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Significance

Exchange of chemical species 
and matter at ocean boundaries 
influences the composition of 
seawater and is an important 
process affecting biogeochemical 
element cycling involving 
interactions between the 
atmosphere, hydrosphere, 
geosphere, and biosphere. 
However, systematic 
quantification on the processes 
and budgets remains scarce. 
Here, through field, laboratory 
analysis and modeling, we show 
that the adsorption–desorption 
exchange of lead (Pb) between 
the particulate and dissolved 
pools at ocean boundaries 
accounts for about 30 to 40% of 
Pb input into the ocean before 
the Anthropocene, which finally 
resolves the paradox of 
imbalanced natural sources and 
sinks of Pb in the ocean. With Pb 
as an example, our study adds a 
crucial piece of evidence to the 
importance of boundary 
exchange in marine element 
cycling.
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Material fluxes at the land–ocean interface impact seawater composition and global 
cycling of elements. However, most attention has been focused on the fluvial dissolved 
fluxes. For elements like lead (Pb), whose fluvial particulate flux into the ocean is two 
orders of magnitude higher than the dissolved counterpart, the role of particulates in 
elemental cycling is potentially important but currently less appreciated. Using both 
chemical analyses on samples collected from around equatorial Southeast Asia and model 
simulations, we show that particulate-dissolved exchange is an important mechanism 
controlling the concentration and isotopic composition of dissolved Pb in the ocean. 
Our model indicates that Pb contributed from particulate-dissolved exchange at ocean 
boundaries is larger than, or at least comparable to, other major Pb sources to the 
seawater before the Anthropocene, when the anthropogenic Pb was absent. Our work 
highlights the importance of boundary exchange in understanding marine element 
cycling and weathering-climate feedback.

marine elemental cycling | isotope | Southeast Asia | boundary exchange | Pb

The transfer of materials from land to ocean impacts the chemical composition of seawater 
and the cycling of elements in the coupled ocean–atmosphere–lithosphere system (1, 2). 
When assessing marine elemental cycling, the land–ocean material exchange has tradi-
tionally been considered mainly through dissolution of terrestrial-sourced aerosols (3) and 
the fluvial transport of dissolved elements, together with other oceanic sources such as 
hydrothermal emanations and deep-sea sediments that release some elements in dissolved 
form (4). Contributions from fluvial particles remain poorly investigated for most of the 
elements (1). However, as revealed by increasing evidence (5–7), fluvial particles may hold 
the key to understanding the missing pieces in the “jigsaw” of elemental cycling in the 
global ocean.

Lead (Pb) is an element of interest in this issue because the global land-to-ocean par-
ticulate flux of Pb is several hundred times higher than the dissolved flux (2, 8, 9). As 
such, the contribution of Pb from fluvial particulates is potentially an important part of 
the natural cycling of Pb. The global sink of Pb in the oceans involves transfer of dissolved 
Pb to the deep ocean sediment, which is estimated as 6.3 × 107 mol/y based on the sed-
iments across the Atlantic and Pacific (10). The major known natural sources of marine 
Pb include dissolution of aeolian dust [~7.70 × 106 mol/y (11, 12)]; volcanic aerosols 
[~6.76 × 106 mol/y (11)]; as well as hydrothermal activity [~1.95 × 107 mol/y (13, 14)]. 
Collectively, these sources constitute only a fraction of the marine Pb sink, leaving an 
enormous imbalance of ~2.9 × 107 mol/y, a large portion of which could potentially be 
derived from fluvial sources. The total fluvial dissolved Pb flux today (~1.16 × 107 mol/y) 
(15), which is overprinted with likely a large contribution of anthropogenic Pb (16), is 
too low to balance the natural Pb cycling in the ocean. Removing the anthropogenic 
contribution would render an even smaller natural fluvial dissolved flux to this imbalance. 
Missing in the calculation of marine lead budget is the contribution of Pb derived from 
fluvial particulates entering the marine environment from land masses, followed by release 
into the dissolved form. The current imbalance suggests this contribution could be sub-
stantial, on the order of at least ~1.74 × 107 mol/y, and differing for contemporary versus 
historical times before anthropogenic Pb was prevalent.

Multiple lines of evidence [e.g., radioactive 210Pb (17–19), budget estimations (2, 8, 
9), direct measurements (20)] suggest that the transport of fluvial particulate Pb is about 
two orders of magnitude larger than the dissolved counterpart; therefore, the dissolution 
of even a small fraction of particulate Pb into seawater could greatly impact marine Pb 
cycling (cf. 10). Exchanges at ocean-land boundaries have been shown to be important 
mechanisms in the cycling of several elements including neodymium, strontium, and silica 
(1, 21, 22). Similarly, the exchange of Pb between dissolved and particulate phases has 
been revealed in several recent studies around the world, including the western Philippine 
Sea (23), Celtic Sea (24), and Eastern Atlantic margin (25). Additionally, a closed-system 
experiment using water from the Johor River estuary (equatorial Southeast Asia) D
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directly showed fast and reversible particulate-dissolved exchange 
of Pb (26). While these studies indicate that exchanges of Pb 
between dissolved and particulate phases occur at ocean bounda-
ries, the underlying mechanisms and geographical extent remain 
unexplored. Also unknown is the contribution of this exchange 
in the cycling of Pb in the global ocean.

The southern and eastern part of Asia are highly relevant for 
particulate-dissolved exchanges of elements because this area 
accounts for about two-thirds of the global fluvial sediment flux 
into the ocean (27) (Fig. 1A). Although rivers in this region are 
shorter than many continental rivers elsewhere, they have dispro-
portionally high-particulate discharges due to high erosion rates 
associated with steep topographic relief and climates featuring 
periods of heavy rainfall (1, 27). In this study, through chemical 

analysis and model simulations, we trace the dynamics of particu-
late-dissolved exchange and estimate its contribution to dissolved 
Pb concentration and isotopic composition in the waters surround-
ing the Malayan Peninsula in equatorial Southeast Asia. Further, 
we assess the contribution of particulate-dissolved exchange on the 
global scale for the present-day and pre-Anthropocene ocean.

Results

Geographical Distribution of Seawater Pb Concentration and 
Pb Isotopes. From fieldwork, we found that the dissolved Pb 
concentration in the seawater around the Malayan Peninsula 
ranged from 24 to 368 pmol/kg (Fig. 2). We treated one unusually 
high concentration value (1,989 pmol/kg; Johor River Stn 7) 

Fig. 1. (A) Fluvial discharge of sediments to the global ocean replotted from ref. 27. Numbers are mean annual suspended sediment discharges (million tons/
year). Colour shades represent the illustrative catchment regions with major rivers highlighted. (B) The seawater sampling stations in this study (yellow circles) 
and seawater stations in the literature are shown for comparison [red circles, green rectangle, blue triangle (26, 28, 29)]. The rivers relevant to the sampling sites 
are highlighted in blue. The surface ocean currents are marked with arrows. (C) Sampling stations in the Johor River estuary with salinity values (pss) marked 
next to the station locations; the estuary is highlighted with a square in panel B.D
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as an outlier that probably resulted from particulate leakage 
during filtration, as its isotope composition is consistent with 
other samples (Fig. 3). Stations with elevated Pb concentrations 
(>100 pmol/kg) are generally located near major cities (Fig. 2A), 
which have a high prevalence of Pb sources associated with 
anthropogenic activities. In contrast, Pb isotopes in the dissolved 
pool of seawater displayed a different geographical distribution: 
Waters with high 206Pb/207Pb ratios were generally found near 
river mouths (Fig. 2B), irrespective of inputs from upstream or 
downstream cities. The difference between the distributions of 
Pb concentration and isotopic composition indicates separate or 
nonuniform controls on the two variables.

Source Apportionment of Seawater Pb Isotopes. The linear 
relationship between Pb isotope ratios of seawater in the triple 
isotope space signifies the existence of two primary endmembers 
(Fig.  3A), one being regional aerosols. Present-day Southeast 
Asian/Indian aerosols’ isotope signatures range from 1.12 to 1.15 
for 206Pb/207Pb (31–33), overlapping with the Pb signature in the 

seawater of the southern South China Sea and Eastern Indian 
Ocean (28, 29). The Pb isotopic composition of regional aerosols 
also overlaps with two seawaters in our study sampled from the 
most oceanic sites (Ranong, Thailand, flushed by Andaman 
Sea water), lending evidence that aerosol Pb is an endmember 
for seawater (Fig. 3B). The second endmember could be either 
fluvial-transported anthropogenic Pb or crustal Pb. However, 
the geographical differences between seawater Pb concentration 
and Pb isotopic compositions provides evidence against fluvial 
anthropogenic Pb being an endmember (Fig. 2). Therefore, crustal 
Pb is likely the other endmember. The isotopic compositions 
of crustal Pb and regional aerosol Pb bracket almost all the 
seawater samples examined (Fig. 3A). A crustal Pb endmember 
also reasonably explains the geographical distribution of Pb 
isotopes, as enrichment of crustal Pb with high 206Pb/207Pb values 
is expected at river mouths where fluvial export to the ocean is 
the highest.

We also found that estuarine Pb isotope ratios vs salinity do 
not follow a conservative mixing line (Fig. 3C), showing higher 

Seawater dissolved 206Pb/207Pb

seawater Pb dissolved (pmol/kg)

Terrestrial/
crustal
source

Oceanic/
aerosol
source

A

B

Singapore

Kuala Lumpur

Perak River

Klang River

Linggi River
Johor River

Endau River

Pahang River

Terengganu River
Muda River

Fig. 2. Geographical distribution of (A) concentration and (B) isotopes of dissolved Pb in seawater samples around the Malayan Peninsula. Major cities or rivers 
are also highlighted. Figure plotted through Ocean Data View (30).D
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206Pb/207Pb ratios at intermediate salinities indicating an exchange 
of dissolved and particulate Pb (Fig. 3C), which has been clearly iden-
tified in prior studies investigating the behavior of Pb in estuaries (20, 
34). We propose that this exchange could produce higher 206Pb/207Pb 
values in seawater than those predicted by conservative mixing in the 
waters surrounding the Malayan Peninsula. This exchange process is 
supported by both the results from a closed-system Pb isotope 
exchange experiment (26) and the strong linear relationship between 
seawater Pb isotope ratios and suspended particulate matter (SPM) 
concentrations observed in this study (R2 = 0.91, Fig. 3B).

Modeling Pb Transport from Estuary to the Adjacent Sea. To 
explore the particulate-mediated transport of Pb across the salinity 
gradient, we developed a 1-D model based on the conservative 
mixing of the dissolved pool with addition of an exchangeable 
particulate pool (Fig. 4A and SI Appendix, Text S1). In the model 
analyses, we employed a commonly applied partition coefficient 
(Kd) to quantify the particulate-dissolved exchange. The model 
reproduced the observed distribution of Pb isotopes in the 
seawater adequately (brown line; Fig. 4A), with R2 values (between 
modeled and observed ratios) of 0.67 for 206Pb/207Pb, 0.62 for 
208Pb/206Pb, and 0.63 for 206Pb/204Pb. However, the model fails 
to reproduce all the variability of Pb concentrations across the 
range of observed salinities (Fig. 4B). This inconsistency can be 
explained by additions of various proportions of anthropogenic Pb 
to the dissolved pool (Fig. 4), which is supported by the different 
geographical distributions of the Pb concentration and Pb isotopic 
composition around the Malayan Peninsula (Fig. 2A).

To test the effect on Pb isotopes when anthropogenic Pb is 
added as a source, we ran the Kd model with random additions 
of dissolved Pb having regional aerosol isotopic signatures 
(Fig. 4 and SI Appendix, Text S1). The simulation results show 
that in coastal waters (salinity > ~30 pss), even if the anthro-
pogenic Pb contribution is enhanced, the re-equilibrated Pb 
isotopes will move parallel to the modeled curve with minimal 
deviation (Fig. 4). Further, when more anthropogenic Pb is 
added in the estuary (salinity ~20 pss), the resultant Pb isotope 
ratios in the model move in the opposite direction from the 
observation (Fig. 4), indicating that the observed scatter in Pb 
at mid-salinity sites may be caused by estuarine dynamics that 
are not captured by our parameterized model (34), or by addi-
tion of dissolved Pb with isotopic compositions dissimilar from 
aerosols, resulting in a small deviation (~0.01 for 206Pb/207Pb) 
between observation and model. We conclude that particu-
late-dissolved exchange could overall reasonably explain the 
observed Pb isotopes around the Malayan Peninsula, and 
enrichment of anthropogenic Pb likely explains the various 
concentrations observed in the coastal areas of high salinity 
(Fig. 4).

Lastly, we compare the Kd model with a previous Pb recon-
struction using corals from Singapore (SI Appendix, Fig. S1 and 
Text S2) (35). Corals directly precipitate their skeletons from 
seawater, and therefore, the Pb isotope in coral skeletons reflects 
the seawater dissolved pool (36). The model does not reproduce 
the observed interannual variability (model-coral deviation 
around 0.01 to 0.02 for 206Pb/207Pb), likely because our 

Samples from Johor River Estuary
(where the SPM data is available)
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Fig. 3. Comparisons of Pb isotopes in seawater, salinity and SPM. (A) Triple-isotope plot of the seawater samples in this study in comparison with regional 
sources from three main references (28, 29, 31). The locations of the sites are the same as Fig. 1. The weighted-average salinity distribution was also indicated. 
(B) Scatter plot of the 206Pb/207Pb in Johor River estuary waters compared with SPM concentrations. Regression statistics are presented. (C) Scatter plot of 
dissolved 206Pb/207Pb ratios from this study (all samples) and identified endmembers against salinity. The calculated Pb isotope ratios based on conservative 
mixing between two endmembers (Johor River Stn1, salinity = 8 pss; and Malacca Strait Stn 2, salinity = 33 pss) are plotted with a blue curve. The uncertainties 
for Pb isotope measurements are within the size of each symbol. The orange dot denotes a sample treated as an outlier for Pb concentration probably due to 
poor filtering, but its isotope ratios may still be usable as the dissolved and particulate pools are in equilibrium.
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parameterization is based on the large-scale salinity gradient and 
under-represents urbanized coastal areas (SI Appendix, Text S2). 
However, the Kd model largely explains the difference of Pb iso-
topes between the coral record and regional aerosols sources of 
Pb (coral-aerosol deviation ~0.06, aerosol ~1.12 to 1.15, coral 
~1.18 to 1.20 for 206Pb/207Pb, SI Appendix, Fig. S1), further sup-
porting the case of substantial particulate-dissolved exchange in 
coastal waters.

Discussion

Although our field study does not cover a large expanse of the 
global coastal ocean, our findings are consistent with studies con-
ducted worldwide. Exchange between dissolved and particulate 

pools has been reported for several continental margins where 
sedimentary Pb inputs with crustal-like isotopic compositions 
were observed, including the western Philippine Sea (23), the 
Celtic Sea (24), and the Eastern Atlantic margin (25). In the 
northern Indian Ocean, the seawater 206Pb/207Pb signature from 
the Bay of Bengal was 0.005 to 0.010 higher than that from the 
Arabian Sea, while the Pb concentrations of the two regions were 
almost identical (28). The isotopic difference is not likely 
explained by differences in anthropogenic sources, as the offset 
is observed throughout the water column, whereas the anthro-
pogenic Pb in the northern Indian Ocean is largely confined to 
the upper waters (28). Therefore, the most likely explanation is 
that sediments derived from rivers, including the Ganges-
Brahmaputra, Irrawaddy, and Salween River and numerous 
smaller rivers draining to the sea, modify the isotopic composition 
of dissolved Pb in the Bay of Bengal to align more with that of 
crustal sources (28).

Given the scattered evidence on particulate-dissolved exchange 
around the world, the importance of this process for the marine 
Pb cycling prompted us to investigate how much this process 
contributes to seawater chemistry in both the present-day and 
pre-Anthropocene oceans. Using the Kd model with a step increase 
in seawater Pb concentration from 0 to 100 pmol/kg, our simu-
lations suggest that particles scavenge Pb when the dissolved pool 
exceeds ~25 pmol/kg. Conversely, particles release Pb to the dis-
solved pool at lower seawater Pb concentrations (SI Appendix, 
Fig. S2A). Here we stress that 25 pmol/kg is our specific model 
result, not a universal threshold. However, this simulation result 
lends credence to the supposition that the seawater dissolved Pb 
concentration, in part, modulates the net particulate-dissolved 
exchange flux of Pb to the ocean dynamically. Given the expected 
large variability of dissolved Pb concentrations in coastal seas, our 
model result is consistent with observations of the non-uniform 
behavior of Pb in estuaries around the world, including net 
removal from dissolved phases by particles (18, 34, 37), as well as 
both quasi-conservative transport with salinity gradient (18, 38, 39) 
and reversible (two-way) exchange between dissolved and partic-
ulate phases (34, 38).

Further, the Pb in the present-day ocean is overprinted by a 
large anthropogenic input (40), resulting in high Pb concentra-
tions in the coastal waters (e.g., refs. 41 and 42). Therefore, in 
today’s ocean, fluvial particles are usually net sinks of Pb, with 
isotope exchange occurring between the dissolved and particulate 
pools (Fig. 5). Observations from outside the Amazon River 
mouth (with salinities 32 to 35 pss) are consistent with this 
hypothesis. The 206Pb/207Pb in the tropical Atlantic waters influ-
enced by Amazon river plume are approximately 1.17 to 1.18, 
suggesting a significant contribution of crustal origin (43). The 
Pb concentrations in these waters (~15 to 18 pmol/kg) were lower 
than other places in the Western tropical Atlantic (~20 to 24 pmol/
kg). The lowered Pb concentration associated with reworked iso-
topic composition in the Amazon-influenced seawater agree well 
with what our model predicts for particulate-dissolved exchange.

Conversely, we would expect lower dissolved Pb concentrations 
in seawater prior to the Anthropocene, whereby desorption from 
terrestrial particles was likely a more important source of Pb to 
seawater. The average Pb concentration in the pre-Anthropocene 
ocean has been estimated at ~2 pmol/kg (12), and the Pb concen-
tration in the coastal water can be several folds higher: e.g., esti-
mated to be about 10 pmol/kg from coral records in Bermuda (36) 
and Sumatra (29). If an average 6 pmol/kg of Pb is assumed, we 
estimate the fluvial particle exchange flux in the pre-Anthropocene 
ocean was on the order of ~2.93 × 107 mol/y (range 2.31 × 107 to 
3.56×107 mol/y, based on the Pb concentration in seawater of 
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2 to 10 pmol/kg; SI Appendix, Fig. S2B), which is about 30 to 
40% of the global Pb flux to the ocean (Fig. 5 and SI Appendix, 
Fig. S2B). This estimated flux assumes similar geophysical condi-
tions as those in the present day [e.g., weathering intensity, 
 rainfall-runoff regime, fluvial SPM flux (44)].

To test the sensitivity of this estimated flux, we varied the par-
ticulate exchangeable pool (±50%), which is a significant ampli-
tude, given relatively stable global weathering fluxes on different 
geological time scales (45–47). This variation resulted in an esti-
mated flux range of 1.51 × 107 to 4.40 × 107 mol/y. The lower 
bound of this simulated fluvial particulate-dissolved exchange flux 
is comparable with other major Pb sources to the ocean 
(Fig. 5 and SI Appendix, Fig. S2B), suggesting that crustal particles 
discharged at continental margins are a major source of Pb to the 
pre-Anthropocene ocean. Our estimation compares well with the 
budget proposed by Chow and Patterson (10) that estimated a 
significant pre-anthropogenic fluvial Pb source entering the ocean 
(Fig. 5). Our study builds on this seminal work by identifying a 
plausible mechanism through which terrestrially derived materials 
influence the distribution of Pb in the ocean beyond fluvial 
plumes. Improved understanding of this mechanism involving 
particulate-dissolved Pb exchange should also aid in interpreting 
climate-modulated weathering signals in sedimentary records 
(e.g., ref. 48).

The influence of particulate-dissolved Pb exchange is also trace-
able in the pre-Anthropocene deep ocean, as revealed by a com-
pilation of seawater Pb isotope reconstructions based on 
ferromanganese crusts and authigenic sediment coatings 
(SI Appendix, Fig. S3). Boundary exchange in the western North 
Atlantic, which has been shown to be a major factor determining 
deep ocean Neodymium isotopic composition (49), also likely 
influences Pb isotopic composition in this region. In particular, 
incongruent weathering plays an important role in releasing more 
radiogenic Pb isotopes from ice sheet-denuded materials along 
the continental margin (50) (SI Appendix, Fig. S3). North Atlantic 
Deep Water (NADW) carries the radiogenic isotope signal south-
ward, with only some fraction reaching the Southern Ocean 
because of the relatively short residence time of Pb in the ocean 
[a couple of hundred years (51)]. Imprinted on some 

terrestrial-derived detritus sourced from the East Antarctica, the 
radiogenic Pb signature of NADW can still be seen in the Indian 
Ocean sector of the Southern Ocean due to the transport of 
Circumpolar Deep Water (52, 53) (SI Appendix, Fig. S3). Another 
deep ocean region with potentially significant boundary Pb 
exchange is the northeastern Indian Ocean, where more radiogenic 
Pb is registered than in other Indian Ocean domains (53, 54) 
(SI Appendix, Fig. S3). The most parsimonious explanation for 
the isotope anomaly in this region is the exchange of Pb isotopes 
between seawater and the terrestrial sediments discharged from 
the Trans-Himalayan complex to the Bengal Fan, which is also 
consistent with seawater results discussed above (28).

Finally, in addition to providing evidence of the importance of 
boundary exchange in marine Pb cycling, our study provides ref-
erence points for investigating the boundary exchange of other 
elements. The importance of terrestrial particulate materials in 
marine element cycles has received increasing attention, but so far 
systematic studies have been mainly focused on a few elements 
(1). Considering that river discharge of particulate matter domi-
nates the total flux of most elements to the global ocean (8), future 
studies on the exchange between particulate and dissolved phases 
are vital for understanding the processes driving element and iso-
tope distributions in modern oceans (e.g., refs. 55 and 56), as well 
as weathering and climate feedback in the past revealed by proxy 
records (e.g., refs. 47 and 57).

Materials and Methods

Site and Sampling. Four cruises were conducted around the Malayan Peninsula 
(equatorial Southeast Asia) between 2016 and 2017 (SI Appendix, Table S1), 
including those focused on the Andaman coast near Ranong (Thailand), the 
Malacca Strait (Malaysia, Singapore), the Eastern Malaya Peninsula Coast 
(Malaysia), and the Johor River estuary (Malaysia). The Malacca Strait is a shal-
low (average depth ~27 m) channel in the tropical Southeast Asia, connecting 
the southern South China Sea and the Eastern Indian Ocean (Fig. 1). The cur-
rent in Malacca Straits reverses seasonally in response to the monsoon—overall 
northwestward in northern hemisphere winter and southeastward in summer 
(58). Terrestrial material enters the strait from numerous rivers on the Malayan 
Peninsula and Sumatra Island, both of which are on the Eurasian Plate (59) 
(Fig. 1B). The Pb isotopic composition of the crustal particulates shows 206Pb/207Pb 

Volcanic
aerosols

Wind-borne
dust particles

Fluvial particulate-
dissolved exchange

Hydrothermal

Pb influx (mol/yr)

Fluvial dissolved
< 1.16 x 107 mol/yr

0.00E+00 5.00E+07       

Total Pb sink to deep ocean
sediments, estimated 
by Chow and Patterson 
as ~6.3 x 107 mol/yr

Pb

Pb

Pb

Pb
Pb

~7.70 x 106 mol/yr

~6.76 x 106 mol/yr

~1.95 x 107 mol/yr

~2.93 x 107 mol/yr

Present-day ocean

Main observation: 
scavenging with
isotope exchange  

Pre-Anthropocene ocean

Pbsed
Pbsw

Main observation: 
desorption from particles
with isotope exchange

Pbsed
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Fig. 5. Conceptual illustration of the estimate Pb flux from natural sources in the pre-Anthropocene ocean. In addition to fluvial particulates (this study), 
estimates of other natural sources include wind-borne dust particles (12), volcanic aerosols (11), hydrothermal systems (13, 14), and fluvial dissolved inputs (15), 
are also illustrated. The two Inset figures on the right illustrate the expected behavior and observation of particulate-dissolved Pb exchange in the present-day 
and pre-Anthropocene ocean.
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ratios >1.2 and 206Pb/204Pb ratios of about 19, which correspond with both ore 
minerals and natural sediments (60–62). The crustal Pb isotope offsets from the 
regional aerosols with 206Pb/207Pb ~1.15 (31, 32, 63), the latter are believed to 
be the main source of Pb to the ocean (64).

We sampled seawater at 34 locations by lowering a polycarbonate pole 
into the water upstream of the boat. Sampling depth was within 1 m of the 
surface. A  trace-metal-clean bottle was attached with the pole to collect the 
water sample. Upon collection, the seawater samples were filtered through a 
trace metal clean filter (0.4 µm pore size, Whatman Nuclepore™) within 24 h 
following trace metal protocols (65). Ancillary parameters including salinity and 
the concentration of SPM were measured during most cruises. The salinity was 
measured by a conductivity-temperature-depth (CTD) sensor on board (Seabird) 
or a refractometer when the CTD is not available. The accuracy of salinity was 
0.01 pss for CTD and ~0.2 pss for refractometer. The SPM was measured by 
filtering 1 L of seawater through a pre-weighed GF/F filter and then frozen to 
−20 °C on board. In the laboratory, the filters were oven-dried at 75 °C for 
24 h then mass determinations were made on a microbalance (66). Detailed 
information about the dates of the cruises and availability of ancillary data can 
be found in SI Appendix, Table S1.

Analytical Method on Seawater Pb Concentration and Isotopes. The prepa-
ration and analytical method for the determination of seawater Pb concentration 
and isotopes closely followed GEOTRACES protocols (65). The Pb concentration 
was measured using isotope dilution after single batch nitrilotriacetate (NTA) 
resin extraction (67). Briefly, each 1 mL of seawater sample was spiked with a 
204Pb-enriched solution of known concentration (Oak Ridge National Laboratory), 
an ammonium acetate buffer (pH = 5.3), and NTA resin beads (approximately 
2,400 beads, cleaned) for Pb uptake. After 4 d of uptake, the beads were rinsed 
several times and eluted of Pb in 0.1 M of high-purity nitric acid (Optima grade, 
Thermo Fisher) for analysis on an Inductive Coupled Plasma Mass Spectrometer 
(ICP-MS) at Center for Environmental Sensing and Modeling (CENSAM), Singapore-
MIT(Massachusetts Institute of Technology) Alliance on Research and Technology. 
The precision of the measurements was determined by independently preparing 
and running each sample in at least triplicates; and the concentration was accepted 
when at least two out of three replicates agreed. The accuracy of the measurements 
was determined by running the GEOTRACES SAFe D1 seawater, for which we deter-
mined a Pb concentration of 26.4 ± 1.4 pmol/kg (n = 4) which is not significantly 
different from the consensus value of 27.7 ± 2.6 pmol/kg (41, 68).

The Pb isotope composition of the seawater was measured using a multi- 
collector ICP-MS housed in the environmental geochemistry laboratory, Nanyang 
Technological University of Singapore, after an extraction of Pb through magne-
sium hydroxide (Mg(OH)2) co-precipitation and purification through hydrochlo-
ric-bromic acid (HCl-HBr) ion exchange chromatography (69). Briefly, 100 mL 
aliquots of seawater were added into two trace-metal-clean centrifuge tubes. A 
minimal amount of vapor-distilled ammonia solution was added to the seawater 
to trigger Mg(OH)2 precipitation that scavenged the Pb from the sample. The 
precipitate was redissolved in Optima grade HCl (Thermo Fisher), and the liquids 

from the two centrifuge tubes were combined and precipitated again to further 
concentrate the Pb into a smaller amount of Mg(OH)2. The overall precipitate was 
then dissolved in a minimal amount of 1.1 M Optima grade HBr (Thermofisher). 
then loaded into Eichrom AG-1X8 anion exchange resin (chloride form, 200 to 
400 mesh) columns and purified via HCl-HBr chromatography. The column blank 
was typically less than 7 pg, compared with the 1 to 2 ng of Pb in the seawater 
sample. The precision and accuracy of the Pb isotope analysis were compared with 
reference to replicates of standard reference material NBS981, which indicated 
high measurement quality even at low level of detection (typically 1 to 2 ng of Pb, 
SI Appendix, Table S2). In addition, we conducted an inter-laboratory comparison 
of the Pb isotope in seawater with Boyle’s laboratory at MIT. The inter-laboratory 
comparison on the same sample shows highly comparable results (SI Appendix, 
Table S2). These comparisons suggest that our Pb isotope measurement should 
be good to ±0.001 (2SD) for 206Pb/207Pb or better.

Modeling the Particulate-Dissolved Pb Exchange. Please see the SI Appendix, 
Texts S1 and S2 for detailed information on the modeling of regional Pb isotope 
compositions and global particulate-dissolved Pb exchange fluxes.

Data, Materials, and Software Availability. All data in this study is included 
as SI Appendix.
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