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Anthropogenic Pb is widespread in the environment including remote
places. However, its presence in Canadian Arctic seawater is thought
to be negligible based on low dissolved Pb (dPb) concentrations and
proxy data. Here, we measured dPb isotopes in Arctic seawater with
very low dPb concentrations (average ~5 pmol - kg=") and show that
anthropogenic Pb is pervasive and often dominant in the western
Arctic Ocean. Pb isotopes further reveal that historic aerosol Pb from
Europe and Russia (Eurasia) deposited to the Arctic during the 20th
century, and subsequently remobilized, is a significant source of
dPb, particularly in water layers with relatively higher dPb concen-
trations (up to 16 pmol - kg~"). The 20th century Eurasian Pb is
present predominantly in the upper 1,000 m near the shelf but is
also detected in older deep water (2,000 to 2,500 m). These findings
highlight the importance of the remobilization of anthropogenic Pb
associated with previously deposited aerosols, especially those that
were emitted during the peak of Pb emissions in the 20th century.
This remobilization might be further enhanced because of accelera-
ted melting of permafrost and ice along with increased coastal ero-
sion in the Arctic. Additionally, the detection of 20th century Eurasian
Pb in deep water helps constrain ventilation ages. Overall, this study
shows that Pb isotopes in Arctic seawater are useful as a gauge of
changing particulate and contaminant sources, such as those result-
ing from increased remobilization (e.g., coastal erosion) and po-
tentially also those associated with increased human activities
(e.g., mining and shipping).
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H uman activities have significantly altered the geochemical
cycle of Pb with anthropogenic sources (e.g., leaded gasoline
in the 20th century, coal combustion, and smelting) overwhelming
natural sources (e.g., crustal particles and volcanic eruptions) (1-3).
Anthropogenic Pb is also far reaching because Pb emissions from
high-temperature processes can attach, nucleate, and condense to
fine aerosol particles, allowing its dispersion over vast distances
and deposition in remote places (4, 5). In the ocean, aerosol Pb
can enter the water column through a variety of pathways and is
redistributed laterally and vertically via ocean circulation. Biogenic
(e.g., plankton and organic matter) and authigenic particles also
influence the distribution by scavenging the dissolved Pb (dPb), with
the estimated dPb residence time in surface waters rich with these
particles being shorter (<1 y) (6) than in the deep water (~100
y) (7, 8) with fewer particles.

Although the Arctic is very remote, anthropogenic Pb from the
midlatitude regions reaches the Arctic via atmospheric transport, as
evidenced in aerosols (9, 10), snow (11, 12), and ice cores (11, 13, 14).
This influx is particularly high during the Arctic haze period
(winter and spring) when pollution from Europe and Russia (Eurasia)
reaches the Arctic atmosphere (15). Anthropogenic Pb from aerosols
can become incorporated in the Arctic Ocean through wet and dry
deposition of aerosols (16), resuspension from coasts and shelves,
river input, and sea ice melting. However, to date, the atmospheric
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pathway, which is dominated by anthropogenic Pb (1), is not con-
sidered a major source of dPb to the western Arctic Ocean (refer to
Fig. 14 for the Arctic map). Based on a few proxy measurements
from Arctic lake sediments (17), abyssal sediments (18), and Fe—
Mn crusts (19) in the western Arctic, major contributions of an-
thropogenic Pb were not found, and therefore, the contribution of
dPb from atmospheric deposition was not considered to be a
major source. Abyssal sediments and Fe—Mn crusts in the ocean
along with lake sediments are used as proxies to assess the presence
of dPb in the water column, because Pb is particle reactive and is
readily incorporated in these materials (18, 20). In particular, a study
(18) on Pb in abyssal sediments in the Arctic Ocean found evidence
of anthropogenic Pb in the abyssal sediments of the eastern but not
the western Arctic Ocean. The authors attributed this difference to
how Pb is scavenged from Atlantic waters entering the Arctic Ocean.
Waters reaching the western Arctic Ocean mainly pass through the
highly productive and particle-rich Barents Sea, allowing dPb to be
largely scavenged, while waters reaching the eastern Arctic Ocean
pass through the Fram Strait and undergo less scavenging (18). With
what is assumed to be a limited contribution from anthropogenic Pb,
it is thought that dPb in the western Arctic seawater would likely be
predominantly natural Pb from coastal and riverine inputs. However,
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Fig. 1. Maps of the Arctic and the sampling stations (CB1 to CB4 and CAAS).
(A) The study area (red ellipse) and relevant geographic features in the Arctic
based on Rudels (60). The Arctic Ocean has four basins separated by sub-
marine ridges (red text). The CB and Makarov Basin (MB) make up the
Western Arctic Ocean, and the Amundsen Basin (AB) and Nansen Basin (NB)
make up the Eastern Arctic Ocean. The Pacific-derived water (PW, green
arrow) enters Bering Strait (BeS), goes to the CB and MB, and makes up the
upper halocline layer. The Atlantic-derived water (AW, blue arrows) enters
Fram Strait (FS), and Barents Sea (BaS) travels along the shelves and slopes
and reaches all the basins. In the CB, the AW makes up the lower halocline
layer, Atlantic water layer, and deep water. The PW from the CB goes to the
Canadian Arctic Archipelago (CAA), Baffin Bay (BB), Labrador Sea (LS), and
eventually the Atlantic Ocean. (B) The sampling locations in the CB are
stations CAA8 and CB1 to CB4.

to date, no study has clearly assessed the relative importance of
anthropogenic and natural Pb sources directly in Arctic Ocean
seawater.

The 2015 Canadian Arctic Geotraces Cruise (GN03) provided
an opportunity to measure both dPb and Pb isotopes in seawater
samples from the Canada Basin (CB, a part of the western Arctic
Ocean; Fig. 14). The dPb data (21) showed extraordinarily low
dPb concentrations in the CB, with higher levels of dPb observed
in the Pacific-derived water layer, suggesting that some of this dPb
came from the Pacific inflow. However, given the very low-Pb
concentrations, it was hard to determine the provenance of this
Pb from concentrations alone. Thus, we present here Pb isotopes
from the same samples (CB1 to CB4 and CAAS stations collectively
referred to as CB; Fig. 1B) in order to assess the different sources of
Pb in the water column.
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Our results show that anthropogenic Pb is pervasive in the
Aurctic, even at water column depths with low dPb concentrations.
We also identified 20th century Eurasian Pb, which is present in
different water layers and at depths with relatively higher dPb, as
an important component of the dPb. This 20th century Eurasian Pb
has a distinctively low 2*°Pb/?*’Pb ratios, offering insights into the
pathway and distribution of anthropogenic Pb in the water column.
Our results indicate that remobilization of previously deposited
aerosols, especially from the high-Pb emission period (e.g., peak of
leaded gasoline in the 20th century), contributes significantly to the
dPb budget of the CB.

Results and Discussion

Sources of Pb in the CB. The Pb isotopic compositions of the CB
seawater (CB1 to CB4 and CAAS stations) have a wide range
(*“Pb/Pb = 1.131 to 1.195 and ***Pb/??Pb = 2.053 to 2.128;
Figs. 2 and 34 and SI Appendix, Table S1) and fall along a mixing
line (red line) covering both anthropogenic and natural sources.
At the end of the mixing line with low *Pb/*’’Pb (<1.15), the sea-
water samples closely match aerosols influenced by European leaded
gasoline (22) (Fig. 2, red ellipse). Europe used Pb ore from Broken
Hill, Australia, in their leaded gasoline in the 20th century (11),
which is characterized by very low **°Pb/*’’Pb (~1.04; after ref. 23).
Besides European leaded gasoline, the other possible sources of
low 2%°Pb/?"’Pb from the 20th century (not shown on Fig. 2) are
Russian smelters (*°°Pb/2"’Pb = ~1.025 to 1.15) (10), Canadian
smelters in Quebec and British Columbia (**°Pb/**’Pb = ~0.99 to
1.07), and Canadian gold mines in Yellowknife (**°/*"’Pb = ~0.95)
(24-27). Among these sources, it is likely that both European leaded
gasoline and Russian smelters impacted the Arctic, because Eur-
asian air masses dominate the Arctic’s atmosphere during the Arctic
haze period (15). This 20th century Eurasian Pb contamination is
also supported by the presence of low 2°Pb/*’’Pb in Arctic ice core
sections between 1920 and 1970 (11) and snow between the 1990s
and early 2000s (11).

Canadian and other sources are less likely to be an important
source of the low **°Pb/*"’Pb in the Arctic based on what is known
about these sources. For example, the Canadian smelters in Que-
bec and gold mines in Yellowknife had Pb emissions that are more
localized (i.e., ~30 to 300 km contamination footprint) (24, 25).
Similarly, the Canadian smelters in British Columbia with <1.15 Pb
emissions did not dominate the Pb in aerosols (22) and lichens £28)
collected in the province, which have a much wider range in 2°°Pb/
27Pb (1.14 to 1.19, average = 1.16). In addition, there are recent
measurements of low **°Pb?"’Pb (<1.15) outside the Arctic region
from smelters (26, 29-31), unleaded gasoline (30), and possibly lea-
ded gasoline use from select transportation sectors (e.g., aviation
fuel) (31). However, Pb from these sources does not appear to be
reaching the Arctic based on the higher **Pb/*’Pb measured in
more modern Arctic aerosols (2010 to 2014; Fig. 2, magenta ellipse).

Although the seawater samples with 2**Pb/>’’Pb > 1.15 in the
middle and high end of the mixing line could be influenced by
both anthropogenic and natural sources (Fig. 2), it is likely that
many of these samples are still heavily influenced by anthropo-
genic Pb. Samples with intermediate *"*Pb/*"’Pb (~1.15 to 1.17)
could reflect the influence of more recent anthropogenic Pb emis-
sions reaching the Arctic with Pb compositions (median ***Pb/*’’Pb =
1.16; after refs. 9 and 32) matching the industrial Pb emissions
observed in Europe, Russia, and Canada after the leaded gasoline
phaseout in major transportations sectors. Alternatively, the sam-
ples with intermediate as well as high *°°Pb/*"’Pb (>1.15) may
result from the mixing of anthropogenic Pb sources with lower
206ph,/207ph with either natural or anthropogenic sources with higher
206ph,/207pb, We tried to quantify the contribution from these sources
using a two-component isotope mixing model (Eq. 1; Materials and
Methods), assuming that the anthropogenic and natural endmembers
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Fig. 2. 2°®Pb/2°®Pb versus 2°°Pb/2°’Pb of the CB seawater samples and possible sources. The seawater data (CB1 to CB4 and CAA8) form a mixing line (red line)
with influences from anthropogenic and natural sources (ellipses). The anthropogenic emissions are from aerosols, lichens, and precipitation data (1990 to
present) in Europe, Russia, Canada, and the USA (22, 28, 61-64). Also shown are the most recent anthropogenic aerosols reaching the Arctic (2010 to 2014)
(9, 32) and Pb isotopes from a pre-20th century Arctic ice core (~134 to 4,000 y before present) (13). The isotopic compositions of natural Pb are from Fe-Mn

crusts in the CB (19) and marine (65, 66) and river (67) sediments found across the Arctic.

are represented by the lowest and highest 2*°Pb/*"’Pb measured
in the CB, respectively. Based on these assumptions, the anthro-
pogenic Pb content in the CB water column ranged from 7 to
100% with an average of 60% (Fig. 3B and SI Appendix, Fig. S1),
indicating the presence of anthropogenic Pb in the CB at most
depths. A sensitivity analysis using other possible endmembers is
provided in SI Appendix, Table S2.

Distribution of Pb Isotopes and Anthropogenic Pb in the CB. An
important finding from this study is the detection of 20th century

Eurasian Pb with distinctively low 2*°Pb/?’’Pb signature (<1.15),
which enables us to better understand the pathways and distribution
of anthropogenic Pb in the CB. Evidence of 20th century Eurasian
Pb is found at different depths, particularly in waters with higher
dPb concentrations (SI Appendix, Fig. S2) near the shelf above
1,000 m (Figs. 34 and 4). Within the upper 1,000 m, the 20th century
Eurasian Pb signature is strongest (i.e., highest dPb concentration
and lowest 2°Pb/*”’Pb) over and closest to the shelf (CAAS, CBI,
and CB2) and is weaker farther from the shelf. At the more offshore
stations (CB3 and CB4), the 20th century Eurasian Pb signature is
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Fig. 3. Depth profiles of the 2°°Pb/?°’Pb and percentages (%) of anthropogenic and natural Pb estimates in the CB. (A) The 2°°Pb/?°’Pb depth profiles for all
the stations are superimposed with water mass layers derived from temperature and salinity (refer to Fig. 1A for the origin of the water and S/ Appendix, Fig.
S3 for water mass layer identification from salinity and temperature profiles). The age estimates for each water layer (ages in parenthesis) are based on
previous studies (19, 43-45, 68). Water masses are the surface-mixed layer (a; above gray), the upper halocline layer containing Pacific-derived water (b; gray;
~10Yy), the lower halocline and Atlantic layers containing Atlantic-derived water (c; orange), and the CB deep water beneath Atlantic water layer. Data points
left of the dashed gray line have 2°°Pb/?°’Pb < 1.1.5. The typical two SD error for 2°Pb/?°’Pb for all depths (unless otherwise specified) is represented by the
error bar in the lower left corner of the figure. For mixed samples, the average of the mixed depths is plotted in the y-axis and the vertical error bars represent
the actual depths of the mixed samples (Materials and Methods and SI Appendix, Table S1). (B) The estimated percentage (%) of anthropogenic (orange) and
natural (blue) Pb for each depth for the CB3 and CB4 stations, assuming that the anthropogenic and natural endmembers are represented by the lowest and
highest 2°°Pb/?’Pb measured in the CB, respectively (refer to Materials and Methods and S/ Appendix, Table S2 for a discussion and sensitivity analysis
providing ranges of these estimates and S/ Appendix, Fig. S1 for the CAA8, CB1, and CB2 estimates).
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still detected at similar depths as to the stations closer to the
shelf, but at lower concentrations and slightly higher 2°°Pb/2’Pb.
Studies in the Arctic show that the shelves are important sources
of trace elements [e.g., Fe (33), Zn (34), and Ra (35)] and this is
likely true for Pb as well. Shelf- and coastal-related processes (e.g.,
resuspension of shelf materials, coastal erosion, and melting of sea
ice and permafrost), besides being a source of natural Pb, thus
appear to remobilize previously deposited 20th century Eurasian
Pb contamination as well.

Although it is likely that the elevated Pb in the upper 1,000 m
is from remobilization of 20th century Eurasian Pb, contaminant
dPb could also come from ocean circulation (i.e., transport via
Pacific and Atlantic waters). The upper 1,000 m in the CB consists
of the surface-mixed layer (0 to 30 m), the Pacific-derived water
layer (~30 to 300 m), and the Atlantic-derived water layer (~300 to
1,000 m; SI Appendix, Fig. S3 for details about the different water
mass layers in the CB) (36-38). Some of the highest dPb concen-
trations in the CB are found in the Pacific-derived water layer (21).
However, many samples in this water mass (Fig. 34 and SI Ap-
pendix, Fig. S4), particularly those at the same isopycnal surface
with the highest dPb concentrations (21), have lower 2°°Pb/*°’Pb
ratios (<1.15) than what might be expected from North Pacific
Ocean water, which is characterized by higher 2°°Pb/**’Pb values
(1.157 to 1.185) (39, 40). For the Atlantic-derived water layer, it is
also unlikely that Atlantic water is bringing the Eurasian Pb signa-
tures, since North Atlantic Ocean water also has higher **°Pb/>’’Pb
values (1.171 to 1.207) (41, 42). Because ocean circulation can-
not bring the lowest *°Pb/**’Pb compositions (<1.15) to the CB
waters, it is more likely that the dPb isot%pic minimums in the
upper 1,000 m are due to mixing of a low *°Pb/?*’Pb source from
the shelf within the Arctic with other Pb sources with higher
209pb/*"Pb ratios.

Our study also found 20th century Eurasian Pb in CB deep
water below 1,000 m, particularly at depths between 2,000 and 2,500
m, which could help refine the ventilation ages at these depths.
Between 1,000 and 2,000 m, the 2°°Pb/?’Pb values are higher
(1.156 to 1.173), followed by low ***Pb/**’Pb (~1.15) likely from 20th
century Eurasian Pb between 2,000 and 2,500 m, and then are higher
again (1.166 to 1.183) from 2,500 to 3,500 m. The three very dif-
ferent Pb isotopic compositions below 1,000 m indicate the presence
of at least three different water masses. Studies using ventilations age
tracers (e.g., SFe, CFCs, and CCly) (43-45) estimated a wide range
of ages (~100 to 1,500 y) at different depths below 1,000 m, albeit
with large spatial variability and uncertainties, partly because the
concentrations of these tracers were close to the detection limit
(43). In particular, the ventilation ages between 2,000 to 2,500 m

CB4 CB3

0 500
Section distance, km

were estimated between ~100 to 1,000 y old (43-45). Our study,
on the other hand, observed 20th century Eurasian Pb at depths
of 2,000 to 2,500 m, indicating that the age of this water mass is
on the lower end of the current age estimates, since this Pb con-
taminant cannot be more than 100 y old. Although further studies
are needed to investigate how this low **Pb/*’’Pb was acquired by
this deep water, it is possible that this water mass could have had
the isotopic composition as a primary signature or could have picked
it up when it passed over shallow shelves while entering the Arctic
Ocean. Another possibility is that it could be from sinking and ad-
vection of cold, dense shelf waters produced from ice formation,
although this mechanism has only been observed at shallower depths
in coastal polynyas (46) and through modeling (47).

Implications for the Changing Arctic. The dPb concentrations in the
Canadian Arctic are generally very low (average ~5 pmol - kg™ ),
making the Pb concentrations and isotopes in Arctic seawater very
sensitive to even small Pb inputs. For example, only 3 pmol - kg™
of a Pb contaminant source with a 2*°Pb/*"’Pb ratio of ~1.13
(e.g., the 20th century Eurasian Pb) can significantly change the
205pb227Ph ratio of seawater with a 2*°Pb/2’’Pb ratio of ~1.20 and
dPb concentration of 5 pmol - kg™! to a lower 2*°Pb/?’’Pb ratio of
1.17. This sensitivity makes Pb and its isotopes in Arctic seawater
a useful gauge in identifying particulate and contaminant sour-
ces. Prior to this study, it was thought that the contribution to the
dPb budget of CB seawater from anthropogenic Pb brought to
the Arctic region by atmospheric deposition was negligible (18).
However, this work identified the importance of remobilization of
previously deposited aerosols from the high-Pb emission period of
the 20th century in the dPb in the water column of the Arctic, es-
pecially near the shelves where water interacts with coastal sedi-
ments. This suggests that remobilization might become a more
important source of anthropogenic Pb and other trace elements
with the melting of permafrost and icesheets and increased coastal
erosion, as has been seen for other elements and contaminants in
the polar regions (48, 49). Additionally, Pb isotopes may also be
useful in identifying emerging sources of particulate-associated
elements and contaminant in the Arctic as the region opens up
to more human activities such as mining and shipping (50). Indeed,
similar to the observations made by other researchers (51, 52), the
Arctic may be envisioned as a “large-scale experiment” for Pb, in
which the evolving changes in the region may be witnessed,
documented, and used to understand how our activities are impacting
the regional environment.
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Fig. 4. Interpolated 2°®Pb/?°’Pb ratios along the CB to CAAS transect. 2°®Pb/?°’Pb ratios are depicted by the color bar. The lowest 2°Pb/?°’Pb (blue to purple)
values, attributed to 20th century Eurasian Pb, are prominently observed near the shelf (CAA8, CB1, and CB2). The simulation was generated using Ocean

Data View (69).
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Materials and Methods

Sample Locations and Collection. This study is part of the Canadian Arctic
Geotraces Cruises (GN0O2 and GNO3) that took place from July 10 to October 1,
2015, aboard Canadian Coast Guard Ship (CCGS) Amundsen. The seawater
samples analyzed in this study were from the GNO3 cruise collected in the CB
(CB1 to CB4) and CAA8 station (Fig. 1B and S/ Appendix, Table S1). All stations
(CB1 to CB4 and CAAB) have at least five sampling depths from surface to
bottom. The entire study strictly followed trace metal clean protocols and used
high-purity acids, reagents, and water (Optima or equivalent brands, 18.2-MQ
Millipore Milli-Q water). The seawater samples were collected using a trace
metal clean rosette sampling device based on previously established proce-
dures (53). The rosette system consisted of trace metal clean frame, cables, and
twelve 12-L, Teflon-coated Go-Flo bottles (General Oceanics). After sampling,
the Go-Flo bottles were moved to a high-efficiency particulate air (HEPA) fil-
tered clean container on the ship, subsampled, and filtered using 0.2-um
Acropak filters (Pall Corporation). The samples were then acidified to pH 1.7
with 12-M, high-purity HCl and processed for Pb isotope measurements at
Department of Earth Sciences at University of Toronto.

Sample Processing and Pb Isotopes Measurements. The Arctic seawater samples
posed a unique challenge, because the Pb concentrations [complete concen-
tration data and method are reported elsewhere (21, 54, 55)] were very low
(average ~5 pmol - kg™"), and some samples had limited volumes. To overcome
this challenge, some of the samples from the same station and adjacent depths
(largest depth difference between samples combined was 500 m) were com-
bined in order to have enough Pb for isotopic analysis. Also, the samples in this
study were intended for both Pb and Fe (a topic for another study); hence, the
previously established method (56) used to process the seawater was modified
to allow collection of both metals. The sample processing involved extraction of
Pb along with other metals from the seawater samples and then anion ex-
change chromatography to obtain pure Pb for isotopic measurements.
Extraction and purification. The coextraction of Pb and Fe from seawater was
carried out with Nobias PA-1 chelating resin (Hitachi High Technologies) fol-
lowing the method for Fe, Cd, and Zn by Conway et al. (56) Briefly, this method
extracted Fe first by adding the resin to the previously acidified seawater
sample (~pH 2) and then mixing the resin—seawater mixture for 2 h to ensure
binding of Fe to the resin. Next, the pH of the resin-seawater mixture was
increased to ~6 by adding NH;OAc buffer solution and 11-M NH4OH to allow
the binding of Pb along with other metals to the resin. The resin was then
collected on a 0.4-um nucleopore filter using a trace metal clean vacuum filter
rig (57), and the bound Pb and other metals were eluted from the resin with
five aliquots of 5 mL 3-M HNO;. For samples in which only Pb was extracted, the
steps specific for extracting Fe were skipped. The complete extraction proce-
dure is detailed in S/ Appendix, Fig. S5A. The collected eluents were then
processed through anion exchange chromatography to obtain pure Fe and Pb.
The overall purification process involved sequential anion exchange
chromatography with (1) analytical grade (AG)-MP1 resin to purify Fe (56)
and collect Pb and other metals in the non-Fe eluent and (2) AG 1 x 8 resin to
purify Pb (58, 59). The purification process began by drying down the eluents
from above and then refluxing them in 100 uL each of concentrated HCl and
HNO; in polytetrafluoroethylene (PTFE) containers for at least 2 h. After
drying down the solution, the samples were dissolved with 200 pL 10-M HCI
+0.001% H,0; and ready for the Fe purification step. The HCl solutions were
loaded into custom-made PTFE microcolumns with ~20 pL precleaned AG-
MP1 resin. Since AG-MP1 has a weak affinity to Pb in HCl, the solution matrix
passing through the column contained Pb and was immediately collected in
clean PTFE containers. The column resin and bound Fe were then washed
with 100 pL 10-M HCl + 0.001% H-0, and 240 uL 5-M HCl + 0.001% H-0,,
collecting the washes in the same PTFE containers containing the solution
matrix with the Pb. These combined eluents were then evaporated, dried,
and dissolved with 2-M HBr for the second column purification with ~0.3 mL
of AG 1 x 8 resin that binds Pb. The column resin and bound Pb were washed
with 2 mL 2-M HBr and 2 mL 1.7-M HCl, and then, Pb was eluted with 4 mL
6-M HCI. The eluents containing Pb were dried and dissolved in 2% HNO3
for Pb isotope analysis. For samples in which only Pb was extracted, the Fe
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AG-MP1 purification step was skipped. The complete purification procedure
is detailed in the schematic diagram (S/ Appendix, Fig. S5B). The estimates of
Pb recovery from the first batch of samples (CB3 samples) range from 69 to
140% (median = 107%, n = 8). The recoveries above 100% do not necessarily
indicate blank contamination, because the procedural blank (median) is only
~2% of the Pb amount (median) in the final test solutions (refer to S/ Ap-
pendix, Supplementary Text for the discussion of blank). The concentrations
for the recovery estimates were approximated from the signal sizes of the
final test solutions measured by multicollector inductively coupled plasma
mass spectrometer (MC-ICPMS), and hence, they are only rough estimates.
Nevertheless, the recovery estimates show that the method extracted the Pb
with good recovery from seawater.

Pb isotope measurements. The measurement of Pb isotopes was performed
using a Thermo Fisher Scientific Neptune Plus MC-ICPMS. The sample intro-
duction system used was an Apex (Elemental Scientific Inc.) without a des-
olvator for samples measured between July 2017 and June 2018 and an Aridus
Il desolvating system (Teledyne CETAC Technologies) for samples measured in
October 2018. The X and Jet cones were used to increase the sensitivity,
obtaining a 2%Pb signal of ~0.2 V/ppb and ~0.5 V/ppb for Apex and Aridus
systems, respectively. The instrumental mass bias was corrected by using an
internal thallium (TI) standard (National Institute of Standards and Technology
[NIST] 997, masses 203 and 205) and bracketing the sample measurements with
NIST 981 Pb standards (59). Because of limited sample volumes (at least 0.4-mL
final volume), the concentrations of the prepared solutions were not measured
prior to the isotope measurements, resulting in sample Pb/TI and bracketing
standard Pb/TI mismatches of up to 20%. In addition, some of the blanks and
samples had a higher Tl signal than what was expected from the spiked T,
likely due to Tl contamination as the same laboratory uses high-TI concentra-
tions (NIST 997 also) for mercury isotope measurements. Despite the large
mismatches and the presence of some Tl noise, the Pb isotope ratios of the
process and instrumental standards (NIST 981 and BCR-2; S/ Appendix, Table S3)
that were run at concentrations and mismatches similar to samples were in
agreement with published values. Besides NIST 981 and BCR-2, the data in-
tegrity was further assessed by analyzing intercomparison (S/ Appendix, Table
S4) and duplicate (S/ Appendix, Table S5 seawater samples, and their results are
discussed in more detail in S/ Appendix, Supplementary Text. The errors (two
SD) used in this study are + 0.007 (two SD) for both 2°Pb/2°’Pb and 2°®Pb/2°%Pb
(unless otherwise stated) and were based on the intercomparison and the du-
plicate pairs that had the highest two SDs (excluding the outliers; S/ Appendix,
Supplementary Text).

Two-Component Isotope Mixing Calculation to Estimate the Fractional Contribution
of Anthropogenic and Natural Sources. The fractional contribution of anthropo-
genic (f,) and natural (f,,) sources of Pb was estimated using a two-endmember
mixing model:

faRa + faRn = Row, [1]

where the sum of £, and f, is one and the Pb isotope ratios of the anthropo-
genic endmember (a), natural endmember (n), and seawater sample (sw) cor-
respond to R,, Ry, and Ry, respectively. A sensitivity analysis using two different
206pb/297Ph values for each of the chosen anthropogenic and natural end-
members are provided in S/ Appendix, Table S2. The selection of the Pb isotope
ratios for each endmember are also explained in detail in S/ Appendix, Table S2.

Data Availability. All study data are included in the article and/or S/ Appendix.
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