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Abstract Most oceanic lead (Pb) is from anthropogenic emissions into the atmosphere deposited into
surface waters, mostly during the past two centuries. The space‐ and time‐dependent emission patterns of
anthropogenic Pb (and its isotope ratios) constitute a global geochemical experiment providing information on
advective, mixing, chemical, and particle flux processes redistributing Pb within the ocean. Pb shares aspects of
its behavior with other elements, for example, atmospheric input, dust solubilization, biological uptake, and
reversible exchange between dissolved and adsorbed Pb on sinking particles. The evolving distributions allow
us to see signals hidden in steady‐state tracer distributions. The global anthropogenic Pb emission experiment
serves as a tool to understand oceanic trace element dynamics. We obtained a high‐resolution (5° station
spacing) depth transect of dissolved Pb concentrations and Pb isotopes from Alaska (55°N) to just north of
Tahiti (20°S) near 152°W longitude. The sections reveal distinct sources of Pb (American, Australian, and
Chinese), transport of Australian style Pb to the water mass formation region of Sub‐Antarctic Mode Water
which is advected northward, columnar Pb isotope contours due to reversible particle exchange on sinking
particles from high‐productivity particle veils, and a gradient of high northern deep water [Pb] to low southern
deep water [Pb] that is created by reversible exchange release of Pb from sinking particles carrying
predominantly northern hemisphere Pb. 208Pb/206Pb versus 206Pb/207Pb isotope relationships show that most
oceanic Pb in the North Pacific is from Chinese and American sources, whereas Pb in the South Pacific is from
Australian and American sources.

Plain Language Summary Humans have increased the flux of lead (Pb) into the atmosphere by a
factor of 20. Most of this lead is deposited in the ocean, where it is dispersed by currents, mixing, and
interactions with sinking particles. The intensity and sources of lead have changed strongly with time. Using
lead isotopes, we can distinguish between American, Australian, and Chinese lead. We measured lead and its
isotope ratios on seawater samples from a North‐South section in the central Pacific Ocean (152{degree sign}
W). We find that most of the lead in the North Pacific Ocean today is from China with a significant residual
component of American lead from previous emissions. South of the equator, most of the lead is a mixture of
Australian and American lead, with a particularly strong Australian component at 10–20{degree sign}S in the
northward‐spreading SubAntarctic Mode Water. This seawater data is consistent with atmospheric aerosol data
collected along the research cruise track.

1. Introduction
Lead (Pb) is the most dispersed elemental contaminant in the earth surface geochemical system (Nriagu, 1989;
Patterson & Settle, 1987a). Lead is emitted into the atmosphere by industrial processes (smelting, high tem-
perature combustion) and by automotive and aeronautical fuels with tetraethyl Pb additives being dispersed
globally extending to the most remote places. Volcanoes can contribute a small natural source into the atmosphere
(Patterson & Settle, 1987b) and weathering of natural minerals contributes a small amount into the hydrosphere;
however, both of the latter sources are small compared to the anthropogenic mobilization. Anthropogenic Pb is
dispersed globally and can be found in the most remote places (McConnell et al., 2002, 2014). With four stable
isotopes, three of which are radiogenic products of the 238U, 235U, and 232Th decay series, different geological ore
deposits can be differentiated depending on the temporal history of their source Pb rocks and their U/Pb and Th/
Pb ratios. Because Pb is highly recycled, different regions tend to acquire persistent characteristics that allow
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differentiation between sources: for example, one can distinguish American Pb from European Pb, South Asian
and Australian Pb from U.S. Pb, and Chinese Pb from North and South American and Australian and South Asian
Pb. Because emissions have evolved on decadal and centennial time scales, Pb is behaving as a large‐scale global
experiment on ocean chemistry, where fluxes from the atmosphere into the surface ocean are dispersed by ocean
circulation and sinking particle transport pathways. The goal of the International GEOTRACES program is to
map out the global distribution of trace elements and their isotopes in the ocean to understand how they behave
biogeochemically and their uses in understanding chemical dispersal processes within the ocean. This manuscript
describes the distribution of Pb concentration [Pb] and Pb isotope ratios (206Pb/207Pb, 208Pb/206Pb, and
206Pb/204Pb) on a North‐South vertical section from Alaska to Tahiti along 152°W. This is the longest and most
detailed meridional section of these properties to date passing through distinctive oceanographic and biogeo-
chemical provinces capable of unraveling Pb sources and processes affecting Pb dispersion within the ocean.

1.1. The Central Pacific Meridional Ocean Setting

Station positions from GEOTRACES Section GP15 (USGT northern PMT) are shown in Figure 1. The track
starts near Alaska, at 55°N, 158.5°W, proceeds southeast to 52.5°N, 152°W, then follows 152°W south to near
Tahiti (20°S).

The cruise track passes through a great variety of oceanographic settings including: cyclonic subpolar gyres,
through the anticyclonic central North Pacific subtropical gyre, across the complex zonal circulation in the
equatorial region, to the northern portion of the central South Pacific anticyclonic subtropical gyre (Talley
et al., 2011). Beginning with the westward flowing Alaskan Stream which receives freshwater from mountainous
glaciers and passes through the subpolar gyre, the southern boundary is the high productivity Subarctic Frontal
Zone (SAFZ) at ∼42°N which is part of the eastward flowing North Pacific Current. Here, surface currents upwell
nutrients stimulating high biological productivity. The center of the North Pacific Subtropical Gyre has low
nutrients and low productivity. The equatorial region has alternating eastward and westward flows: westward
North Equatorial Current (8–20°N), eastward North Equatorial Counter Current (∼5°N), westward South
Equatorial Current (3°N to 10°S) including Ekman divergence induced upwelling at the equator underlain by the
eastward flowing Humboldt Equatorial Undercurrent. Southward, the anticyclonic South Pacific Subtropic Gyre
has low nutrients and low biological productivity.

In the deeper ocean, the intermediate water is fed by North Pacific Intermediate Water formed in the Sea of
Okhotsk in winter. The densest water arrives from the Antarctic as Circumpolar Deep water, and returns
southward as Pacific Deep Water. The inflow of Circumpolar Deep Water is topographically constrained with
some abyssal water passing through a narrow passageway south of Hawaii into the Eastern Deep Pacific (Edmond
et al., 1971) and most water flowing northward west of Hawaii (Kawabe & Fujio, 2010; Reid, 1997).

1.2. Pb Sources to the Central Pacific and Pb Residence Times

Pre‐anthropogenic Pb inputs to the northern Pacific Ocean, as represented by sea floor surface sediments, have a
predominantly “crustal” 206Pb/207Pb ratio from about 1.184 to 1.196 (Chow & Patterson, 1962), reflecting
continentally derived sediments and submarine hydrothermal Pb near the ridge crests (Chen et al., 1986), with the
lower values reflecting a larger proportion of subduction zone volcanic Pb. Wu et al. (2010) proposed that
reversible scavenging of Pb between sinking crustal particles and seawater set the deep water Pb isotope
composition to these values and that in the deepest Pacific there is still a substantial pre‐anthropogenic reservoir
with this isotopic composition.

In anthropogenic times, Pb was most substantially contributed by leaded gasoline emissions with the U.S. being
the predominant source (Boyle et al., 2014). Although U.S. 206Pb/207Pb isotope ratios have varied in time and
space, they generally fell in the range 1.18–1.20 during the period of leaded gasoline emissions (Kelly
et al., 2009). Flegal et al. (1984) measured surface water 206Pb/207Pb isotope ratios of 1.196 in 1980 from a central
Pacific site (15°N, 158°10’W) which is consistent with U.S.‐sourced lead being the dominant source to the North
Pacific Ocean during this period. Since this is not significantly different from the pre‐anthropogenic ratio, the
enhanced Pb source derived from sinking particles would not have significantly changed deep Pb isotope ratios
during this period although it would have increased deep ocean Pb concentrations. As the U.S., Canada, and Japan
phased out leaded gasoline beginning in the 1980's, the dominant Pb source shifted to China (Flegal et al., 2013),
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with lower 206Pb/207Pb isotope ratios of ∼1.155 (Boyle et al., 2020; Pinedo‐Gonzalez et al., 2018). This Pb can be
recognized by its higher 208Pb/206Pb ratio at a given 206Pb/207Pb value (Ewing et al., 2010).

The residence time of Pb in the surface ocean depends on the biological productivity of the region. Nozaki
et al. (1976) mapped out the distribution of 222Rn‐derived 210Pb in surface waters of the Pacific Ocean and found
that it varied in activity from 7 to 25 dpm/100 kg, with the lowest values near the highest latitudes, equator, and
western and eastern boundaries. The highest values are seen in the central North Pacific Gyre. Assuming a
longitudinal 210Pb deposition flux variation across the Pacific, they estimated that the Pb residence time in the
central North Pacific Gyre is 1.7 years.

In deep waters, 210Pb scavenging onto sinking particles is indicated by 210Pb/226Ra activity ratios of ∼0.5,
signifying a scavenging residence time of about 30 years (Chung et al., 1983). Since it takes about 1,000 years for
surface water to flush the deep North Pacific (Matsumoto, 2007), the amount of advective Pb carried from source
surface waters is negligible in the deep Pacific. However, in particle‐rich environments such as the North and
Equatorial Pacific particle veils, anthropogenic Pb isotope signatures can be observed throughout the entire water
column perturbing the natural deep Pacific Pb cycle (Lanning et al., 2023).

Figure 1. GEOTRACES GP15 cruise track. Green circles: ports, open black circles: rinse stations, brown circles: shelf and
slope stations, purple circles: full 36‐depth stations, blue circles: full 24‐depth stations, white circles: 1,000 m demi stations,
yellow triangle: intermediate fish samples.
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2. Materials and Methods
2.1. Seawater Analyses

The threads of 2 L Nalgene® high‐density polyethylene bottles were leached in reagent grade 2M HCl for one day
before the bottles were filled with reagent grade 1M HCl and leached for 24 hr at 60°C. The bottles were then
inverted and allowed to stand for one more day. The bottles were rinsed 3 times with high‐purity distilled water,
then refilled with high‐purity 0.001 M HCl and leached for 24 hr at 60°C. The bottles were then rinsed five times
with high purity distilled water, double‐bagged in polyethylene, and stored in Rubbermade® totes for shipping
and fieldwork.

Samples were collected on cruises RR1814 and RR1815 of the R/V Roger Revelle (U.S. GEOTRACES GP15)
Surface water samples were collected by pumping from a “fish” towed over the side of the ship while depth profile
samples were collected using the trace metal clean GO‐Flo sampling rosette maintained by Greg Cutter following
standard practices (Cutter & Bruland, 2012). Once samples were brought onboard, subsampling at the opera-
tionally defined dissolved cutoff (0.2 μm) was done in a positive pressure HEPA‐filtered air van. Bottles were
rinsed three times with samples before filling. They were then rebagged and stored in the totes until returned to the
MIT where they were acidified with 4 mL of 6M optima‐grade HCl and allowed to sit for months before analyzing.

Pb concentrations at three stations (8, 18, and 35) were analyzed at MIT for intercalibration with the TAMU lab
which analyzed all stations. MIT used a modification of the Lee et al. (2011) 204Pb isotope dilution batch method
with the NTA solid‐phase extractant beads replaced with Nobias Chelate PA1 beads (Sohrin et al., 2008). The
extracted Pb was analyzed for 208Pb/204Pb on a PQ2+ quadrupole inductively coupled plasma mass spectrometer.
TAMU analyzed Pb concentrations using a modified automated offline Elemental scientific SeaFAST® pico
metal extraction system with Nobias Chelate PA1 resin (Jensen et al., 2020; Lagerström et al., 2013). Isotope
dilution was employed to analyze [Pb] with samples buffered to a pH ∼ 6.2. Once the samples were eluted with
10% optima grade nitric acid (HNO3) a 25× preconcentration factor by the SeaFAST [Pb] was analyzed on a
Thermo Element XR high resolution inductively coupled plasma mass spectrometer at the R. Ken Williams
Radiogenic Laboratory at TAMU. Data quality for Pb was assessed by direct intercalibration between MIT and
TAMU on parallel samples from three stations (8, 18, and 35) with good agreement (SI figure 1 in Supporting
Information S1). It was also assessed by a crossover station from the Japanese GEOTRACES cruise GEO-
TRACES GP (KH‐17‐3), station CL09 (47°N, 152°W) (Chan et al., 2024) and GP15 station 8 (47°N, 152.665°W)
(SI Figure 2 in Supporting Information S1), with good agreement between the three labs. In general, the Pb
concentration precision should be a few percent of the value except at the low pmol/kg levels where it may
increase to ±0.5 pmol/kg.

Seawater Pb isotope ratios were measured by IsoProbe magnetic sector plasma mass spectrometry at MIT after
extraction and purification of Pb using modifications of the methods described by Reuer et al. (2003) and Boyle
et al. (2012). The modifications concerned Pb extraction from seawater by three different methods. Most of the
southern samples were extracted using the PA1 batch extraction method described by Boyle et al. (2020). Most of
the northern samples were extracted using Mg(OH)2 coprecipitation, followed by dissolution in the minimal
amount of 6 M high purity HCl (5–20 mL) diluted to 45 mL with high‐purity distilled water, buffering to pH 5–6
using high purity ammonium acetate, and two consecutive batch solid phase extractions onto PA1 resin (Lanning
et al., 2023). For station 37 only, Pb was extracted directly onto a PA1 resin mini‐column after buffering to pH 4–
5. For all of the stations, Pb was extracted from the resin with 0.1 M HNO3, the solutions were dried down, and
then they were purified further using AG1‐X8 anion exchange using HBr‐HCl binding and elution chemistry
(Reuer et al., 2003).

The Pb isotope precision depends on the signal level on the mass spectrometer because of the Johnson resistor
noise, about 11 µvolts for a 10 s reading. Well above that level (0.2–1.1 V), two sigma standard error values
(n = 40) for ninety‐eight 1,000 μL replicates of a laboratory standard containing 70 nmol kg−1 were reproducible
to 206Pb/207Pb = 300 parts per million (ppm) and 208Pb/207Pb = 400 ppm. Precisions for 206Pb/204Pb, with the
much less abundant 204 measured on a Daly style ion counter are lower, ∼2,000 ppm. For samples with low signal
strengths due to low concentrations or poor recovery efficiencies during purification, errors are larger; we exclude
values for 206Pb/207Pb that have within‐run 2 s. e. > 3,000 ppm. The two sigma internal standard error values for
each data point is listed in Supporting Information S1 data table. In general, we can obtain usable Pb isotope data
from 1 kg samples with ≥2 pmol/kg.
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For Pb isotopes, we have participated in several intercalibration exercises that are largely reviewed in Boyle
et al. (2020). In addition, further information will be available from the GEOTRACES IDP2025 in its intercal-
ibration report. There also is a crossover station for Pb isotopes at 10.5°S 152°W (GP16 EPZT station 36, ‐Dec.
2013 and GP15 PMT station 35 Nov. 2018) (SI Figure 3 in Supporting Information S1). The profiles are
reasonably consistent; however, because Pb is an evolving time‐and‐space‐dependent transient, these temporally
displaced data cannot provide the best assessment of sampling and analysis consistency.

2.2. Aerosol Analyses

During the transits, Clifton Buck and Chris Marsay deployed automated aerosol samplers on the flying bridge,
which pumped air through sterile membrane filter discs for periods of time ranging from 31.2 to 60.1 hr. These
correspond to sampled volumes of air ranging from 185.0 to 357.8 cubic meters. The samplers were automated to
only pump air when the wind was toward the ship, to avoid contamination from the ship exhaust. The samplers
collected multiple sub‐samples with the same air volumes passing through. They generously shared splits of 10
samples. These samples were leached by 0.1 M HNO3 at 100°C for 24 hr to remove surface‐bound Pb. The
resulting solutions were spiked with 205Pb, purified by anion exchange chromatography and analyzed for total Pb
and Pb isotope ratios by thermal ionization mass spectrometry in the MIT Isotope Laboratory. Concurrently
measured filter disc Pb blanks ranged from 32 to 88 pg, well below the Pb content of the analyses (0.6–11.8 ng). A
parallel analysis for total Pb (processed with concentrated HNO3 and HF, hence total Pb) on six splits of these
samples (Marsay et al., 2022) showed good agreement with a single obviously contaminated split for one sample
(SI Figure 4 in Supporting Information S1).

3. Results and Discussion
3.1. Features of the Seawater [Pb] and Pb Isotope Sections

The dissolved Pb concentrations ([Pb]) and Pb isotope ratios of seawater are shown as contoured sections in
Figure 2, and as individual profiles in Figures 3–5. The nearest‐surface water [Pb] variability and aerosol Pb
concentration sample variability along the section are shown in Figures 6 and 7. Briefly, an elevated upper ocean
plume of [Pb] extends from the Alaskan shelf across the Equator reaching [Pb] > 70 pmol/kg. At depths below
this plume [Pb] resembles more pre‐industrial concentrations; however, there is slightly elevated [Pb] in the
abyssal North Pacific compared to the Equatorial Pacific (Figure 2 upper). In Pb isotope space, this high [Pb]
feature is outlined by defining isotopic ratios. A northward migrating plume is seen in the southern section at
∼600 m, but only in Pb isotopes not concentration, meeting the southward migrating elevated [Pb] feature
(Figure 2 middle and bottom). The atmospheric aerosols show a different latitudinal pattern than the surface
waters because of the different integration timescales, as discussed later in Section 3.5.

Before anthropogenic emissions, Pb in the ocean as a whole, particularly in older deep waters, occurred at low
concentrations supported by weathered crustal particles carried by rivers and transported as aerosols through the
atmosphere (Schaule & Patterson, 1981). In recent times (as confirmed by published work) Pb enters the ocean as
particulate fallout from the atmosphere which is dominantly due to anthropogenic emissions (Marsay et al., 2022;
Pinedo‐Gonzalez et al., 2018; Zurbrick et al., 2017). Hence the upper ocean has higher [Pb] than older deeper
waters due to source proximity. With more land area and total population, there are more anthropogenic emissions
in the northern hemisphere than the southern, hence Pb in the upper northern hemisphere ocean is higher than in
the southern hemisphere. Within the ocean, Pb attaches to particles that sink and reversibly exchange with deeper
waters (Lanning et al., 2023; Wu et al., 2010) carried by sinking particles and released into the low‐[Pb] deep
waters resulting in decadal‐ and century‐scale increasing deep water [Pb] (Wu et al., 2010). It is evident that deep
[Pb] concentrations in the North Pacific are elevated compared to the Equatorial and South Pacific because the
North Pacific has a higher upper ocean [Pb] resulting in higher flux of sinking particles carrying Pb to depth
(Lanning et al., 2023).

In recent decades, two important changes to the atmospheric Pb flux have occurred: (a) Pb was phased out of
gasoline in most countries in the world (hence most ocean surface waters now have lower [Pb] than the decade‐old
thermocline waters such as in the Atlantic (Boyle et al., 2014)), resulting in decreased fluxes into the surface
ocean; and (b) Chinese coal combustion rose to levels where Pb emissions were even larger than they were during
Chinese leaded gasoline utilization (Flegal et al., 2013). This increase has resulted in high atmospheric Pb
transport from China within the westerlies maximized at ∼30–40°N with our data showing a surface water [Pb]
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Figure 2. Dissolved Pb (upper) and 206Pb/207Pb (upper middle), 208Pb/206Pb (lower middle), and 206Pb/204Pb (bottom)
sections.
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Figure 3. Vertical profiles of dissolved Pb [Pb], stations 1–21. Within‐run 1 s. e. reproducibility for Pb is generally smaller than the point sizes, so error bars are not
shown.
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maximum of 43 pmol/kg at 37°N (PMT station 12; Figure 2 upper). This latitude is near the locations where
winter cooling results in the subduction of surface waters (with density sigma theta ∼26.7‰) into the upper
thermocline, contributing additional high [Pb] water into water masses that are already elevated from having
subducted during peak anthropogenic Pb emissions. This maximum spreads laterally by advection and eddy
diffusion.

The consequences of these processes on Pb isotopes depends on the isotopic composition of the various sources.
In pre‐anthropogenic times, Pb isotopes were controlled by the isotopic composition of continental runoff Pb,
which can be estimated as 206Pb/207Pb ∼1.20 based on the Pb isotopic ratio of marine sediments (Chow &
Patterson, 1962). Hence most of the ocean would have had this isotopic ratio, and some of this Pb from the pre‐

Figure 4. Vertical profiles of dissolved Pb [Pb], stations 22–39.
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Figure 5. Vertical profiles of 206Pb/207Pb. Within‐run 2 s. e. reproducibility for 206Pb/207Pb is generally smaller than the point sizes, so error bars are not shown for most
points, but for some samples with small Pb signals, internal 2 s. e. error bars are drawn.
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anthropogenic ocean remains in the deep waters of the ocean. With the onset of anthropogenic inputs, isotopic
compositions varied regionally depending on the Pb ore sources. In general, European Pb had 206Pb/207Pb < 1.15
whereas American Pb (north and south) had 206Pb/207Pb of 1.17–1.22 (Boyle et al., 2014). Australian‐type Pb has
low 206Pb/207Pb, <1.12. As the Pacific Ocean Pb sources varied from crustal (∼1.20; Lee et al., 2015) to pre-
dominantly U.S.‐type Pb in the northern Pacific (∼1.2) and Australian‐type Pb in the southern Pacific, mixing of
the two sources within the ocean resulted in a linear mix between 1.20 and 1.12. As U.S. Pb gasoline was phased
out and Chinese Pb (∼1.16) emissions increased, upper ocean 206Pb/207Pb in the northern Pacific has decreased,
while the southern Pacific Pb remained low because of the Australian‐type Pb contribution. Hence the upper
ocean in 2018 had lower 206Pb/207Pb than the deeper older waters (Figure 2 upper middle).

The sinking particles from the surface reversibly adsorb Pb and have been transporting it and its isotopic signature
to depth during these anthropogenic periods. Hence deep Pb in the North Pacific Ocean has been slightly
increasing with time (Wu et al., 2010). However, as recently noted (Lanning et al., 2023), in regions of higher

Figure 6. Near‐surface dissolved Pb concentration ([Pb]), and atmospheric aerosol concentration.

Figure 7. Surface seawater and aerosol Pb isotope data versus latitude.

Journal of Geophysical Research: Oceans 10.1029/2024JC021674

SHUO ET AL. 10 of 16

 21699291, 2025, 1, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024JC

021674 by M
assachusetts Institute O

f Technology, W
iley O

nline Library on [21/01/2025]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License



biological production due to upwelling nutrients, such as at the equator and north of 37°N, the higher flux of
particles carries the anthropogenic surface water isotope ratios down throughout the entire water column at a rate
sufficient to overcome horizontal mixing (Lanning et al., 2023). Our Pb isotope sections show columnar struc-
tures of isotopic ratios down from the surface to the bottom under these high productivity regions, observable in in
all three independent Pb isotope ratios (206Pb/207Pb, 208Pb/206Pb, and 206Pb/204Pb, Figure 2).

3.2. Pb Isotope Evidence for Pacific Bottom Water Penetration Into the Eastern Pacific?

At PMT station 18 (Figure 8), two samples below 4,500 m (4,750 and 5,095 m) show different Pb isotope sig-
natures than the water immediately above (206Pb/207Pb = 1.1831 and 1.1855 compared to 1.1805 for the two
shallower measurements above them, 208Pb/207Pb = 2.4546 and 2.4570 compared to 2.4607 above, and
208Pb/206Pb = 2.0748 and 2.0726 compared to 2.0844 above. The deepest sample (5,135 m compared to cast
bottom depth of 5,175 m) returns to the shallower values: 1.1806, 2.4611, and 2.0846, perhaps as a result of
release from bottom particles equilibrated during sinking through the shallower waters. We propose that this Pb
isotope feature is a reflection of the topographically constrained penetration of dense Pacific Circumpolar Deep
Water eastwards through a deep passage 10 km wide south of Horizon Guyot and on or around the southeastern
end of the Hawaiian chain. Edmond et al. (1971) observed a maximal bottom water hydrographic anomaly of
−0.3°C in temperature and +0.1‰ in salinity between 4,400 m and the bottom at 5,150 m; Kawabe and
Fujio (2010) also observed some eastward transport of abyssal waters. At Station 18, the salinity only increases by
+0.011‰ at 5,095 m compared to 3,750 m, so a high degree of dilution has already occurred (notably, the salinity
at the deepest sample 5,135 m that does not show a Pb isotope anomaly also does not show the positive salinity
anomaly, −0.020‰ compared to 3,750 m).

3.3. Australian Pb in Sub‐Antarctic Mode Water (SAMW) and Antarctic Intermediate Water (AAIW)

One of the strongest features in the 206Pb/207Pb section is the minimum 1.151 seen in the upper thermocline
waters of the southern two stations (37 and 39, Figure 9). The station 39,206Pb/207Pb minimum coincides with the
salinity minimum characteristic of the SubAntarctic Mode Water (SAMW, McCartney, 1977), a water mass
formed near the Sub‐Antarctic Front on the northern flank of the Antarctic Circumpolar Current (ACC) during
winter with a sigma theta density of 26–27‰ (Bushinsky & Cerovečki, 2023; Li et al., 2021). The minimum tends
to extend deeper than the formal boundary of this water mass, implying that low 206Pb/207Pb may also be found in
the underlying Antarctic Intermediate Water (AAIW).

How do the Antarctic water masses become labeled with low 206Pb/207Pb? We can suggest two possibilities. (a)
Australian Pb is directly transported by the atmosphere to the Pacific formation waters of the ACC, particularly
near their northern boundary (SAMW formation also occurs in the Indian Ocean, but may only comprise a minor

Figure 8. Vertical profiles of dissolved Pb ([Pb]) and Pb isotope data from GEOTRACES PMT station 18.
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portion in this region of the Pacific, Bushinsky & Cerovečki, 2023). NASA satellite images show that carbo-
naceous aerosols from eastern Australian wildfires are transported to the regions where SAMW forms (Dirksen
et al., 2009; NASA, 2020; Tang et al., 2021). Given these air transport pathways, aerosol Pb from anthropogenic
Australian sources (not necessarily wildfires) may be directly transported to the northern boundary of the Ant-
arctic Circumpolar Current. (b) Low 206Pb/207Pb surface waters from the Indian Ocean may be transported by the
ACC into the Pacific regions where SAMW and AABW are formed. As Lee et al. (2015) show, Pb in the upper
Indian Ocean is dominated by Australian‐type low 206Pb/207Pb values (∼1.14–1.16). These Pb isotope ratios
extend to about 40°S, where they could be incorporated into the northern ACC and brought into the Pacific
formation regions of the thermocline Antarctic water masses. Further work is necessary to clarify if these pos-
sibilities can be confirmed.

3.4. Connection to Latitudinal EPZT at 10.5°S

Figure 10 illustrates the connection between our GP15 with the USGT EPZT GP16 east‐west 206Pb/207Pb section at
10–16°S (Boyle et al., 2020), connecting at 10.5°S. The SAMW 206Pb/207Pb minimum extends across the GP15,
becoming less evident near the South American coast. The deep waters along this E‐W section do not show any
particle veil effects. The deep waters below ∼1,000 m have relatively uniform 206Pb/207Pb values ranging from
1.175 to slightly above 1.185, comparable to sections of the USGT PMT GP15 that are not under particle veils.

3.5. Aerosol Pb

Aerosol Pb, Pb isotope ratio, and the sampling intervals for the near‐sea surface aerosols are illustrated in
Figures 6 and 7. Marsay et al. (2022) show 3 day back trajectories for these samples (and include 5‐ and 10 day
back trajectories in Supporting Information S1). There is substantial variability in total Pb (∼factor of 20) with
lowest concentrations (<0.1 pmol/m3) in the northernmost sample and in the northern and southern tropics.
Equatorial (0–5°N) samples showed a Pb concentration maximum. The northernmost sample (53°N) had inter-
mediate 206Pb/207Pb (1.177) which could be influenced by Alaskan or Canadian aerosols (see discussion of Pb
triple isotope features). In the rest of the northern hemisphere, 206Pb/207Pb showed low values (1.155–1.164)
characteristic of Chinese anthropogenic emissions. Equatorial and southern hemisphere samples showed higher
206Pb/207Pb (1.187–1.203) characteristic of South American aerosols. Mexico and Peru are two of the 10 world's
largest producers of Pb ore and much of the Pb is refined domestically (Roskill Report, 1996). Peru and Chile are
the world's largest copper producers, which release lead as a by‐product. The ratio of 206Pb/207Pb in Pb ore
deposits ranged from 1.180 to 1.205 in Mexico and ranged from 1.199 to 1.220 in Peru (Sangster et al., 2000). The
ratio of 206Pb/207Pb in Pb aerosols in two samples from Santiago Chile were 1.150 and 1.182 in 1994–1995
(Bollhöfer & Rosman, 2000).

It is evident that the surface water and aerosol Pb concentrations have significantly different latitudinal con-
centration variability. This observation is not surprising given the different residence time of aerosols (days to a

Figure 9. Vertical profiles of dissolved Pb ([Pb]) and Pb isotope data from PMT station 39.
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week) and surface water Pb (2 years), so aerosols reflect processes from a few days before sampling whereas the
surface water will reflect a yearly integration of events.

3.6. Pb Triple Isotope Features

Figure 11 illustrates features that can be recognized using three isotopes, 206Pb, 207Pb, and 208Pb. The two isotope
ratios 206Pb/207Pb and 208Pb/206Pb vary between Pb ore sources because of difference in the geologic age and U/
Pb and Th/Pb ratios of the source rocks. In particular, U.S. Pb has mean isotope ratios 206Pb/207Pb ∼1.20 and
208Pb/206Pb ∼2.05, Australian Pb has mean Pb 206Pb/207Pb ∼1.1 and 208Pb/206Pb ∼2.2, and Chinese Pb has
206Pb/207Pb ∼1.155 and 208Pb/206Pb ∼2.12. Because of these differences, a mixture of U.S. and Chinese Pb falls
on a higher line on a 208Pb/206Pb versus 206Pb/207Pb plot compared to a mixture of U.S. and Australian Pb (Boyle
et al., 2020; Ewing et al., 2010; Pinedo‐Gonzalez et al., 2018). This Chinese‐influenced Pb can be recognized by
its higher 208Pb/206Pb ratio at a given 206Pb/207Pb value.

Because of the source variability combined with atmospheric transport patterns, the above source differences in
the triple isotope plot depend on the latitude and depth. Most of the seawater isotope ratios at all depths from
stations 2–25 fall on a Chinese‐American lead line (blue and purple points). Nine out of the 10 aerosol samples
also fall on this line. There are several anomalously high 208Pb/206Pb values associated with stations 1 and 10.
Station 1 is a shallow station very near the Alaskan coast, probably representing something local. Station 10 is
located on top of the strongest particle veil. We suggest that this feature may be due to the influence of a
particularly strong high Chinese 208Pb/206Pb source, but we need other data nearer the source to know if this is
correct. Most of the samples from stations 29–39 fall on an Australian‐American line.

4. Conclusions
The GP15 PMT Pb and Pb isotope section is the longest and most detailed data for these properties to date
emphasizing the role that Pb can play as an oceanographic tracer in this global experiment. The ocean distribution
of the properties is consistent with known sources and their isotope compositions, and reversible scavenging

Figure 10. GEOTRACES GP16 EPZT and GP15 PMT 206Pb/207Pb sections joined together at 10.5°S, 152°W.
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transporting Pb from the upper ocean to the deep sea, particularly under high productivity particle veils. Although
lateral mixing and the old age of the deep waters masks advective transport, it can be seen in the low Australian
206Pb/207Pb in the Sub‐Antarctic Mode Water in the southernmost stations, and in the penetration of dense Pacific
Bottom Water through the passageways south of Hawaii. The GP15 PMT section connects to the GP16 EPZT
section, providing a N‐S and E‐W three‐dimensional view of the Pb isotope distribution in a key region for in-
termediate and deep water circulation. The aerosols collected while steaming show Chinese Pb in the northern
sections and North‐ or South‐American Pb in the southern sections. The triple isotope 208Pb/206Pb versus
206Pb/207Pb plots show that most of the North Pacific and the upper waters of the equatorial Pacific fall on a
Chinese Pb versus U.S Pb line, whereas the South Pacific surface and deep waters fall on an Australian versus
American Pb line demonstrating strong meridional variability in oceanic Pb sources.

Data Availability Statement
The seawater [Pb] are included in SI Table S1 in Supporting Information S1, the Pb isotope data are included in SI
Table S2 in Supporting Information S1, and the aerosol Pb and Pb isotope data are included in SI table S3 in
Supporting Information S1. As of Feb. 2025, the data will also be available at Boyle et al. (2024a, 2024b). As of
Nov. 2025, the data will also be available at the International GEOTRACES Intermediate Data Product 2025
hosted at <https://www.bodc.ac.uk>. Data labels are in English.

Figure 11. Triple Isotope plot of GP15 PMT 208Pb/206Pb versus 206Pb/207Pb.
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