logistical difficulties of reaching remote and ice-covered regions. The International 178 
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Polar Year 2007-2008 provided a launching pad for the GEOTRACES program, with 179 

five cruises in the Arctic region between 2006-2009, which led to new insights 180 

about important Arctic coastal processes acting on TEI distributions. More recently, 181 

in summer 2015 three nations mounted full GEOTRACES Arctic cruises; the results 182 

of that coordinated effort are forthcoming.  183 

 184 

High concentrations of shelf-derived trace metals in surface waters of the central 185 

Arctic were reported by Moore [52]. This included Cd, which has been found to 186 

exhibit only minor isotope shifts compared to other ocean basins where greater 187 

variations are generated through biological removal [53]. Data from the Swedish-188 

Russian GEOTRACES (GIPY13) cruise to the Siberian shelves found that Cd was not 189 

removed in the Lena estuary, and there were further Cd additions to shelf waters 190 

from the shelf sediments [54]. Another example of shelf influence on the deep basin 191 

is the distribution of Ba, which is strongly enriched in estuarine waters due to 192 

desorption from river sediments. In theory, Ba distributions can delineate shelf TEI 193 

sources; however, isolating the terrestrial Ba source may be complicated due to 194 

biogenic Ba uptake and vertical redistribution [55]. As part of the Canadian IPY-195 

GEOTRACES, a dissolved Ba cross-section through the Canadian Archipelago 196 

revealed high surface water Ba concentrations near the Horton River and a 197 

pronounced Ba maximum in the upper halocline waters (Fig. 1; [56]). The latter was 198 

thought to be due in part to Ba released to subsurface waters in the wake of organic 199 

matter remineralization, a finding similar to Roeske et al. [55] who reported that 200 

remineralization from the Siberian shelf led to a similar Ba enrichment below the 201 

surface mixed layer. This may represent a dynamic process that is not at steady-202 

state: such ‘metabolic Ba’ concentrations in the subsurface layer increase with the 203 

arrival of organic matter sometime after the spring bloom, approaching maximum 204 

values toward the end of winter [56].  205 

 206 

A strong Mn enrichment was also found in the surface layer of the central basin due 207 

to riverine inputs of Mn (Fig. 2; [57]), though the inferred river component indicated 208 

that river waters were significantly depleted by estuarine processes. Mid-depth 209 
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enrichments of Mn on the shelf also suggested that there were benthic 210 

contributions, though this sediment source did not extend a significant distance off-211 

shelf. The first measurements of Ga in Arctic waters found that its distribution 212 

reflected mixing between Atlantic and Pacific waters, with evidence of both riverine 213 

input and scavenging removal in shelf waters of the Beaufort Sea [58]. Further 214 

studies of the shelf cycling of Ga and related elements (especially Al, which is 215 

chemically similar to Ga though more readily scavenged) could provide insights into 216 

how shelf scavenging removal affects the off-shelf transport of reactive TEIs. 217 

 218 

Isotope variations in Nd have been widely used to understand shelf-water 219 

interactions and riverine inputs. Within the Arctic Ocean, gradients between surface 220 

and halocline waters reflected inputs from the Pacific [59] as well as a source that 221 

isotopically matched the major rivers, indicating that the concentrations of the river 222 

components reaching the central basin did not reflect the considerable estuarine Nd 223 

losses commonly seen elsewhere [60]. These datasets were extended with samples 224 

from the BERINGIA 2005 and GIPY13 GEOTRACES cruises, which clearly 225 

demonstrated how Nd isotopes and concentrations in the Pacific layer were 226 

modified while crossing the Bering Sea through sediment-water exchange processes 227 

as was inferred for other shelf areas (Fig. 3; [61]). Furthermore, Lena River waters 228 

did not suffer strong modification through estuarine losses like in the Amazon [62].  229 

 230 

Data from GEOTRACES cruises have also documented the behavior of carbon on the 231 

Arctic shelves. Alling et al. [63] demonstrated for the first time that substantial 232 

degradation of DOC occurs in the Lena River estuary, with greater degradation in 233 

the broad East Siberian Seas where shelf water residence times are several years; 234 

along with degassing of CO2, this process was clearly shown in DIC 13C signatures 235 

[64]. Rising Arctic Ocean temperatures are leading to the thawing of permafrost and 236 

release of its stored methane [65, 66]. Indeed, preliminary results from the recent 237 

2015 U.S. GEOTRACES Arctic section (GN01) show shelf enrichments of tracers such 238 

as CH4 [67], though the impact of this process on other TEIs remains to be seen. 239 
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Essential to addressing these and other questions, are radioactive TEIs, which allow 240 

for quantification of the time scales associated with these shelf-basin exchange 241 

processes, as has been demonstrated by Rutgers van der Loeff et al. [68] for 228Ra 242 

and more recently by Rutgers van der Loeff et al. [69], who used the 228Th/228Ra 243 

daughter/parent ratio, which is depleted on the shelves but climbs in the particle-244 

depleted central basin, to estimate an age of 3 years for waters at the Gakkel Ridge.  245 

 246 

2.2 The influence of major rivers 247 

River-dominated shelves have the potential to be important point sources for TEI 248 

delivery to marginal seas and their adjacent ocean basins. For example, Nd isotopic 249 

compositions have been measured together with dissolved and colloidal REE 250 

concentrations and radium isotope activities in the Amazon estuary salinity gradient 251 

as part of the GEOTRACES process study AMANDES (Fig. 4; [13]). The sharp drop in 252 

REE concentrations in the low-salinity region was driven by the coagulation of 253 

colloidal material. At mid salinities, dissolved REE concentrations increased, a result 254 

of REE release from lithogenic material, a conclusion supported by the Nd isotopic 255 

signature within the estuary. Concurrent measurements of the short-lived Ra 256 

isotopes (223Ra, t1/2=11.4 d and 224Ra, t1/2=3.7 d) revealed that this dissolution 257 

process is rapid, on the time scale of 3 weeks. These findings have significant 258 

implications for the global marine Nd budget and other TEIs that undergo similar 259 

sediment-water exchange processes. This study reinforces one of the original 260 

concepts of the GEOTRACES program: the power of synoptic and multiple TEI 261 

sampling approaches to understanding ocean biogeochemical cycling. 262 

 263 

2.3 Evidence for eddy-mediated cross-shelf transport of iron 264 

Although dust deposition is considered the dominant source of iron to the open 265 

ocean, it has now been well established that long-range transport of shelf Fe in high 266 

nutrient low chlorophyll (HNLC) regions are a factor in the development of blooms 267 

100’s to 1000’s of kilometers offshore (e.g. [37, 70-72]) and can dominate iron 268 

supply on the global scale [73].  While radium isotopes have been used to quantify 269 

this source [74-76], isolating the shelf source on basin-scales is not easily 270 

http://www.bodc.ac.uk/geotraces/cruises/section_maps/process_studies/
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accomplished in regions beyond the Southern Ocean where other inputs (e.g. dust, 271 

hydrothermal vents) may be co-occurring. A 2008 GEOTRACES process study, 272 

‘FeCycle’, focused on biogeochemical cycling within an eddy off the eastern seaboard 273 

of the north island of New Zealand, which is seasonally oligotrophic and has spring 274 

diatom blooms [77]. The study revealed that the iron supply for these blooms comes 275 

from cross shelf transport of metals that are likely ‘picked up’ on the shelf and 276 

moved offshore in an eddy. This conclusion was reached based on high dissolved 277 

and particulate Mn within the eddy and from trajectory analysis using a satellite 278 

altimetry model (Fig. 5).  279 

 280 

2.4 Apportioning sources of iron using iron isotopes 281 

In addition to transport models, isotopes of iron have recently been used as tracers 282 

of oceanic Fe sources [78-81]. Novel high throughput methods [82] have enabled 283 

high-resolution sampling on ocean section cruises like GEOTRACES. Recently, 284 

Conway and John [83] used this approach to apportion iron sources to the North 285 

Atlantic according to dust input, hydrothermal venting, and two types of sediment 286 

fluxes: reductive and non-reductive sedimentary release. While they estimated that 287 

dust was the dominant Fe source, they reported that non-reductive release from 288 

sediments on the North American margin was a major local source that contributed 289 

between 10-19% of the iron basin-wide (Fig. 6). In addition, Fitzsimmons et al. [84] 290 

reported that ~60-80% of the dissolved Fe in this region was in the colloidal phase, 291 

which has implications for the bioavailability and long-range transport of this 292 

important micronutrient. At the African margin, reductive dissolution in sediments 293 

accounted for 1-4% of the iron basin-wide [83]. Further south, Homoky et al. [85] 294 

attributed a high-proportion of dissolved Fe present in margin sediments to non-295 

reductive release, and earlier studies of pore waters that were rich in colloidal iron 296 

had similar isotope compositions [86, 87], which supports the view that colloids 297 

may influence the stability and transport of iron from non-reductive sediment 298 

sources in ocean basins [88]. 299 

 300 

2.5 Time variations in basin-scale submarine groundwater discharge 301 
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Submarine groundwater discharge has received increased attention over the past 302 

two decades as a source of TEIs to the ocean. The majority of the early studies 303 

focused on the local scale, though Moore et al. [24] was able to estimate SGD to the 304 

Atlantic Ocean using 228Ra (T1/2=5.75 y) inventories from the Transient Tracers in 305 

the Ocean (TTO) program, and determined that the SGD flux was 2–4x1013 m3/y, 306 

equivalent to 80-160% of the freshwater discharge from rivers. Since the TTO data 307 

had been collected in the 1980s, the Atlantic Ocean 228Ra inventory had largely 308 

decayed and been replaced by the time of the 2010-11 U.S. GEOTRACES North 309 

Atlantic program. This afforded Charette et al. [89] the opportunity to evaluate 310 

whether or not this ocean basin was in steady-state with respect to SGD inputs. 311 

Using 228Ra data collected along transects between North America and West Africa, 312 

and Western Europe and West Africa, they observed essentially no change in the 313 

upper ocean inventory of this tracer, suggesting that SGD had not changed despite 314 

significant changes in groundwater withdrawals during the intervening period.  315 

 316 

Kwon et al. [26] took this a step further and used inverse modeling techniques 317 

applied to a global 228Ra dataset to calculate total SGD to the ocean. This approach 318 

yields the total 228Ra flux from the shelf, which in addition to the SGD input includes 319 

the riverine discharge and shelf sediment diffusive sources. Sediments of 320 

continental shelves and aquifers are important areas for in situ production of Ra 321 

isotopes through continuous decay of their parent thorium isotopes (e.g. Moore et 322 

al. [90], while rivers supply dissolved Ra isotopes as well as Ra sourced from 323 

desorption from suspended sediments in the estuarine mixing zone [91]. For a 324 

number of TEIs, estimates for riverine inputs are generally well constrained, 325 

however, due to estuarine processing and direct TEI inputs to the shelf we lack a 326 

method or approach for quantifying the net flux of TEIs across the interface between 327 

coastal and open ocean waters.  328 

 329 

2.6 228Ra as a shelf TEI flux gauge 330 

To this end we are proposing an approach for quantifying shelf TEI fluxes that 331 

utilizes 228Ra as a shelf flux gauge. This method takes advantage of the global inverse 332 
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model of Kwon et al. [26], which focused on isolating the flux 228Ra via SGD to the 333 

ocean, but at its root is designed to estimate the total 228Ra flux from all shelf 334 

sources required to balance the upper ocean 228Ra inventory and decay. Because of 335 

its strong shelf source and relatively short half life (on the time scale of mixing), the 336 

majority of the upper 1000 m 228Ra inventory in the basin can be traced back to the 337 

shelf. This inverse approach to estimating shelf 228Ra flux has the advantage of 338 

integrating the shelf source of 228Ra over annual to decadal timescales, which 339 

averages out seasonal variability that hampers the use of nearshore 228Ra gradients 340 

to estimate shelf 228Ra fluxes directly [92]. As a first order estimate, we propose to 341 

use the ratio of nearshore gradients of dissolved TEI and 228Ra measured over the 342 

shelf and nearby stations during specific GEOTRACES cruises to link the model-343 

derived shelf-ocean 228Ra flux to shelf-ocean TEI fluxes.  344 

 345 

The full details of the global 228Ra model can be found in Kwon et al. [26]. Briefly, the 346 

model employs a 2°x2° global circulation model where the domain is restricted to 347 

between 60°S and 70°N due to insufficient 228Ra coverage in the polar oceans. The 348 

vertical resolution is fine near the surface (~40 m) and coarse near the ocean 349 

bottom (~600 m). The coastal 228Ra source is defined as that originating from the 350 

ocean grid boxes adjacent to land boxes with a depth of less than ~200 m. The 351 

coastal source is optimized through a minimization scheme whereby the reported 352 

fluxes are those that result in the best fit between the model and observed 228Ra 353 

activities in the basin. The total 228Ra fluxes for each 2°x2° margin grid cell are 354 

shown in Figure 7a. The highest total margin inputs are to the North Pacific and 355 

Indian Ocean basins. For both the Atlantic and Pacific Oceans, the western margin 356 

228Ra fluxes exceed those from the east, likely due to a combination of major river 357 

inputs, SGD, and the presence of broad continental margins and/or extensive shelf 358 

seas. The relatively narrow shelf along the North American active margin in the 359 

Pacific appears to have the lowest inputs on average.  360 

 361 

Assuming shelf-ocean exchange is primarily driven by eddy diffusion, the net cross-362 

shelf TEI flux can be linearly scaled with the net cross-shelf 228Ra flux as follows:  363 
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TEI 𝑓𝑙𝑢𝑥 = Ra228  𝑓𝑙𝑢𝑥 × (
𝛥TEI

𝛥 Ra228 ) = Ra228  𝑓𝑙𝑢𝑥 × (
TEIshelf − TEIocean

Rashelf −228 Raocean
228 ) (1) 364 

where TEIshelf and 228Rashelf are the average concentrations of the TEI of interest and 365 

228Ra over the shelf water column (<200 m). The TEIocean and 228Raocean are the 366 

average dissolved TEI and 228Ra in the open ocean (<200 m) (see supplementary 367 

material). For highly reactive elements with very low open ocean concentrations, 368 

this ratio may be close to (TEI shelf /228Ra shelf). However, for this approach to be 369 

applicable to TEIs with a wide range of particle reactivities, including those with 370 

non-negligible open ocean concentrations relative to shelf concentrations, 371 

ΔTEI/Δ228Ra should be employed. For shelves where the net cross-shelf advective 372 

flux is substantial, the TEI flux would not scale linearly with 228Ra flux as illustrated 373 

in the supplementary materials.  374 

 375 

It is important to recognize that fluxes derived from this approach are the net 376 

dissolved TEI input rate to the ocean at the shelf break (200 m). Hence, the flux at 377 

this boundary is not necessarily what might be expected to reach the ocean interior 378 

due to the varying degrees of TEI particle reactivity and biological cycling. Further, 379 

the method in theory should account for any TEI removal over the shelf; therefore, 380 

fluxes may not equal the sum of the inputs along the boundary (e.g. rivers, SGD, 381 

sediment diffusion). Finally, we note that many of the TEI shelf input and removal 382 

processes vary seasonally, not necessarily in concert with seasonal variability in 383 

228Ra sources, and that not all shelf sources are expected to have uniform 384 

ΔTEI/Δ228Ra. For example, sporadic sources due to rivers and SGD may hinder a 385 

proper averaging of ΔTEI/Δ228Ra over large shelf areas. While the spatial and 386 

temporal variability in a particular ΔTEI/Δ228Ra must be fully assessed before this 387 

method is to be widely employed, we hope that this exercise provides a first order 388 

assessment of the importance of shelf TEI fluxes to the ocean in comparison to other 389 

external sources.  390 

 391 

For the purpose of this exercise, we chose to focus on the North Atlantic Ocean basin 392 

due to the availability of synoptic TEI and 228Ra data from the U.S. GEOTRACES GA03 393 
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cruises, though the scope could be expanded as more GEOTRACES datasets become 394 

available. These cruises crossed or approached three main shelf areas: the 395 

Northwest Atlantic shelf south of Woods Hole, MA (USA), the Iberian margin, and 396 

the Mauritanian upwelling zone off of Western Africa. For perspective, the combined 397 

North Atlantic shelf 228Ra flux (23.9 ± 4.6 x 1022 atoms/y) accounts for 398 

approximately 25% of the global shelf flux (96 ± 5 x 1022 atoms/y; Fig. 7a; [26]). Of 399 

the three GA03 cruise shelf crossings, however, only the Northwest Atlantic has 400 

multiple stations in close proximity to the shelf break and a shelf where elemental 401 

transport is dominated by eddy diffusion [93]. As a result, the western North 402 

Atlantic shelves (0° -70°N), which are responsible for about 60% of the shelf 228Ra 403 

input to this ocean basin (14.3 ± 1.9 x 1022 atoms/y), will be the focus of our shelf 404 

TEI flux calculations.  405 

 406 

Though there is a long list of TEIs fluxes that could be determined using this 407 

method, we chose to focus on four (dissolved Fe, Mn, Co, Zn) that span a range of 408 

particle reactivity and play a role in upper ocean biogeochemical cycling. The 409 

ΔTEI/Δ228Ra ratios were calculated using equation (1) from averaged concentration 410 

data for the two Northwest Atlantic nearshore stations (GA03, KN204-1 stations 411 

1,2) and open ocean station 16 (GA03, KN204-1; Fig. 7b). 412 

 413 

By combining the model 228Ra fluxes and ΔTEI/Δ228Ra, we can estimate the annual 414 

shelf TEI inputs to the western North Atlantic Ocean (Table 1). The western N. 415 

Atlantic shelf Co flux (1.40.4x108 mol/y) is consistent with literature estimates 416 

from a variety of independent approaches. Saito et al. [94] estimated that the shelf 417 

dissolved Co flux for the Peru upwelling region was 2.0x107 mol/y, which compares 418 

well with our estimate considering that we integrated over a ~7 times larger area. 419 

Lateral shelf area normalized Co fluxes of 6.2-10 µmol m-2 y-1 were reported by 420 

Bown et al. [95] for the S. Atlantic near Cape Town. These are a factor of ~5-10 421 

lower than the shelf-normalized fluxes for the western N. Atlantic margin (Table 1; 422 
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56 µmol m-2 y-1), though their estimate was based on transport across a boundary 423 

several hundred km from the shelf-break.  424 

 425 

The ΔTEI/Δ228Ra approach yielded a shelf Fe flux of 3.91.4x108 mol/y for the 426 

western N. Atlantic. When normalized to shelf-area, this flux is 160 µmol m-2 y-1. 427 

Sedimentary Fe inputs [88], which are expectedly higher as they do not account for 428 

any removal over the shelf, range from 900 µmol m-2 y-1 [73] to 1570 µmol m-2 y-1 429 

[71] to 2700 µmol m-2 y-1 [96]. On a global scale, the shelf-sedimentary Fe inputs as 430 

reported by Tagliabue et al. [73], Elrod et al. [71], and Dale et al. [96] are 2.7x1010 431 

mol/y, 8.9x1010 mol/y, and 7.2x1010 mol/y, respectively. The western N. Atlantic 432 

Ocean total shelf input as determined by our method would therefore represent 433 

only 0.4-1.4% of the global sediment flux. If we assume that our ΔFe/Δ228Ra is 434 

comparable to the global shelf average, our approach would predict a global shelf-435 

ocean Fe flux of 2.3x109 mol/y. If the western N. Atlantic shelf is representative of 436 

shelf systems globally, our model suggests that only a small fraction of the shelf 437 

sedimentary Fe input is exported to the open ocean and therefore available for 438 

biological uptake where Fe may be limiting.  439 

 440 

The western N. Atlantic Mn shelf flux is 5.41.0x108 mol/y or 220 µmol m-2 y-1. 441 

Literature values for shelf Mn fluxes are largely focused on the shelf sediment 442 

source. For example, Landing and Bruland [97] reported sedimentary Mn flux of up 443 

to 140 µmol m-2 y-1 for the Monterey Shelf, while McManus et al. [98] observed much 444 

higher values for the Oregon/California shelf (2900±900 µmol m-2 y-1). The former 445 

agrees quite well with our estimate based on equation (1) while the latter is likely 446 

higher due to the high productivity associated with the strong upwelling in that 447 

region. Lastly, the total Zn shelf flux is 1.60.6x109 mol/y or 630 µmol m-2 y-1. To the 448 

best of our knowledge, the shelf Zn flux estimates reported herein are the first of 449 

their kind. 450 

 451 
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In terms of other major sources to the surface ocean, shelf inputs can be on par with 452 

or even dominant for certain TEIs. The dissolved cobalt flux for the western N. 453 

Atlantic shelf alone is over an order of magnitude higher than the atmospheric 454 

deposition of soluble Co to the entire ocean basin as reported by two independent 455 

studies (~11x106 mol/y; [99, 100]). Soluble Fe (wet+dry) atmospheric deposition to 456 

the tropical N. Atlantic ranges from 2.9-43 µmol m-2 y-1 [101]; scaled to the basin the 457 

atmospheric Fe flux becomes 1.2-18x108 mol/y or 31-460% of the western North 458 

Atlantic dissolved shelf flux using the TEI/228Ra approach. Powell et al. [101] also 459 

reported soluble (wet+dry) atmospheric Mn fluxes, which we scaled to the N. 460 

Atlantic (0.75-15x108 mol/y), equivalent to 14-280% of the shelf inputs reported 461 

herein. Assuming 15% solubility, Little et al. [102] estimated the atmospheric Zn 462 

input to the surface ocean to be 6.9x107 mol/y; our estimates for the western North 463 

Atlantic shelf alone exceed that flux by a factor of ~23. Higher concentrations of Zn 464 

along with lighter isotopes were observed at both eastern and western Atlantic 465 

margins indicating sediments were a source of Zn to this region [83].  Our net shelf-466 

ocean flux of Zn is almost a factor of three higher than the Little et al. [102] global 467 

estimate for riverine input (5.9x108 mol/y); this is in contrast with their suggestion 468 

that scavenging removal of Zn and burial in continental margin sediments might 469 

represent the “missing sink” for Zn in the global ocean mass balance for this 470 

element.  471 

 472 

3. Recommendations for the future 473 

We have presented a possible path forward in quantifying TEI shelf-open ocean 474 

exchange rates using 228Ra and demonstrated the potential of the method by 475 

focusing on the western North Atlantic Ocean. This exercise was made possible by 476 

publication of a recent global model for shelf radium inputs and synoptic TEI and 477 

228Ra measurements on a series of U.S. GEOTRACES cruises in 2010-11. Since Ra 478 

isotope measurements are not a requirement for GEOTRACES compliance, we 479 

suggest that future section cruises and shelf process studies include at least 228Ra so 480 

that we can better understand how to relate this tracer to other TEIs. Ra isotope 481 

data are especially needed for the Indian and Pacific Oceans where historical data 482 
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coverage is sparse. Shelf process studies would be needed for a range of shelf 483 

settings, i.e. how do ΔTEI/Δ228Ra ratios vary seasonally and as a function of 484 

hydrological state, shelf width, and coastline lithology (e.g. karst vs. volcanic)? 485 

Lastly, for shelf environments where advection plays an important role in TEI 486 

transport, a second conservative tracer in addition to 228Ra would be needed to 487 

constrain the shelf-ocean TEI flux (Supplementary Material).  488 

 489 

While we have used an inverse approach, which was based on a coarse resolution 490 

model, in order to calculate shelf fluxes at a near basin-wide scale, a finer resolution 491 

model needs to be combined with coastal 228Ra and TEI data in order to constrain 492 

various shelf TEI sources more precisely. Where 228Ra measurements are not 493 

possible on future GEOTRACES cruises, we advocate for concurrent physical 494 

measurements that may also be used to quantify the shelf flux of TEIs. For example, 495 

Tanaka et al. [103] combined DFe distributions with turbulence measurements 496 

using a vertical microstructure profiler (VMP) in the Bering Sea; they found that 497 

productivity in this region was driven in part by injections of iron-rich subsurface 498 

layer at the southeastern shelf break.  499 

 500 

Our discussion above highlights the potential importance of shelf processes on open 501 

ocean TEI distributions. Results to date are somewhat limited because of the 502 

programmatic emphasis placed on open ocean full depth profiles. For example, lack 503 

of data over the shelf for GA03 precluded the inclusion of the eastern boundary 504 

shelves in our analysis of TEI fluxes to the North Atlantic Ocean. To better 505 

understand the role of shelf input to the open ocean (and vice versa) in global TEI 506 

budgets, future GEOTRACES sections may need to be reconfigured with an increased 507 

emphasis on shelf stations. Given the shallow depths involved, this change would 508 

not impact ship-time requirements to any significant extent. Also, sections in 509 

regions with wide shelves and high ratios of shelf area to open water will be 510 

particularly useful. The recent 2015 Canadian, U.S., and German sections in the 511 

Arctic Ocean are examples of this approach. Fortunately, Ra isotopes were measured 512 

on all three cruises.  513 
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 514 

There are a number of margin-centric GEOTRACES sections that have been 515 

identified in the program planning documents but have yet to be realized due to a 516 

variety of factors. These include two of the three proposed for the coastal China 517 

seas, Brazil margin, and the Gulf of Mexico. Regarding the latter, the 2007 518 

GEOTRACES Atlantic Workshop Report identified a section through the Caribbean 519 

and Gulf of Mexico that contains significant opportunities to examine shelf impacts. 520 

Roughly a third of the area of the Gulf of Mexico is comprised of shelf waters less 521 

than 200 m deep. Portions of the coastline are river dominated (Mississippi) while 522 

others are groundwater runoff dominated carbonate platforms (Yucatan peninsula, 523 

southern Florida). Furthermore, the Loop Current, a major oceanic current, runs 524 

through the Gulf, variably interacting with the shelf. Thus, the Gulf of Mexico is a 525 

unique basin for the study of margin/open ocean interactions. Surprisingly, though, 526 

despite the significant interest in Louisiana Shelf hypoxia in the northern Gulf as 527 

well as recent studies engendered by the Deepwater Horizon blowout, few studies 528 

have addressed the issue of the shelf’s influence on open Gulf waters and then 529 

generally only in a tangential way. For instance, early studies by Brooks et al. [104], 530 

Reid [105], and Todd et al. [106] all pointed to the likelihood of off-shelf transport of 531 

methane and radium in the Gulf. Likewise, Trefry and Presley [107] suggested that 532 

Mn fluxes from shelf sediments provided a source for ‘excess’ Mn in deep Gulf of 533 

Mexico sediments. Nonetheless, these studies have not been followed up by more 534 

detailed surveys or process studies. Surprisingly, TEI distributions in open waters of 535 

the Gulf are generally unknown.  536 

 537 

In this report, we have summarized evidence supporting the importance of 538 

continental shelves and shelf seas in the oceanic mass balance of TEIs. Furthermore, 539 

we have outlined a methodology utilizing 228Ra to more consistently estimate the 540 

flux of TEIs from the margins to the open ocean. To improve these estimates, we 541 

recommend that GEOTRACES sections place more emphasis on sampling along the 542 

margins and that increased consideration be given to completing margin-focused 543 

sections, such as that previously proposed for the Gulf of Mexico. 544 
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Tables 893 

 894 

Table 1. Western North Atlantic Ocean margin TEI flux estimates derived from shelf 895 

228Ra inputs (14.3 ± 1.9 x 1022 atoms/y; 0-70°N) and ΔTEI/Δ228Ra ratios. The 896 

integrated shelf area used to normalize the basin-scale fluxes was 2.5 x 1012 m2.  897 

 898 

 899 

  900 

dCo dFe dMn dZn

TEI/228Ra	(x	10-6	nmol/atom) 1.0 2.7 3.8 11

TEI	Flux	(x	108	mol/y) 1.4 3.9 5.4 16

TEI	Flux	(µmol/m2/y) 56 160 220 630



 28 

Figures 901 

 902 

Figure 1. Dissolved Ba concentrations observed in the Canadian Arctic Archipelago 903 

during the Canadian CFL-IPY-GEOTRACES program in 2007-2008. A) Profiles of four 904 

selected stations across the Archipelago. The easternmost station (blue symbols) is 905 

under the influence of northward flowing North Atlantic waters, which reveal 906 

substantially lower Ba concentrations than waters sampled at stations within the 907 

Archipelago. The westernmost station (purple stars) near the Horton River estuary 908 

depicts the riverine surface source of Ba. In Archipelagic waters (green circles), Ba 909 

displays a subsurface maximum, which in turn can be used to trace the eastward 910 

transport of waters through the Archipelago (redrawn after Thomas et al. [56]). B) 911 

Ba contour section across the head of Baffin Bay, approximately along 76°N, as 912 

indicated by the black line in the inserted map in A). The easternmost station is 913 

identical with the one shown in A) (blue symbols).  914 
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 915 
Figure 2. Dissolved Mn (nM) concentrations in the upper 500 m of the Laptev Sea 916 

illustrating the strong Mn source over the shelf and its subsequent transport toward 917 

the central Arctic basin (Middag et al. [57]).   918 
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 919 

 920 

Figure 3. Nd concentration and isotope data for Arctic Ocean waters. The isotope 921 

ratios of waters flowing from the Pacific decrease during passage through the 922 

Bering Sea before entering the Chukchi Sea in the Arctic due to interaction with 923 

shelf sediments (Dahlqvist et al. [61]).  924 

 925 
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 926 
 927 
Figure 4. Upper panel: Amazon estuary [Nd] from Sholkovitz [108] (grey circles) and 928 

Rousseau et al. [13] (blue diamonds) are reported against the salinity gradient. 929 

Lower panel: Amazon estuary dissolved (red triangles), particulate (green squares) 930 

εNd and radium-derived water mass ages (in days) are reported against the salinity 931 

gradient.  932 

0

200

400

600

800

0 10 20 30 40

[N
d

] 
(p

m
o

l/
kg

)

Salinity

Dissolved [Nd]  (Sholkovitz, 1993)

Dissolved [Nd]  (Rousseau et al. 2015)

0

20

40

60

0 10 20 30 40

-13

-12

-11

-10

-9

-8

0 10 20 30 40

εN
d

Salinity

Suspended particules εNd (Rousseau et al. 2015)

Dissolved εNd (Rousseau et al. 2015)

Theroretical Binary Mixing Model

0 d.

2.7 d.

4.0 d. 5.3 d. 

19 d.

2.6 d. 



 32 

 933 
 934 
Figure 5. Particle trajectories (green lines) from an altimetry model designed to 935 

investigate the origin of water masses within a counterclockwise eddy studied as 936 

part of the GEOTRACES FeCycle process study (Boyd et al. [77]). Model snapshots 937 

are from (clockwise starting at top left) 9 Feb, 8 April, 11 July and 31 Aug 2008. The 938 

particles (black) traverse the waters on and across the 200 m deep shelf break (blue 939 

contours) adjacent to the eastern seaboard of the northern island of New Zealand.  940 
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 941 
 942 

Figure 6. Fraction of water column Fe associated with input from oxygenated 943 

sediments along the North Atlantic margin (from Conway and John [83]).  944 

 945 
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 946 

Figure 7. Model derived shelf 228Ra flux (units are log base (2) atoms m-2 y-1) from 947 

the model of Kwon et al. [26]. Also shown in (b) are the U.S. GEOTRACES GA03 948 

cruise stations (diamonds). The dashed line in (b) is the boundary between the 949 

eastern and western Atlantic margins. The innermost coastal and central Atlantic 950 

stations were used to derive the ΔTEI/Δ228Ra averages. 951 
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