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Biological uptake and reversible scavenging of zinc in the global ocean 
 

 

One-sentence summary 

A new data-constrained model quantifies the roles of circulation, organic matter cycling, 

and reversible scavenging in the oceanic cycling zinc and its isotopes, with implications 

for trace metal limitation of phytoplankton ecology in the past, present, and future ocean.  
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Abstract 

 

Zinc (Zn) is a key micronutrient for marine phytoplankton, with a global distribution that 

is remarkably similar to silicic acid. The processes that govern this relationship, despite 

the very different biological cycling of Zn and silica, remain poorly understood. Here we 

use diagnostic and mechanistic models to show that only a combination of Southern 

Ocean biological uptake and reversible scavenging of Zn onto sinking particles can 

explain the observations. The distinction between organic and adsorbed Zn can also 

reconcile the vertical distribution and mass balance of Zn isotopes, which previously 

appeared at odds. This holistic understanding explains the Zn deficiencies observed 

throughout the low latitude ocean, and implies a greater sensitivity of the marine Zn cycle 

to climate-driven changes in organic matter cycling than previously recognized. 
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Main Text 

 

Zn is the second most abundant micronutrient in phytoplankton biomass (1) with 

fundamental roles in DNA replication and transcription, and as a cofactor in carbonic 

anhydrase and alkaline phosphatase enzymes (2). Since the earliest trace metal clean 

observations (3), and further exemplified by the global GEOTRACES program (4), a 

close correlation between the oceanic distributions of Zn and silicic acid (Si(OH)4, Si 

hereafter) has been observed (Fig. 1a). Like Si, Zn is systematically enriched in deep 

watermasses and deficient in intermediate watermasses relative to other algal nutrients 

such as phosphate (PO43-). This results in widespread Zn scarcity throughout low latitude 

ocean, potentially impacting biological activity and plankton community structure, 

particularly in low PO43- regions (5, 6). 

 The spatial covariation of Zn and Si is surprising given their distinct 

biogeochemical cycles. Si is assimilated by diatoms and used to build external opal 

frustules, whereas Zn is assimilated by all phytoplankton taxa, with cellular quotas that 

scale with Zn availability up to ~10mmol Zn per mol P (7). Only 1-3% of cellular Zn is 

directly incorporated into the frustules of cultured diatoms (8), while the vast majority is 

co-located with phosphorus (P) in internal organelles (1). Zn is released from 

decomposing organic particles at the same rate as P (9), and both are released shallower 

in the water column than Si (10, 11). These observations suggest a fundamental 

decoupling between Zn and Si during the vertical cycling of organic matter that appears 

at odds with their correlated ocean concentrations (Fig. 1a). Identifying the “missing” 

processes that facilitate this linkage is essential to understand the climate sensitivity of 

the marine Zn cycle. 

      Recently, it has been hypothesized that the global Zn/Si covariation emerges from 

physical coupling in the Southern Ocean (12). As upwelling deep water flows northwards 

in the region, surface Zn and Si are exhausted earlier than PO43- (13). This results in a 

band of Zn and Si-deficient water in the Polar Frontal Zone that is subducted northwards 

within Antarctic Intermediate Water (AAIW), while Zn and Si remain enriched in 

Antarctic Bottom Water (AABW) that flows north from Antarctica at greater depth (14). 

Because these watermasses ventilate much of the ocean interior, the stoichiometry of 
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their formation regions is thought to propagate globally and overwhelm differences in 

organic Zn and Si cycling. 

If the “Southern Ocean hypothesis” is complete, Zn concentrations must be 

modified very little as watermasses spread northwards beyond the Southern Ocean. Any 

significant accumulation of remineralized Zn would drive a shallower concentration 

maximum, making the Zn distribution diverge from Si and converge towards PO43-. 

We tested this hypothesis from an observational perspective by taking a 

representative observed profile of [Zn] from the North Pacific Ocean (Fig. 1b) and 

dividing it analytically into two components. The first component represents the quantity 

of Zn transported from the Southern Ocean to the North Pacific site (Fig 1c), and was 

computed using a data constrained ocean circulation model to propagate the Zn 

distribution of the Southern Ocean (statistically mapped south of 40°S) throughout the 

Pacific Ocean interior (15). The difference between the circulated component and the 

observed [Zn] then quantifies the additional Zn that has accumulated during northward 

transport from the Southern Ocean, e.g. from remineralization or other internal cycling 

processes (Fig. 1d). 

Our analysis reveals only ~6nM (~65%) of the observed Zn in the deep North 

Pacific is accounted for by circulation from the Southern Ocean (Fig 1c). Therefore 

~3nM (~35%) is unaccounted for and must have accumulated since these waters passed 

40°S (Fig. 1d). Conducting a similar exercise for Si and PO43- profiles (15) reveals that 

the accumulated Zn component does not share the same depth profile as accumulated 

PO43-, which reaches a shallow peak centered around ~800m, but rather exhibits a broad 

deep peak between 1000-3000m, similar to accumulated Si (Fig 1d). The same pattern is 

found repeating this analysis in the Tropical Pacific (Fig. S1). 

To further assess the role of the Southern Ocean, we developed a mechanistic 

model of global PO43-, Zn and Si cycling embedded within our data-constrained 

circulation model (15). Surface [PO43-] and [Si] are restored towards observations to 

quantify the export of particulate organic P and biogenic Si, which remineralize over 

depth scales that were optimized to best match observed global PO43- and Si distributions 

(Fig. S2, Table S1). Zn complexation by organic ligands is represented by an equilibrium 

model (16), and biological uptake of uncomplexed Zn is coupled to PO43- in a ratio that 
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increases with [Zn] (7). Particulate organic Zn is assumed to remineralize over the same 

depth scale as organic P. Four parameters governing Zn complexation and uptake were 

optimized to best fit a range of observational constraints (4), including a Southern Ocean 

surface [Zn] transect and profiles from the Atlantic, Pacific, Indian and Southern Oceans 

(Fig. S3, Table S2). The optimization procedure is an important facet of our approach, 

allowing us to interpret remaining model-data discrepancies as genuine model 

deficiencies, rather than poor parameter choices.  

Our optimized model produces a near-linear relationship between Zn and Si (Fig. 

2a) when Southern Ocean surface [Zn] is accurately reproduced (Fig. 2b). However, the 

correlation (R2=0.86) is weaker than observed (R2=0.95) and systematic biases are 

evident, contrary to results of a previous modeling study (12). Modelled [Zn] is 

overestimated at low Si concentrations in intermediate watermasses (Fig. 2a,c), and 

underestimated in deep waters of the Pacific and Indian Oceans (Fig. 2c, S3). 

Furthermore, our model requires Zn:P export ratios approaching 20mmol:1mol in order 

to sufficiently deplete [Zn] in the Southern Ocean (Fig. 2b, S4), which exceeds the 

observed biological range (1).  

Taken together, our diagnostic results and mechanistic modeling demonstrate that 

Southern Ocean uptake and circulation are important but insufficient factors to explain 

the global Zn distribution. Soft organic tissue cycling causes Zn to accumulate too 

shallow in the watercolumn, indicating that an additional process is required explain the 

deep accumulation pattern (Fig. 1d). Model sensitivity tests indicate that neither 

hydrothermal Zn inputs (17) nor spatially-varying remineralization scales of organic 

matter (18) can resolve the discrepancy (Fig. S5). A candidate hypothesis, supported by 

laboratory culture studies, is that Zn is reversibly “scavenged” (adsorbed) onto sinking 

organic particles, enhancing its flux to the deep ocean relative to non-scavenged elements 

like P (9).  

We tested whether a second model configuration that explicitly includes 

reversible scavenging (15) can reconcile the Si-like distribution of Zn with its P-like 

remineralization behavior. The model computes the equilibrium partitioning of 

uncomplexed Zn between the dissolved phase and a phase adsorbed to sinking particulate 

organic matter based on a globally uniform partition coefficient (19), and does not 
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consider potential adsorption to mineral phases. Following parameter optimization, this 

model successfully reproduces the observed tight correlation between Zn and Si 

(R2=0.98), without leaving systematic biases (Fig. 2d). While Zn concentrations in the 

surface Southern Ocean remain unchanged from the original model (Fig. 2e), scavenging 

redistributes Zn from intermediate to deep watermasses as they age, bringing its 

simulated depth structure in line with observations (Fig 2f, S3). This occurs even though 

only a small fraction of total Zn is adsorbed onto particles: ~0.5% in the upper ocean and 

<0.01% in the deep ocean (Fig. S6). Overall, resolving reversible scavenging reduces the 

RMS error between simulated and observed Zn by a factor of ~2 relative to the original 

model (0.59nM vs. 1.03nM, Table S3). Additionally, inclusion of scavenging permits 

realistic surface depletion without the excessive Zn:P export ratios seen in our earlier 

model (Fig. 2e, S4). Model sensitivity tests demonstrate that reversible scavenging must 

be active throughout the water column, and not confined to low oxygen waters, to best 

match the observations (Fig S5). This suggests that the scavenging mechanism is not 

related to trace metal sulfide precipitation in particle microenvironments (20), which 

might be more important at smaller scales and for other metals such as Cadmium.  

By linking Southern Ocean watermasses with reversible scavenging, our model 

provides a holistic understanding of the oceanic Zn cycle and its relationships to Si and 

PO43-. The roles of physical and biogechemical processes can be isolated using 

stoichiometric tracers that measure the excess or deficit of Zn and Si relative to PO43-. 

Here, we define Znxs=[Zn]-RZn:P[PO43-] and Sixs=[Si]-RSi:P[PO43-], where RZn;P and RSi:P 

represent mean-ocean elemental ratios. Nutrient utilization in the Southern Ocean surface 

produces watermasses with distinct stoichiometries that are conserved by circulation: 

AAIW carries strongly negative Znxs (-1.5nM) and Sixs (-40µM) into low latitudes, 

whereas deeper AABW carries weakly positive values (Fig. 3a).  

Modification of these tracers along circulation pathways reflects biogeochemical 

processes that decouple Zn and Si from PO43-. Sixs decreases in AAIW as it ages 

equatorward and increases in AABW (Fig. 3a), reflecting remineralization of P in 

intermediate waters and excess Si remineralization in the deep ocean (Fig 3b) (11). Znxs 

undergoes almost identical modifications (Fig. 3a), but via a different set of mechanisms. 

In the upper ~400m where organic Zn remineralizes rapidly like P, net adsorption 
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transfers dissolved Zn onto particles (Fig. 3b), constituting a sink of Znxs. Deeper, the 

equilibrium between adsorbed and dissolved Zn shifts due to lower particle 

concentrations, driving net desorption and accumulation of Zn, relative to PO43- in 

AABW (Fig. 3a). Outside the Southern Ocean, the combined flux profiles of organic and 

adsorbed Zn are more similar to Si than P, with ~30% of Zn transferred from the base of 

the euphotic zone to 2000m, compared to ~40% and ~5% for Si and P respectively (Fig. 

3b). By the time AABW reaches the North Pacific Ocean, the accumulation of desorbed 

Zn adds ~2nM to the concentration leaving the Southern Ocean in AABW, compared to 

~1nM accumulated from remineralization (Fig. 3c), demonstrating that reversible 

scavenging is a critical process explaining the deep accumulation of Zn (Fig. 1d). 

In our optimized model, removing the reversible scavenging process and 

preventing elevated uptake of Zn in the Southern Ocean degrade the fit to observations to 

a similar degree (15). This suggests that both processes are equally responsible for 

decoupling the Zn distribution from other soft tissue nutrients, and its global similarity to 

Si. Nevertheless, in young watermasses that have not undergone extensive scavenging, 

shallow remineralization of Zn can locally decouple its concentration from Si (Fig. S3), 

as observed in the Subarctic North Pacific Ocean (21), although the mechanism for this 

decoupling was not previously clear.  

The existence of distinct organic and adsorbed sinking Zn phases can also resolve 

an apparent conflict between the vertical distribution of Zn isotopes, and the isotopic 

mass balance of the ocean as a whole. In the low latitude ocean, the ratio of 66Zn to 64Zn 

(expressed as δ66Zn) decreases towards the surface, implying preferential removal of 

heavy isotopes from the upper ocean and their transfer to depth (Fig. 4a)(22). However, 

light isotopes must be preferentially buried from the ocean as a whole to balance fluvial, 

atmospheric and hydrothermal sources that are isotopically light (0.3-0.35‰) relative to 

mean-ocean Zn (~0.5‰) (23).  

 We expanded our global model to distinguish the cycles of 66Zn and 64Zn, which 

are fractionated during biological uptake, complexation, and scavenging (15), and the 

magnitude of each fractionation effect was optimized within reasonable ranges to match 

observed δ66Zn profiles (Fig. 4a, S7). In the optimal model, 66Zn is preferentially 

adsorbed onto sinking particles due to its weaker binding by ligands, consistent with 



	 8	

culture studies (9) and new observations from the Subtropical Pacific (15). This 

fractionation is strongest in the upper 1000m where ligand binding is most complete (Fig. 

S6, S8). The flux of heavy adsorbed Zn from the upper ocean then leaves a light δ66Zn 

signature that is transferred into sinking organic matter when phytoplankton consume 

residual Zn in the surface (Fig. 4b, S8). The δ66Zn of the sinking Zn flux is therefore light 

(<0.5‰) in the upper ~500m where organic Zn dominates, and heavy (>0.5‰) in deeper 

layers where the adsorbed flux is dominant (Fig. 4b). Because particulate matter is 

disproportionately buried on shallow continental shelves (24), our model predicts a 

negative relationship between δ66Zn flux to the seafloor and burial rate (Fig. 4c, S9, 15), 

consistent with observations of light Zn burial on Pacific shelves (25). Integrated globally 

this yields a δ66Zn sink of 0.36‰±0.04‰ that is in balance with source estimates (23).  

Our findings have important implications for Zn biogeochemical cycling in past 

and future oceans. The geological record exhibits millennial cycles (26, 27) and billion-

year trends (28) in δ66Zn, currently attributed to Zn speciation and changes in biological 

productivity. Our findings suggest that changes in the relative burial of adsorbed and 

organic Zn are an important mechanism controlling mean-ocean δ66Zn on geological 

timescales. In the modern ocean, deep remineralization of Si and reversible scavenging of 

Zn produce remarkably similar accumulation patterns of the two nutrients, but these 

processes likely have unique sensitivities to ocean change. While Si cycling will respond 

to changing ocean temperature and pH (29), Zn will be sensitive to projected variations in 

organic carbon fluxes (30) that underpin Zn scavenging, potentially decoupling the Zn 

and Si supply to low latitude phytoplankton communities. 
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Figure 1. Oceanic Zn distribution and components. A) Scatter plot of observed Zn vs 

Si, with best fit regression line (thick black line) and 95% prediction intervals (thin black 

lines). Zn data is from the GEOTRACES IDP 2014 and refs (9, 21, 31).  B) Observed 

profiles of Zn, Si and PO4 at the SAFe site in the N. Pacific Ocean (9). These profiles are 

divided into a component transported from the Southern Ocean (C) and a component 

accumulated by watermasses since leaving the Southern Ocean (D). Uncertainty in each 

component was quantified using a Monte Carlo method (15). 
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Figure 2. Mechanistic models of Zn cycling. (A-C) Model representing the Southern 

Ocean Zn-Si hypothesis, with optimized surface Zn uptake. (D-F) Model that resolves 

reversible scavenging of Zn onto sinking particles. Models are evaluated against the 

observed Zn vs. Si correlation (A,D), Southern Ocean surface distribution (B,E), and 

Atlantic and Pacific profiles (C,F). In A and D, the colormap shows the log fraction of 

the ocean volume with [Si] and [Zn] that fall within 1µM x 0.1nM bins. In B, C, E and F, 

dots are observed [Zn] ± 1.S.D. (4, 9, 13, 31) and lines are corresponding model results, 

averaged within small spatial regions (15).  
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Figure 3. Holistic understanding of  the model Zn cycle. A) The stoichiometric tracers 

Znxs (colormap) and Sixs (white contours) measure the excess or deficit or Zn and Si 

relative to PO4, and illustrate the relationship between the three nutrient cycles in our 

model. Both tracers show distinctive signatures circulated by AAIW and AABW from 

the Southern Ocean, and similar modifications along isoycnals outside of the Southern 

Ocean. B) Vertical flux profiles of P, Si and Zn. Organic Zn attenuates over depth like P, 

but adsorbed and organic components sum to a flux profile that is more similar to Si. C) 

Simulated North Pacific Zn (site analyzed in Fig. 1) is divided into a component 

circulated from the Southern Ocean, and components accumulated from remineralization 

and scavenging. 
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Figure 4. Zn isotope distribution and mass balance. A) Model fit to observed δ66Zn 

profiles in the Atlantic and Pacific Oceans. B) Simulated isotopic composition of organic, 

adsorbed and total particulate fluxes. The decrease in δ66Zn towards the surface in (A) 

results from the flux of heavy adsorbed Zn to the deep ocean.  C) Relationship between 

Zn burial rate in sediments, computed offline from high-resolution topography and 

estimates of carbon burial (15), and δ66Zn of the flux to seafloor. Square symbols 

integrate across shelf (0-200m), slope (200-2000m) and deep ocean (>2000m) regions. 

Most burial occurs in shallow shelf regions, where light organic Zn dominates the sinking 

flux (B), allowing the total δ66Zn sink to match the source from aerosol and river inputs.   
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1. Materials and Methods 
 
 
1.1 Circulation model 
 
Our diagnostic (Section 1.2) and mechanistic (Section 1.3) models calculate tracer 
transport using most recent configuration of the observationally constrained Ocean 
Circulation Inverse Model (OCIM, (32)). This model simulates the three-dimensional 
general circulation at a horizontal resolution of 2°x2°, and on 24 depth levels with 
vertical resolution ranging from 30m in the surface to 500m in the deep ocean. Flow 
fields are optimized to fit a range of passive and transient tracers (temperature, salinity, 
14C, CFCs). Because this model reproduces the density structure and watermass ages of 
the ocean interior more accurately than dynamical models, it is ideal for distinguishing 
between the physical and biogeochemical controls on large-scale nutrient distributions 
((18)). Annual-mean OCIM flow fields are stored as a matrix (A), allowing fast steady-
state global simulations using the Transport Matrix Method (33).   
 
 
1.2 Zn component analysis 
 
To test whether the similar distribution of Zn and Si in Southern Ocean watermasses can 
explain their global covariation despite their contrasting remineralization behavior (12), 
we conducted a nutrient component analysis on observed profiles of Zn. Observed Zn 
(Znobs) at a given location in the ocean interior outside of the Southern Ocean, defined 
here as north of 40°S and deeper than 100m, can be defined as the sum of two 
components: 
 𝑍𝑛#$% = 𝑍𝑛'()' + 𝑍𝑛+'',-       (1) 
Zncirc represents the concentration of Zn that was passively circulated to the site from the 
surface or the Southern Ocean. It is therefore similar to the traditional definition of 
“preformed nutrient” (circulated from the surface), except it also accounts for the supply 
of Southern Ocean sourced nutrients at depth. We note that for subsurface Zn 
distributions, the supply from the Southern Ocean dwarfs the supply from the surface, so 
this component is described as “Southern Ocean sourced” in the main text. The second 
component, Znaccum, represents the Zn that has accumulated in watermasses since they 
last past the boundaries at 100m and 40°S. Our goal is to isolate and quantify the two 
components. 

Zncirc is quantified by propagating observed “boundary” Zn concentrations (ZnB) 
from the surface and the 40°S boundary into the ocean interior, without modification 
except by mixing. This is achieved by dividing the circulation matrix (A) into “boundary 
propagator” (AB) and “interior mixing” (AI) components (33), and solving the following 
continuity equation by matrix inversion for the steady state distribution of Zncirc: 

./01231
.4

= 𝐀𝐈𝑍𝑛'()' + 𝐀𝐁𝑍𝑛8       (2) 
Because the distribution of Zn is sparsely sampled, we mapped ZnB statistically by 
applying the linear correlation between Zn and Si in the Southern Ocean (Fig. 1a) to the 
well-sampled distribution of Si (34). Znaccum is then calculated as the difference between 
Znobs and Zncirc. 
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 Uncertainty in Znaccum was quantified using a Monte Carlo method to repeat our 
calculation 10,000 times while propagating measurement uncertainty in Znobs, and 
uncertainty in Zncirc that is introduced during the statistical mapping procedure. Each 
iteration randomly samples probability distributions for the slope and intercept of the Zn 
vs. Si correlation (Fig. 1a) and applies those parameters to map ZnB and calculate Zncirc. 
At the location of interest outside the Southern Ocean, a profile of Znobs is generated by 
randomly sampling a Gaussian distribution at each depth, defined by the reported mean 
and error of the observations. We present Zncirc and Znaccum profiles as the mean and 
standard deviation of the 10,000 individual iterations.  
 The “Southern Ocean hypothesis” states that Zn is globally coupled to Si by their 
similar distributions in AAIW and AABW formation regions, and otherwise Zn cycles 
identically to other soft-tissue nutrients like PO43- (12). To test this, we repeated our 
analysis (Eqs 1-2) to isolate the components of PO43- and Si that accumulated from 
organic matter decomposition (Paccum) and opal dissolution (Siaccum), to compare to 
Znaccum. If the depth structure of Znaccum is similar to Paccum, our analysis would support 
the Southern Ocean hypothesis. On the other hand, if it has a similar depth structure to 
Siaccum, our analysis would indicate that other mechanisms contribute to coupling Zn and 
Si in the global ocean. Because the global distributions of PO43- and Si are well 
characterized compared to Zn, these analyses were only conducted once using World 
Ocean Atlas 2013 (WOA13) annual-mean distributions (34). Our analysis was applied at 
two locations in the Pacific Ocean: 

(i) The “Sampling and Analysis of Fe” (SAFe) site in the North Pacific Ocean at 
140°S, 35°N (Fig. 1b-d). 

(ii) The Eastern Tropical South Pacific Ocean, between 85°W-105°W along 
~13°S, sampled by GEOTRACES cruise GP16 (Fig. S1). 

These locations were chosen because they are both largely ventilated from the Southern 
Ocean, and the transit timescale from the Southern Ocean to these sites is relatively long 
(35). This allows time for a strong Znaccum signal to develop, with a clearly defined 
vertical structure that can be compared to Paccum and Siaccum. The Atlantic Ocean is rapidly 
ventilated by NADW from the north and Southern Ocean watermasses from the south, so 
develops a weaker Znaccum signal without a clear vertical structure (indistinguishable from 
zero in most of the water column).  
 
 
1.3 Mechanistic model of P, Si and Zn cycles 
 
We coupled simple biogeochemical models of P, Si and Zn cycling to OCIM to test the 
mechanisms that control the global distribution of Zn.   
 
P cycle: The oceanic P cycle is simulated following the OCMIP protocol (36). It resolves 
inorganic PO4 and dissolved organic phosphorous (DOP), which are governed by the 
following continuity equations: 
  .9:;

.4
= 𝐀𝑃𝑂> − 𝐽,A(𝑃𝑂>) −

D
DE
𝐹9:9 + 𝑘H:9𝐷𝑂𝑃     (3)  

 .H:9
.4

= 𝐀𝐷𝑂𝑃 + 𝜎𝐽,A(𝑃𝑂>) − 𝑘H:9𝐷𝑂𝑃     (4) 
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The first terms on the right hand side of Eqs 3 and 4 represent physical transport of PO43- 
and DOP respectively (Section 1.1), while the remaining terms represent biogeochemical 
processes. Jup(PO4) is the net biological uptake of PO43- by primary production in the 
euphotic zone, represented by restoring surface (top 75m, two model layers) 
concentrations towards their observed values. Fraction σ of the net uptake is routed 
towards DOP, which undergoes first-order decay at rate kDOP back to PO43-. Fraction (1-σ) 
of net PO43- is routed to an implicit particulate organic phosphorous (POP) pool that 
remineralizes through the water column, represented by the vertical divergence (-¶/¶z) of 
the POP flux (FPOP). FPOP is assumed to attenuate over depth (z) following a power-law 
relationship with exponent b (37): 
 𝐹9:9(𝑧) = 𝐹9:9(𝑧L,). (𝑧/𝑧L,)$       (5) 
Here, FPOP(zeu) is the export flux of POP at the base of the euphotic zone, i.e. the integral 
of (1-σ)Jup(PO4) over the top 75m. We do not resolve POP burial in sediments. Instead all 
POP reaching the seafloor remineralizes back into the bottom grid cell, representing a 
“closed system” with no sources and sinks of PO43- to/from the ocean as whole.  
 The model defined by Eqs 3-5 can be solved directly for the steady state 
distributions of PO43- and DOP using Newton’s Method. Parameter values for kDOP and σ 
were taken from previous studies (38), whereas the remineralization exponent b was 
optimized to minimize the volume-weighted RMSE between simulated PO43- and the 
observed WOA13 annual-mean distribution (Table S1-S2, Fig. S2). The resulting model 
achieves R2=0.95 compared to the global observations.  
 
Si cycle: The oceanic Si cycle is simulated following previous studies (11), and is 
governed by the following continuity equation: 

 .O(
.4
= 𝐀𝑆𝑖 − 𝐽,A(𝑆𝑖) −

D
DE
𝐹$O(       (6) 

Net biological uptake, Jup(Si), is simulated by restoring surface Si towards WOA13 
observations, and transfers Si to an implicit biogenic opal (bSi) pool. Remineralization of 
bSi through the water column is represented as the vertical divergence of an exponential 
flux profile that attenuates over length scale HSi: 

 𝐹$O((𝑧) = 𝐹$O(𝑒
STSUV
WX2         (7) 

Again, we assume a closed system and solve this model directly for the steady state 
distribution of Si using Newton’s Method. The length scale HSi was optimized to 
minimize the volume-weighted deviation from WOA13 (Table S1, Fig. S2), and the 
resulting model achieves R2=0.97 compared to observations.  
 
Zn cycle: Our model simulates the physical circulation, biological cycling, and chemical 
speciation/scavenging of Zn, and aims to determine the combination of these processes 
that is most consistent with observations. The continuity equation for total Zn (sum of all 
species) is:  
 ./0

.4
= 𝐀𝑍𝑛 − 𝐽,A(𝑍𝑛) −

D
DE
𝐹9:/0 + 𝐽%'(𝑍𝑛)     (8) 

Speciation of this total Zn tracer is resolved implicitly, by solving a reversible ligand 
binding reaction for the equilibrium partition between free Zn’ and complexed ZnL (16). 
This approach assumes that the binding reactions proceed faster than other processes, and 
is common practice in global models of trace metal cycling (12, 39). Two parameters 
must be specified to solve the system: The ligand concentration L, which we assume is 
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spatially uniform at 1nM (16, 40), and the conditional stability constant Kcond, which is 
treated as adjustable (see Section 1.4). The speciation model predicts that the majority of 
Zn is ligand-bound in the surface ocean, and unbound in the deeper ocean where 
concentrations greatly exceed the ligand concentration (Fig. S6).  
 We assume that biological Zn uptake, Jup(Zn) in Eq. 8, is coupled 
stoichiometrically to Jup(PO4), because Zn and PO43- both are assimilated into soft 
organic tissue. Based on observations from culture studies (7) we assume that 
phytoplankton can only access Zn2+, which is linearly related to Zn’ by Zn2+=Zn’/aZn, and 
we use a “two-site model” to represent the Zn:P uptake ratio as a function of Zn2+ 
availability: 
 𝐽,A(𝑍𝑛) = Y𝑅/0

/0[\

/0[\]^_`
+ 𝑐E0𝑍𝑛b]c 𝐽,A(𝑃)    (9) 

Here, RZn is the maximum Zn:P ratio for the “saturating” portion of the two-site model 
and kZn determines the degree of “frugality” when Zn’ is scarce, whereas czn is the slope 
of Zn:P vs. Zn’ in the linear portion of the two-site model. All three are treated as free 
parameters, and optimized to best fit the global Zn distribution (Section 1.4-1.5).  
 After uptake, organic Zn is exported from the surface as particles. Due to the 
similar cellular distribution of Zn and P in organelles, particulate organic Zn is assumed 
to remineralize over depth exactly the same as POP, i.e. following the functional form in 
Eq. 5 and using the same flux attenuation exponent (b) from the optimized P cycle model.  
 In Eq. 8, Jsc(Zn) represents the source or sink of Zn due to reversible scavenging 
onto organic particles. We use an implicit reversible scavenging model (19) to simulate 
the net effect of uncomplexed Zn’ adsorbing onto particles, sinking of the adsorbed 
phase, and desorption back to the dissolved phase. The model assumes that a fast 
equilibrium is reached between adsorption and desorption, allowing the concentration of 
particle-adsorbed Zn (Znads) to be solved based on the local particle abundance and a 
partition coefficient KD: 
 𝑍𝑛+.% =

de9:f
de9:f]g

𝑍𝑛′        (10) 
We assume that Zn’ adsorbs only to organic particles (9), represented by the 
concentration of particulate organic carbon (POC), and not to mineral phases such as 
SiO2, CaCO3, MnO2 and Fe2O3. POC is derived from the flux profile POP, an assumed 
particle sinking velocity wsink, and Redfield stoichiometry: 
 𝑃𝑂𝐶 = 106 mnon

pq2`r
        (11) 

The source or sink of total Zn due to reversible scavenging is then given by the flux 
divergence of Znads: 
 𝐽%'(𝑍𝑛) = − D

DE
(𝑤%(0^𝑍𝑛+.%)       (12) 

By combining equations 10-12 and noting that the fraction of Zn’ in the adsorbed phase 
is always <<1, it can be seen that Jsc(Zn) is not sensitive to the assumed sinking velocity 
of particles, as demonstrated by ref. (41). The sign of the reversible scavenging term is 
controlled by the local vertical gradient of Zn’ and divergence of the particle flux profile. 
In the top 100-200m where Zn concentrations increase rapidly with depth, Jsc(Zn) is 
usually a sink of Zn. In deeper waters, the attenuation of the particle flux results in a net 
Zn source from scavenging. 
 As with PO43- and Si, we assume that all organic and adsorbed Zn reaching the 
seafloor is remineralized in the bottom grid cell, and do not resolve sources of Zn to the 
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ocean. Instead, we specify a fixed global-mean Zn concentration of 5.38nM, which we 
derived by applying the observed relationship with Si (Fig. 1a) to the WOA13 annual-
mean Si distribution to constrain the oceanic Zn inventory.  
 
1.4 Zn model configurations and optimization 
 
We designed two configurations of our Zn model to test different mechanisms that are 
hypothesized to control the global Zn distribution. The first configuration (SOC) is 
designed to test the “Southern Ocean hypothesis” (12), which states that rapid Zn 
drawdown in the Southern Ocean results in a Si-like surface distribution in watermass 
formation regions that propagates into the ocean interior, but otherwise Zn cycles exactly 
like PO43-. In the SOC configuration, the scavenging term Jsc(Zn) in Eq. 8 is set to zero, 
resulting in a model with four free parameters: three controlling Zn:P uptake 
stoichiometry (RZn, kZn, cZn) and one controlling Zn speciation (Kcond). The second model 
configuration (SCAV) is designed to test the hypothesis that adsorption onto sinking 
particles enhances the Zn flux to the deep ocean relative to PO43-, contributing to its Si-
like deep concentration maximum. In the SCAV configuration, Jsc(Zn) is represented by 
Eqs 10-12, which adds a single free parameter, KD, to the model. 
 In both model configurations, the governing free parameters (4 in SOC, 5 in 
SCAV) were optimized within reasonable limits (Table S2) to minimize the discrepancy 
between the simulated and observed Zn distribution (Section 1.5). Remaining 
discrepancies are therefore indicative of structural deficiencies in the model (i.e. missing 
processes), rather than parameterization errors. If a model cannot reproduce the 
observations well even after parameter optimization, we assume the hypothesis it 
represents can be rejected.  
 
 
1.5 Data constraints 
 
We chose not to assess the model configurations based on a point-wise comparison to all 
available Zn data. Zn is still much more sparsely mapped than PO43- and Si, and the 
Atlantic Ocean contributes the vast majority of the current data (4). A comparison that 
weights each data point equally might therefore select a parameter set that can match the 
Atlantic Zn distribution well, but fails in the Pacific. Instead we selected nine constraints 
for this comparison that capture the important large-scale features of the global Zn 
distribution. The locations of these profile constraints are shown in Fig. S3 and described 
briefly here: 

1. Southern Ocean surface: Surface measurements (~5m) were taken from a 
transect between ~62°S and 48°S along the Greenwich Meridian (13), which 
reveals the Zn drawdown pattern in regions of AAIW formation.  

2. Antarctic Southern Ocean: A profile was taken from 67°S on the Greenwich 
Meridian, in Antarctic Zone of the Southern Ocean (13).  

3. Subantarctic Southern Ocean: A profile was taken from 52°S on the Greenwich 
Meridian, in the Subantarctic Zone of the Southern Ocean (13). Together, 
constraints 2 and 3 reveal the distribution of Zn over depth in the Southern Ocean.  
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4. South Atlantic: Profiles from the GEOTRACES GA02 and GA10 cruises were 
averaged at their intersection, between 25-48°W along 40°S. This composite 
profile reveals the distribution of Zn in AAIW and AABW watermasses as they 
leave the Southern Ocean.  

5. North Atlantic: Profiles from the GEOTRACES GA02 and GA03 cruises were 
averaged at the intersection point of the two cruise tracks between 50-70°W and 
27-37°N. This composite profile reveals the low [Zn] of North Atlantic Deep 
Water, and weak signature of AAIW reaching into the North Atlantic. 

6. Indian Ocean: Profiles from the GEOTRACES GI04 cruise were averaged North 
of the Equator. 

7. Eastern Tropical South Pacific: Profiles from the GEOTRACES GP16 cruise 
were averaged between 84°W-104°W along ~12°S (31).   

8. Northeast Pacific: A profile was taken from the SAFe site (140°W, 35°N) at the 
boundary between Subarctic and Subtropical gyres in the North Pacific Ocean (9). 
Together, constraints 7 and 8 trace the development of a deep Zn concentration 
maximum along the path of AAIW in the Pacific Ocean. 

9. Subarctic North Pacific: Four profiles were averaged along Line P in the 
Subarctic Northeast Pacific (21). In this region Zn concentrations are decoupled 
slightly from Si, counter to the global trend (Fig. S3), providing an important 
constraint on the differences between their elemental cycles.  

 
For each of the nine constraints, we took the RMS error between observed and simulated 
[Zn] and divide by the mean observed Zn, yielding a non-dimensional measure of model-
data mismatch for each constraint, which are then summed into an overall cost function. 
Our optimization procedure seeks the parameter set that minimizes this cost function. 
 
 
1.6 Sensitivity tests 
 
We considered alternative processes that might reconcile the SOC model with 
observations. In each case, we conducted a simple sensitivity test to examine their effect 
on the Zn distribution. Results of these tests are discussed in Section 2.2, and illustrated 
in Fig. S5.  
 
Hydrothermal source: gradual accumulation of hydrothermal Zn along the conveyor 
belt circulation might account for the deep Zn maxima (relative to PO4) in the Pacific 
Ocean, without needing to invoke the reversible scavenging mechanism. We tested this 
hypothesis by conducting a sensitivity simulation in which a hydrothermal Zn source is 
added to the SOC configuration of our model. The Zn input rate is proportional to the 
optimized hydrothermal 3He source of ref. (42), with a Zn:3He ratio of 3.2x106 (17). This 
results in a global hydrothermal Zn source of 1.93Gmol/yr that is similar to the global 
extrapolation of ref (17) (1.75±0.35Gmol/yr). In our sensitivity test, this source is 
balanced by “burying” a fraction of the particulate Zn that reaches seafloor sediments, 
and the fraction was tuned to maintain a global-mean [Zn] of 5.4µM. All other 
parameters were held at the optimized values from the previous version of the model.  
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Variable remineralization: Recent evidence suggests that the remineralization length 
scale of particulate organic matter varies spatially in the ocean (18, 43).  Given that Zn 
export has a different spatial pattern to P export, it is possible that remineralization alone 
could decouple the two cycles and potentially result in deeper Zn accumulation. We 
conducted a sensitivity test in which a spatially varying pattern of the remineralization 
exponent (b) was specified based on the particle transfer efficiency results of ref. (18) and 
other parameters were held at the previous optimized values. 
 
O2-dependent scavenging: Sulfide precipitation in low oxygen microenvironments has 
been invoked as a mechanism by which particles transfer trace metals to in hypoxic 
regions of the water column (20). To test whether this mechanism is a viable alternative 
scavenging mechanism – as opposed to adsorption and desorption to/from particle 
surfaces – we conducted simulations in which scavenging was confined to hypoxic 
waters. This was achieved by smoothly reducing KD to zero where O2 exceeds 50µM, 
which has the net effect of transferring Zn to particles when [O2]<50µM, and releasing 
the scavenged Zn deeper in the watercolumn when [O2]> 50µM. KD and all other 
parameters were then re-optimized to best match our observational constraints. We 
conducted further experiments in which the [O2] threshold was raised to 100µM, 150µM 
and 200µM, to determine how widespread scavenging must be reproduce the observed Zn 
distribution. 
 
 
1.7 Elimination experiments 
 
Having arrived at an optimum model that best explains the global Zn observations, we 
attempted to quantify the contributions of reversible scavenging and elevated biological 
uptake in the Southern Ocean to the global Zn distribution. Each process was removed 
from the model (or “switched off”) in turn, and its importance quantified by the 
degradation of the model of the performance (in terms of R2). Starting with the optimized 
SCAV model configuration, we first switched off scavenging by setting Kd to 0 without 
altering other parameters. This prevents vertical redistribution of Zn from intermediate to 
deep waters, and degrades the model fit to global observations from R2=0.93 (optimum 
model) to 0.81. Elevated Southern Ocean uptake was switched off by capping the Zn:P 
uptake ratio at 5mmol/mol – the highest ratio observed outside of the Southern Ocean. 
This allows leakage of Zn from the Antarctic Zone of the Southern Ocean and into 
AAIW, degrading the model fit to observations to R2=0.83. The similar degradation of 
model performance suggests that the two processes make approximately equal 
contributions to the global Zn distribution. 
 
 
1.8 Isotope modeling  
 
We followed the methods outlined in ref (9) to simulate the distribution of δ66Zn, defined 
as:  

 𝛿 𝑍𝑛uu = v 𝑍𝑛uu 𝑍𝑛u>w
𝑅%4.
x − 1y . 1000     (13) 
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where Rstd is the 66Zn/64Zn ratio in an accepted standard. Briefly, the distribution of the 
dominant isotope 64Zn is assumed to be the same as the total Zn tracer, then Eq. 8 is used 
to independently simulate a tracer representing 66Zn. The total oceanic 66Zn inventory is 
set assuming a global-mean δ66Zn of 0.5‰ (23), and the isotopes are fractionated during 
biogeochemical processes. Kinetic fractionation during biological uptake is represented 
by defining: 

 𝐽,A( 𝑍𝑛)uu = 𝛼A)#.
/0{||

/0{|; 𝐽,A(𝑍𝑛)      (14) 

where αprod is the uptake fractionation factor. Equilibrium fractionation during 
complexation and reversible scavenging are represented by assuming a constant δ66Zn 
offset (ε) between the chemical species involved in each process: 
 𝜀~(� = 𝛿 𝑍𝑛𝐿 − 𝛿 𝑍𝑛uu ′uu        (15) 
 𝜀%'+� = 𝛿 𝑍𝑛+.% − 𝛿 𝑍𝑛uu ′uu        (16) 
Given the simulated distribution of 64Zn and values of εlig and εscav, Eqs. 15-16 can be 
solved to determine the fraction of 66Zn in each gridcell that is in the 66Zn’, 66ZnL and 
66Znads phases. Biological uptake (Eq. 14) and scavenging (Eq. 12) rates can be cast in 
terms of total 66Zn, allowing the equivalent equation to Eq. 8 to be solved directly for the 
steady state distribution of 66Zn using Newton’s method, and δ66Zn to be computed using 
Eq. 13. We note that from a modeling perspective the value of Rstd is arbitrary, as long as 
the same value is used consistently, as discussed by ref. (44) from the perspective of 
nitrogen cycle modeling. Following that convention, we select Rstd=1.  
 After importing optimized parameters and rates from the total Zn model, only 
three free parameters remain in the 66Zn model: αprod, εlig, and εscav. These parameters 
were optimized within reasonable ranges (Table S2) to best match four observed profiles 
of δ66Zn from the North Atlantic, South Pacific, North Pacific and Southern Oceans 
(Locations 2,5,7 and 8 in Section 1.5). Again, a non-dimensional cost is calculated for 
each constraint, and the optimization procedure seeks the parameter set that minimizes 
the sum of the individual costs. 
 We note that preferential complexation of 64Zn (negative εlig) and preferential 
scavenging of heavy 66Zn (positive εscav) produce similar overall effects in the model. 
Both result in the transfer of heavy Zn into the adsorbed phase and its removal from the 
upper ocean, resulting in an increase in δ66Zn over depth. The optimization procedure 
selects for a stronger fractionation during complexation than adsorption, which allows the 
model to better match the shape of observed δ66Zn profiles and is consistent with new 
measurements from the Subtropical Pacific Ocean (Section 1.10). However, the same 
qualitative trend can be reproduced with fractionation during scavenging only, and our 
inferences about the global isotope budget remain unchanged regardless of which process 
is responsible for isotope fractionation.  
 
 
1.9 Benthic Zn burial 
 
Our Zn cycle model assumes a closed system, so does not explicitly simulate sources and 
sinks of Zn to and from the ocean. However, our results can be used to draw inferences 
about the global isotopic Zn budge. Our goal is to determine whether the isotopic 
signature of Zn burial in seafloor sediments (the dominant sink) matches the relatively 
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well-constrained δ66Zn of fluvial, atmospheric, and hydrothermal inputs (23).To achieve 
this, rates and isotope ratios of Zn burial were estimated “offline” by combining our 
optimized model results with independent estimates of particulate carbon burial.  

Carbon burial was estimated following the method of (24), first mapping carbon 
deposition onto seafloor sediments at high resolution by combining satellite estimates of 
particulate organic carbon (POC) export, an assumed vertical flux profile, and the 
ETOPO2 global bathymetry map. This is preferable to computing the seafloor POC flux 
in our coarse resolution biogeochemical model, which lacks the resolution to capture 
continental margin bathymetry and coastal phytoplankton blooms, so would dramatically 
underestimate POC deposition on shelf sediments. The high-resolution deposition map 
was then combined with an empirical relationship for burial efficiency (24) to estimate 
carbon burial rates, and interpolated to our model grid. Finally, carbon burial rates were 
converted to Zn burial based on the simulated Zn:POC flux ratio at the seafloor, 
combining both particulate organic and adsorbed Zn components.  

The procedure was repeated for both Zn isotopes, to calculate the isotopic 
signature of burial in each grid cell, revealing a striking negative correlation between the 
δ66Zn of particulate Zn reaching the seafloor and its burial rate (Fig. 4c). That is, while 
the burial flux is heavier than mean ocean dissolved δ66Zn over most of the areal extent 
of the seafloor, burial δ66Zn was isotopically lighter in a restricted regions with high 
organic burial flux. Burial rates of each isotope were integrated to compute the flux-
weighted regional and global mean δ66Zn of buried Zn (Fig. S9). Uncertainty in the 
spatial pattern of particulate organic carbon export was propagated into the calculation by 
repeating our calculation using the nine satellite export estimates assembled by ref. (18), 
which combine three estimates of NPP and three algorithms for the particle export ratio.  

The isotope effect of biological Zn uptake (aprod) is relatively unconstrained – it 
has only been measured for a few cultured phytoplankton species, and likely varies as a 
function of external conditions including Zn and Fe concentrations (45, 46). We therefore 
tested whether our isotope budget results are sensitive to the value of this parameter, by 
repeating the full burial calculation with aprod set to 1 (no fractionation) and to 0.992 
(0.8‰ fractionation, the upper limit in ref. (45)) rather than the optimized value in Table 
S2. These experiments yielded global δ66Zn sinks of 0.33‰±0.05‰ and 0.38‰±0.04‰ 
respectively, which are indistinguishable from the original value of 0.36‰±0.04‰. Our 
results are therefore not sensitive to the exact degree of isotope fractionation during 
biological uptake. This is due to the near-complete consumption of Zn in most of the 
regions where burial rates are high, meaning that the δ66Zn of the organic flux is 
determined by the isotopic composition of upwelling dissolved Zn, rather than by aprod. 
 
 
1.10 Measurements of isotope fractionation during ligand-binding 
 
The equilibrium isotope effect between ligand-bound Zn and free Zn was determined by 
analyzing ligand-bound Zn collected from 500 m and 850 m in the North Pacific Ocean 
at Station ALOHA (22.75 N, 158 W) in July 2015. Organic ligands were extracted from 
20L seawater samples onto 1 g Bond-Elut-ENV solid phase extraction (SPE) column 
according to the methods outlined in ref (47). Samples were eluted with methanol and 
evaporated, then analyzed for δ66Zn according to the anion exchange purification and 
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isotope analysis methods of ref (48). To calculate the equilibrium isotope effect, we 
assumed that δ66Zn captured on the SPE reflects the entire ligand pool, even though 
recoveries were only a small portion the total, and that ligand-bound Zn accounted was 1 
nM of the total Zn pool (40). Total dissolved [Zn] and δ66Zn at the sample depths were 
interpolated from measurements at the North Pacific SAFe site (49). Predicted isotope 
effects (elig) were -1.42 ‰ and -0.90 ‰ for samples at 500 m and 800 m, respectively. 
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2. Supporting Discussion 
 
2.1 Comparison to previous results and model limitations 
 
The results of our SOC model are somewhat inconsistent with a previous study using a 
similar model configuration (12), which did not report a systematic bias towards high Zn 
in intermediate waters and low Zn in deep waters. This discrepancy likely stems from 
two important differences between the studies.  

First, we have used an optimization method to constrain the most realistic values 
for PO4 and Si remineralization parameters (Section 1.3, Table S1), within the context of 
our circulation model, whereas ref (12) uses previous literature values. Compared to our 
optimized values, their selections (b=0.85, HSi=1000m) result in deeper PO4 (and 
therefore Zn) remineralization and shallower Si remineralization, making their 
remineralization depths more similar.  

Second, we employ the observationally-constrained OCIM circulation model 
(Section 1.1), which assimilates circulation tracers to improve the representation of 
watermass distributions and ventilation timescales, relative to traditional dynamical 
models. The model used in ref (12) suffers a number of biases in watermass structure, 
including production of bottom water at ~50°S in the Southern Ocean rather than near the 
Antarctic coastline, and over-production of North Pacific Intermediate Water (50, 51). 
Combined with potential remineralization biases, this might lead to unrealistically strong 
coupling of Zn and Si cycles. 

Despite its realistic watermass distributions and ventilation rates, the OCIM 
model suffers its own limitations. First, it is an annual-mean model that lacks a seasonal 
cycle of circulation and biological nutrient uptake. This may introduce biases because in 
the real ocean, nutrient concentrations subducted into the ocean interior in wintertime at 
mid/high latitudes are likely higher than summertime concentrations we use as 
constraints. Our model may therefore carry too little Zn in intermediate waters, causing 
us to under-estimate the degree of scavenging required to match the observed 
distribution. Second, the coarse resolution of OCIM (2°x2° horizontal, 24 vertical layers) 
means it cannot resolve continental shelf regions where much of the Zn burial occurs. For 
this reason we have used previous interpolated high-resolution estimates of organic 
matter burial in those regions when estimating the isotope ratio of Zn burial.  
 
 
2.2 Sensitivity test results 
 
Results of sensitivity simulations (Section 1.6) are compared to observations in Fig. S5.  
 
Hydrothermal source: In our model, hydrothermal Zn inputs produce local-scale 
enrichments near ocean ridges, but do not produce the global-scale redistribution of Zn 
from intermediate to deep waters needed to match observations. We note that our 
circulation model does not always correctly capture the transport trajectory of 
hydrothermal plume, due to poorly resolved deep zonal currents. This is particularly 
apparent in the South Pacific, where the model predicts a hydrothermal Zn peak at 
~2500m to the East of the East Pacific Rise (Fig. S5, panel 7), whereas observations 
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indicate transport of hydrothermal Zn to the West only (17). Nevertheless, it is clear that 
accumulation of hydrothermal Zn along the Meridional Overturning Circulation 
conveyor, which well represented in our circulation model (32) cannot account for the 
deep accumulation of Zn in the North Pacific. We also note that in order to balance the 
hydrothermal Zn source, our model requires that almost 100% of particulate Zn reaching 
the seafloor must be buried. Such efficient burial of organic matter is not supported by 
observations, suggesting that the hydrothermal source is too large and the Zn:3He ratio 
derived from the East Pacific Rise (17) may not be globally applicable. Upcoming 
observations targeting hydrothermal systems, combined with further model development 
may be able to place better constraints on this Zn source in the future.  
 
Variable remineralization: Accounting for spatial variations in organic matter 
remineralization depth is able to somewhat improve the model’s performance in the 
North Pacific, where slightly more Zn accumulates in deep waters compared to the 
original SOC configuration. However, this comes at the expense of weaker performance 
in the Southern Ocean, where Zn too concentrated. These effects likely result from deep 
remineralization in the Southern Ocean (18) where the majority of Zn export occurs. This 
traps Zn within the deep Southern Ocean, and concentrates it in AABW that flows 
northwards into the Pacific. Therefore, even though slower surface Zn uptake may restore 
the correct Southern Ocean distribution, this would re-weaken the model performance in 
the North Pacific, as AABW would contain less Zn. Given that the original SOC 
configuration already matches Southern Ocean [Zn] very well, and our component 
analysis suggests that deep Zn accumulation occurs outside the Southern Ocean (Fig. 1), 
it is unlikely that variable remineralization depth can simultaneously improve model 
performance in all regions. 
 
O2-dependent scavenging: When scavenging is confined to waters with [O2] lower than 
50µM, an unrealistically sharp Zn maximum forms in the lower oxycline of North Pacific 
Ocean (1000-2000m), and deep ocean concentrations are under predicted throughout the 
Indian and Pacific basins as a whole. Similar, but less extreme, biases are found when the 
O2 threshold is raised to 100µM and 150µM. Only when [O2]crit reaches 200µM can the 
model approach the same good fit to data that is achieved in the SCAV configuration, 
with [O2]-independent scavenging. These results demonstrate that Zn scavenging is 
ubiquitous through the ocean and not confined to low oxygen waters, suggesting that  
sulfide precipitation is not a viable scavenging mechanism. 
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3. Supplementary Figures 
 
 

 
 
Figure S1. Nutrient component analysis repeated for the Eastern Tropical South 
Pacific Ocean. As in Fig. 1, observed profiles of Zn, PO43- and Si (A) are divided into a 
“circulated” component (B) that was transported from the Southern Ocean or surface 
ocean, and an “accumulated” component (C) that has built up since leaving those regions.   
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Figure S2. Validation of PO4 and Si models. Basin-mean profiles of PO4 and Si for the 
(A) Atlantic, (B) Pacific and (C) Southern Oceans, compared between our optimized 
model (lines) and World Ocean Atlas 2013 annual-mean observations (dots). The close 
match between model and observations (R2=0.95 for PO4, 0.97 for Si) reflects both the 
realistic circulation of the OCIM model, and the optimized remineralization parameters.  
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Figure S3. Data constraints used in Zn model optimization. Top left: map of 
constraint locations, showing cruise tracks for transect data (red lines) and location of 
individual profile data (red dots). Numbered blue boxes represent the regions within 
which observations and model output were averaged for comparison, and are defined in 
Section 1.5. Numbered panels show the comparison between observations and the two 
model configurations (SOC and SCAV, Section 1.4) in each region. In most regions, Zn 
is observed to have a very similar depth structure to Si. In the Subarctic North Pacific 
(bottom right panel), observed Si is shown in blue (normalized by the deep-ocean Zn:Si 
ratio) to demonstrate the slight decoupling of Zn from Si observed in this region, which is 
again captured realistically by the SCAV model. 
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Figure S4. Biological Zn:P uptake. Depth-integrated ratio of biological Zn:P export 
from the surface ocean (0-75m), predicted in the (A) SOC and (B) SCAV model 
configurations. (C) Zonal-mean export ratio is compared between the two models.  
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Figure S5. Sensitivity test results. A. Results of two sensitivity simulations in which 
additional processes are added to the SOC model configuration: hydrothermal Zn inputs 
(solid black line) and variable remineralization length scale of organic matter (dashed 
black line). B. Results of sensitivity tests using the SCAV configuration, in which 
scavenging was confined to waters with [O2] below four different threshold values. 
Observed concentrations are shown as red dots in all panels. See Fig. S3 for numbered 
model-data comparison locations, and Section 2.2 for discussion of results.  
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Figure S6. Speciation of Zn in the SCAV model configuration. Global-mean profiles 
show fraction of total Zn in the ligand-bound and free phases (A), and in the adsorbed 
phase (B). Note different x-axis scales between A and B, because adsorbed Zn 
compromises a very small fraction of total exchangeable Zn. 
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Figure S7. δ66Zn constraints used in isotope model optimization. Fractionation effects 
for biological uptake, ligand-binding, and adsorption were optimized to minimize the 
misfit between simulated and observed δ66Zn profiles in the (A) Southern, (B) Atlantic, 
(C+D) Pacific Oceans.  For data locations (numbered) see Fig. S3. 
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Figure S8. Isotopic composition of Zn species. A-D Zonal mean cross sections of δ66Zn 
in the Pacific upper ocean (0-1000m) for (A) total, (B) ligand-bound, (C) free, and (D) 
adsorbed Zn. Preferential binding of the lighter isotope results in consistently lower δ66Zn 
of ligand-bound ZnL (B), and higher δ66Zn of unbound Zn’ (C), relative to total dissolved 
Zn (A). Preferential scavenging of the heavy isotope further enriches δ66Zn of particle-
adsorbed Znads (D). Sinking of adsorbed Zn therefore strips the upper ocean of heavy 
isotopes, resulting in low δ66Zn through the low latitude thermocline. (E) Zonal mean 
δ66Zn at 150m of dissolved (ZnL+Zn’), organic and adsorbed Zn.  Quantitative 
consumption of Zn in the low latitude surface transfers the light signature to organic 
matter, demonstrated by the isotopic similarity of upwelling dissolved Zn (black line) and 
sinking organic Zn (blue line) at 150m. The distinct isotopic signatures of organic and 
adsorbed (red line) fluxes allows preferential removal of heavy isotopes from the upper 
ocean (by adsorbed Zn), while light isotopes are preferentially removed from the ocean as 
a whole (by burial of organic Zn). (F) Global-mean profiles of δ66Zn. In the deep ocean, 
[Zn] greatly exceeds the ligand concentration, so unbound Zn’ and adsorbed Znads 
become isotopically more similar to total dissolved Zn over depth. The preferential 
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downwards flux of heavy isotopes is therefore curtailed in the deep ocean, which results 
in the relatively homogeneous profiles of δ66Zn below ~1000m (Fig. 4a, S7). 
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Figure S9. Calculation of δ66Zn burial in seafloor sediments (background 
information for Fig. 4c). (A) Zn burial rates are mapped at high resolution by combining 
previous high resolution estimates of carbon burial with the Zn:C ratio of the simulated 
particle flux at the seafloor. (B) Simulated δ66Zn of total particulate Zn (organic and 
adsorbed) at the seafloor, interpolated to the high resolution bathymetry. (C) Burial rates 
integrated across shelf (0-200m), slope (200-2000m) and deep ocean (>2000m) 
bathymetric regimes, and divided between adsorbed and organic components. (D) 
Integrated δ66Zn of organic, adsorbed and total Zn burial in each bathymetric regime. 
Burial occurs disproportionately on shelves, where the light organic flux dominates (C), 
resulting in light δ66Zn burial when integrated globally (D).  
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4. Supplementary Tables 
 
Table S1. Parameters for mechanistic model of PO43-, Si and Zn cycling. For free 
parameters of the Zn model, ranges represent the limits allowed during the optimization 
procedure. These are defined by expanding the ranges observed in the literature cited. 
The model must therefore select values that are of similar magnitude to observed values, 
but can explore parameter spaces slightly outside the observed range.  
 

Symbol Description Value or allowed range Reference or constraint 

zeu Euphotic zone depth (biological 
uptake is only allowed above this 
depth) 

75m Ref. (38) 

σ Fraction of PO43- uptake routed to 
DOP 

0.5 Ref. (38) 

kDOP Decomposition rate of DOP 0.5 year-1 Ref. (38) 
b Flux attenuation exponent for 

particulate P and Zn 
0.92 Optimized to fit WOA13 

PO43- climatology 
HSi Flux attenuation length scale for 

biogenic silicate 
1640m Optimized to fit WOA13 

Si climatology 
L Zn binding ligand concentration 1nM Ref. (40) 

Kcond Conditional stability for Zn 
binding 

109-1011 M-1 Ref. (16) 

aZn Ratio of Zn’ to Zn2+ 2.1 Ref. (52) 

RZn Maximum Zn:P for saturating 
portion of two-site model 

10-3-5x10-2 mol:mol Refs. (7, 12) 

kZn Half saturation constant for 
saturating portion of two-site 
model 

5x10-6-5x10-4 µM Refs. (7, 12) 

cZn Slope of Zn:P vs. Zn2+ for linear 
portion of two-site model 

0.1-10 µM-1 Refs. (7, 12) 

KD Partition coefficient for Zn 
scavenging onto POC 

Unbounded, but 
evaluated based on 

fraction of Zn in 
adsorbed phase (see text)  

- 

wsink Sinking speed of particles, 
applied to adsorbed Zn 

50mday-1 (results 
insensitive to value) 

Ref. (41) 

αprod Kinetic fractionation factor for 
biological uptake of 66Zn relative 
to 64Zn 

0.9992-1 Ref. (45) 

εlig Equilibrium isotope effect for 
ligand binding (Eq. 15) 

-1.5 to 0‰ Section 1.8 

εscav Equilibrium isotope effect for 
adsroption (Eq. 16) 

0-0.6‰ (9) 

 
 
  



	 42	

Table S2. Optimized values for free model parameters for the SOC and SCAV model 
configurations (Section 1.4). 
 

Parameter SOC configuration SCAV configuration 

log10(Kcond) 10.42 10.47 
RZn 18.2x10-3 mol:mol 9.1x10-3 mol:mol 
kZm 2x10-4 µM 3x10-5 µM 
cZn 0.8 µM-1 0.7 µM-1 
KD - 7.07x10-4 (µgC)-1 

αprod - 0.9998 
εlig - -0.42‰ 
εscav - 0.19‰ 

 
 
 
Table S3. Root mean square error for the SOC and SCAV model configurations 
following optimization, for each regional constraint (Fig. S3). 
 

Region  
(Fig. S3) 

RMSE (µM) 

SOC configuration SCAV configuration 
1. Southern Ocean transect 0.43 0.44 
2. Southern Ocean 67ºS 0.62 0.51 
3. Southern Ocean 52ºS 0.97 0.89 
4. North Atlantic 0.49 0.44 
5. South Atlantic 0.44 0.24 
6. Tropical Indian Ocean 1.45 0.85 
7. Tropical South Pacific 1.68 0.59 
8. North Pacific 1.28 0.51 
9. Subarctic North Pacific 1.61 0.80 
TOTAL 1.03 0.59 
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